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Preface 

The 11th International Conference on X-Ray Lasers was held at the Queen’s 
University of Belfast between 18th and 23rd of August 2008 with talks 
presented in the Emeleus Lecture Theatre, just off the relaxing central campus 
quad area. This is the second time the conference has been hosted in the UK 
and the first time in Ireland. In a series of oral and poster sessions, delegates 
reported on a wide range of developments in the area of generation and 
application of soft X-ray radiation sources.  
 

for its 2008 Centenary Year celebrations, in recognition of the importance  
of hosting this international conference. XRL2008 was attended by ~100 
delegates from ~15 countries with many spouses, friends and children also 
attending and enjoying the craic. While for some it was an unbroken record of 
eleven conferences, for others it was a first time – indicating the lasting 
vitality of the subject area.  
 
As reported in these proceedings, the conference covered the generation of 
plasma-based X-ray lasers, the traditional focus of the series, but also many 
evolving applications and techniques for improving beam qualities which 
demonstrate the maturity of the field. In addition, several contributions were 
included to illustrate the competing alternative approaches that are also 
evolving in parallel. This led to interesting and valuable discussion 
highlighting the special rôle each approach can play. Perhaps the most notable 
development is the large percentage of contributions reporting applications of 
X-ray lasers in a wide range of areas including plasma physics, chemistry, 
biology and material science. 
 
In addition to the main science schedule, delegates survived some damp Irish 
weather to enjoy a wide-ranging social events programme which included a 
trip to the Giant’s Causeway, a stroll over the Carrick-a-Rede rope bridge and 
an evening at the Ulster Folk and Transport Museum. There were many 
opportunities for renewal and forging of lasting friendships within this 
relatively small but always enthusiastic community. Perhaps the highlight was 
the Conference Dinner held in the magnificent Great Hall of the University 
where both young and old enjoyed demonstrations of traditional Irish music 
and dance as part of the after-dinner entertainment. 
 
Many colleagues and students contributed to the successful organisation of the 
conference but, in particular, we wish to thank Donna Convery (Eventus-
QUB), Liam McGuire (CMS-QUB) and Jenny McCabe (Physics-QUB). In 

The meeting was listed by the University in the programme of major events 
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addition we acknowledge generous sponsorship from Andor Technology, 
Coherent, Office Depot, the Institute of Physics and the Belfast Visitor and 
Convention Bureau. 
 
Finally, we would like to thank the delegates and contributors, who ensure the 
success of this series, for their willingness to participate and comply with 
deadlines (for the most part!). We hope these proceedings provide a useful 
record of their efforts. 
 

Ciaran Lewis 
Dave Riley 
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Abstract. Recent progress in x-ray laser (XRL) research in Japan Atomic Energy 
Agency (JAEA) is reviewed. The repetition-rate of the x-ray laser has been improved 
from each 20 minutes to 10 seconds (0.1 Hz) by installing new driver laser, TOPAZ, 
which allows us to promote the applications of fully spatial coherent 13.9 nm laser in 
the wide variety of research fields such as material science, single-shot x-ray hologra-
phy and atomic physics. In order to improve the present performance of the x-ray 
lasers, we have investigated the possibilities of the enhancement of the peak brilliance 
using v-groove target and the generation of circularly polarized x-ray laser under a 
strong magnetic field. Towards shorter wavelength x-ray lasers, we have investigated 
several schemes. One is the use of reflection of the light by relativistic plasma mirror 
driven by laser-wake-field, and the other is photo-pumping scheme using Kα emis-
sion from a solid target.  

1 Introduction 

Advent of transient collisional excitation (TCE) laser makes it possible for us 
to realize compact coherent soft x-ray lasers [1-3]. The repetition-rate of these 
lasers in the gain-saturation regime has been improved up to 5~10 Hz  [1, 2], 
and now we are on the stage to use this novel soft x-ray sources as powerful 
scientific tools in the wide variety of research fields.  

In Japan Atomic Energy Agency (JAEA), we have firstly demonstrated 
fully spatial coherent x-ray laser beam at the wavelength of 13.9 nm by the 
method of double target geometry, in which the first gain medium works as 
the soft x-ray oscillator, and the second gain medium works as soft x-ray 
amplifier [4]. Succeeding optimization of the pumping condition such as the 
pumping intensity, traveling wave, temporal separation and shapes of the pre- 
and main-pulses allows us to obtain high quality, intense x-ray laser beam: 
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The typical parameters of the 13.9 nm laser are the beam divergence of better 
than 1 mrad, 1 µJ output energy and more than 109 photons in the coherent 
volume [5].  

Using this high quality laser, the application experiments have been inten-
sively promoted in the research fields of material science and atomic and 
molecular physics. However the extension of the applications to single-shot x-
ray diffraction imaging, x-ray laser ablation and nano-fabrication, requires 
further improvement in the performance of the XRLs, e.g., the repetition rate, 
output energy, controllable polarization and the lasing in the shorter 
wavelength region. In the following, the recent progress of XRL research 
program of JAEA is described in terms of these topics. 

2 New Driver Laser System: TOPAZ 

New driver laser system, TOPAZ stands for Two OPtical Amplifiers using 
Zigzag slab. TOPAZ laser consists of the oscillator, pulse stretcher, OPCPA 
preamplifier, prepulse generator, zigzag slab Nd:glass power amplifiers, pulse 
compressor, and optics for producing the line focus on the target. The two 
beam lines are indispensable for generating fully spatial coherent x-ray laser 
beam using double target geometry, and high contrast pulse is required for 
photo-pumping experiment using Kα line emission described later. 

The oscillator is a mode-locked Ti:sapphire laser (Spectra-Physics;  
TSUNAMI) pumped by 10-W diode-pumped solid state laser (Spectra-
Physics; Millenia). The central wavelength is 1053 nm and the spectral  
bandwidth is 20 nm in the full width at the half maximum (FWHM). The 
oscillation frequency is 80 MHz with typical power of 300 mW (~ 4 nJ/pulse). 
The pulse stretcher consists of a diffraction grating with 1740 grooves/mm, a 
spherical mirror with focal length of 1500 mm, which generate the frequency 
chirp of 250 ps/nm. The spectral bandwidth after the pulse stretcher is 8nm, 
which is limited by the optics size. 

The stretched pulse is amplified by OPCPA. The pump source is 532-nm, 
10Hz repetition-rate, Q-switched YAG laser with seeder (Continuum; Power-
lite Precision II) with 8-ns duration and 700-mJ energy. Total amplification 
gain reaches around 106 by using four BBO crystals at the pump intensity of 
100 MW/cm2. More than 10 mJ output energy with the energy fluctuation of 
7.6 % rms is obtained. The contrast ratio of the amplified laser pulse to the 
background is better then 104.  

 The output of OPCPA, which has circular beam profile, is cut to square 
shape with 10 mm x 10 mm by a serrated aperture and is amplified by the first 
zigzag slab 6-pass amplifier.  
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Fig. 1 Energy output and stability of TOPAZ 

After the 6-pass amplifier, the height of the laser beam is expanded to 
90 mm, and the laser pulse is amplified by double-pass zigzag slab amplifier. 
The output energy is 10 J after the final amplifier for each beam line. Figure 1 
shows the output energy from TOPAZ laser under the operation of 0.1 Hz 
repetition-rate. From the far-field image of the beam pattern, we could not 
find any distortion originated from the thermal effect. 

We have already demonstrated nickel-like silver laser at a wavelength of 
13.9 nm using this new driver laser [6], and the preparation of application 
experiments using fully spatial coherent XRL driven by TOPAZ is carried 
on [7]. 

3 Application of the 13.9nm laser 

In this section, we describe the application experiments using the fully spatial 
coherent 13.9 nm laser under the collaborations with universities, research 
institutes, and other research sections of JAEA. 

 A couple of years ago, we have taken the pico-second snap-shot of  
domain-structure of ferro-electric substances, BaTiO3 [8, 9], by use of x-ray 
laser speckle technique. The following pump & probe speckle measurement 
revealed the temporal-correlation of “fluctuation” in the phase-transition of 
this materials [10]. The series of these measurements shows us that XRLs are 
the powerful tool to study non-periodic ultra-fast phenomena such as the 
domain fluctuation under the phase transition. The fluctuation plays a decisive 
role in the phase transition of the materials, and it includes the fluctuation in 
atomic structure, charge distribution, and spin distribution, and so on. Our 
next goal is to extend the observation to the fluctuation in the charge distribu-
tion of high-temperature superconductors. 
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The study of optical property of materials is another interesting application. 
In the research fields relevant to next generation lithography, the development 
of efficient and fast imaging scintillator devices with sufficient size is one of 
the key issues for lithographic applications. Zinc oxide (ZnO), a wide gap 
semiconductor, is one of the promising materials for the scintillators, and 
recent progress in the fabrication technique enables us to obtain large-size 
homogeneous crystal at a low cost.  

Since the property of the fluorescence spectrum of ZnO for the EUV light 
pumping, e.g., the wavelength and the lifetime, has not been well-known, 
therefore we tried to characterize the fluorescence by the method of soft x-ray 
laser induced fluorescence (X-LIF) spectroscopy. Obtained fluorescence had a 
peak at around 380 nm. It was sufficiently intense and the lifetime was short 
enough (t~ 10 ns), furthermore these optical properties were virtually  
the same with the case pumped by 351 nm UV laser. This implied that  
ZnO crystal was suitable for the fast-scintillator device for the UV-EUV 
region [11].  

In atom and molecules physics, interaction between Xe cluster and intense 
soft x-ray pulse has been studies by the collaboration with Hiroshima univer-
sity. The 13.9 nm laser pulse with sub micro joules and 7 ps-duration irradi-
ated the Xe cluster target, and the production rate of several ionic stages of Xe 
ions were measured by the method of time of flight. Our result showed the 
production rate of Xe3+ ions dominated that of Xe2+, which contradicted to the 
result obtained in synchrotron radiation source (SR). This was due to that 
XRL photon flux is larger by 6 orders of magnitude than that of the SR. 
Under such the condition, more than 10% of atoms in the cluster were inner-
shell-ionized, and this together with the following auto-ionization process 
formed virtually solid state density plasma before the Coulomb explosion. 
Our quantitative estimation indicated that substantial ionization level lowering 
of Xe ions in high density plasma enhanced the production channel of Xe3+ 
ions. This study is closely connected to the physics of strongly coupled 
plasma or warm dense matter. [12, 13]. 

In the research field of x-ray laser imaging, we demonstrated single-shot 
Fourier transform holography. The 13.9 nm XRL beam was focused by a 
Fresnel zone plate (FZP) with a 50 nm-thickness Au zone fabricated on a 
0.75×0.75 mm2 silicon nitride (Si3N4) membrane with a thickness of 100 nm. 
The diameter of the FZP was 0.434 mm, and the total zone number and out-
ermost zone width were 1700 and 64 nm, respectively. The focal length was 
2 mm for the 13.9 nm laser. The focal spot size was 66 nm, and the focused 
beam was used as the reference beam. A test grid pattern with 2 microns 
period was put in the focal plane with a certain displacement (several tens of 
microns) from the focal position to avoid the illumination by the reference 
beam. The 0th order light, which was passing through the zone-plate, illumi-
nated the test patterns, and the wave-front of the 0th-order light was distorted. 
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This distorted wave and the reference beam were interfered each other. The 
interference pattern was recorded by the x-ray CCD at the distance of 0.23 m 
from the sample. Figure 2 shows the image of the test patterns taken by opti-
cal microscope; (a), the raw-data of single-shot hologram; (b), and the recon-
structed intensity image; (c). As shown in Figure 2 (c), the vertical and 
horizontal 1 µm line-and-space pattern could be virtually resolved [14]. In this 
experiment, the energy of the 13.9 nm laser on the FZP was 0.1 µJ due to the 
poor throughput (10%) of the system. Our estimation showed that in order to 
obtain clear single-shot hologram, at least 1011 photons on the sample were 
needed. Therefore the improvement of the output energy of the XRL was 
strongly desired for this purpose. 

 
Fig. 2 Images of the test pattern taken by optical microscope; (a), single-shot Fourier 
transform hologram; (b), and the reconstruction image; (c).  

4 Improvement of Performance of X-ray laser   

4.1 Experiment towards circularly polarized x-ray laser beam 

Circularly polarized soft x-ray source is promising tool to study the chilarity 
of stereoisomer of molecules in pharmacology and circular dichronism of 
magnetic substances in material science. In the collisional excitation laser, 
dominant lasing line is J = 0 to 1 transition, where J is total angular momen-
tum quantum number of the lasing levels. Here we assume classical dipole 
oscillation model. If we take the quantization axis parallel to the x-ray laser 
propagation direction, z-direction, π-component corresponds to the electric 
dipole oscillation parallel to the quantization axis, and σ-components are the 
dipole oscillation perpendicular to z. This means that observed x-ray laser 

(x60
0) 

λ=2µm 

(a) 

(b) 

(c) 
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beam is the mixture of the σ-components, i.e., the right-hand circular polari-
zation component and left hand component  

Consider that an external magnetic field is applied along the quantization 
axis. If the magnetic field is strong enough, Zeeman shift of the mJ=+1 and -1 
sublevels of the lower lasing level becomes larger than the linewidth of the 
lasing line. Since the linewidth is typically Δλ/λ ~ 10-4, the required strength 
of the magnetic field is ~ 40 T. This value can be achieved without any diffi-
culties by using pulse power magnet system.  

We conducted an experiment to extract the circularly polarized components 
of the Ni-like Mo XRL. The thin rod Mo slab target was set at the center of 
the magnet solenoid coil with the magnetic field of 20 T. The grazing inci-
dence pumping (GRIP) scheme was employed to generate the XRL gain 
medium. The spectral profile of the XRL was measured by a high-resolution 
spectrometer (HIREFS) with the spectral resolution of 12.7 mA. We put an 
entrance slit just after the gain medium plasma, and the image of the slit was 
relayed to the position of x-ray CCD as the detector.  

 
Fig. 3 Ni-like Mo XRL spectrum under the external magnetic field. Expected 
magnetic field strength derived from the applied voltage is 20 T.  

Figure 3 shows the obtained typical spectrum of the Ni-like Mo XRL under 
the external magnetic field. The separation of the line is clearly shown and is 
a function of the refraction angle of the XRL beam. Detailed explanation of 
the experiment is described in another paper of this proceedings [15].  
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4.2 Improvement of beam divergence and pumping efficiency using v-
groove target 

In a view point of single-shot exposure experiments, more intense x-ray lasers 
are desired. For an example, in order to obtain clear image of the nano-
structure by the method of single-shot soft x-ray hologram or diffraction 
imaging, more than 1011 spatially coherent photons may be required. In the 
TCE lasers, the output intensity under the gain-saturation regime is order of 
1010 Wcm-2, which may give the limitation of the output photon number under 
the typical size of the gain region. Therefore the generation of large-size gain 
region with a calm density gradient is key issue to increase the coherent 
photon number of the XRLs .  

In order to increase the size of the gain region, confinement of the pumping 
energy into the plasma is indispensable. V-groove target may reduce the free 
expansion of the plasma or radiation cooling, as the result the pumping energy 
is confined effectively in the inside of the groove..  

 
Fig. 4 Far-field patterns of the 13.9 nm laser with flat target (a) and v-groove  
target (b).  

V-groove target with 150 µm-depth and 200 µm-width was irradiated by 
double pulses of CPA Nd:glass laser with the pumping energy of 10 J. Spatial 
distribution of the x-ray emission in several KeV range observed by an x-ray 
pinhole camera showed that the area of x-ray emission became 7 times larger, 
and the energy conversion efficiency was enhanced by more than one order of 
magnitude compared with the case of the flat target. It should be noted that in 
the case of v-groove target, the best result was obtained under the defocus 
condition, i.e., the best focusing position was 800-900 µm before the groove. 

With the information obtained by this preliminary test, the v-groove silver 
target with length of 6 mm was irradiated by our CPA Nd:glass laser. Figure 4 
shows comparison of the far-field pattern of the Ni-like Ag laser with the flat 

SN_2008021401 (flat target) SN_2008021409 (v-groove) 

(a) (b) 
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target; (a) and the v-groove target; (b). The beam divergence was improved 
from 10 x 20 mrad2 to 5 x 5 mrad2, although the output energy decreases by 
only a factor of 2. The narrower beam divergence in Figure 4(b) may be due 
to that the beam propagation direction is limited by the shape of the groove 
and that large gain region with a calm density gradient is obtained. Present 
result indicates the potential of this target to improve the output energy in the 
double targets geometry. 

4.3 New scheme for shorter wavelength x-ray lasers 

In this subsection, we describe attempts towards shorter wavelength x-ray 
lasers. One is the frequency up-shift using the reflection from a relativistic 
plasma mirror, and the second is photo-pumping scheme using K-α line. 

Relativistic plasma mirror is called as “Flying mirror”, and the use of this 
mirror for generating ultra-short coherent x-ray pulse is proposed in [16]. 
Flying mirror is formed by a breaking wake field created by an intense laser 
pulse with 2TW, 76 fs-duration propagating in underdense helium plasma, 
and the source pulse (IR laser pulse) with the duration of 76 fs collide with the 
mirror in the direction of 45 deg with respect to the direction of the propaga-
tion of the mirror. Reflection of the source pulse by the moving mirror in-
duces the frequency up-shift and pulse shortening by a factor of ~ 4γ2cos(θ/2) 
due to the double Doppler effect, where γ and θ is the relativistic gamma 
factor of the flying mirror and the incident angle, respectively. 

 
Fig. 5 Obtained spectrum of the reflected light by flying mirror. 

Typical reflected spectrum of the source pulse is shown in Figure 5. Peak 
was obtained at around 13.5 nm, which corresponded to the upshift factor of 
59 or γ = 4.2 [17]. This scheme has potential to generate atto-second coherent 
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soft x-ray pulse by use of larger γ factor or more intense driver laser such as 
100 TW class laser. 

In the photo-pumping x-ray laser scheme, spectral line emission from par-
ticular ions is absorbed by different element ions to create the population 
inversion in the latter. The success of this scheme as an x-ray laser depends 
upon exact spectral matching between the emission line and the absorption 
line [18,19]. However, the use of “emitter” ions and “absorber” ions involves 
a technical difficulty: the emitter and the absorber ions should be located as 
close as possible so that the pumping emission reaches to the absorber ions 
efficiently. At the same time, the electron temperature should be high for the 
emitter to increase the emissivity of the ions, whereas the lower temperature is 
favorable for the absorber ions to avoid the “thermal” population in the lower 
lasing level, which reduces the amplification gain. This implies that the use of 
“emitter” ions and “absorber” ions is not practical under usual laser irradiation 
geometry [20].  

We propose the use of Kα line from a solid target as the emitter coupled 
with the laser-produced plasma as the absorber. We focus the precise wave-
length matching of aluminum Kα line (0.833816 nm) and resonance line 2p6-
2p54d (J = 1) of neon-like zinc ions (0.83400 nm) and calculate the temporal 
evolution of the excited level population of the neon-like zinc ions. The 
calculated result shows that substantial amplification gain in the transition  
of 2p53p – 2p54d line at a wavelength of 3.5 nm can be generated in this 
scheme [21]. 
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Abstract. LASERIX is a high-power laser facility leading to High-repetition-rate 
XUV laser pumped by Titanium:Sapphire laser. The aim of this laser facility is to 
offer Soft XRLs in the 30-7 nm range and auxiliary IR beam that could also be used 
to produce synchronized XUV sources. This experimental configuration highly 
enhances the scientific opportunities of the facility, giving thus the opportunity to 
realize both X-ray laser experiments and more generally pump/probe experiments, 
mixing IR and XUV sources. In this contribution, the main results concerning both 
the development of XUV sources (in the seeded or ASE mode) and their use for 
applications (irradiation of DNA samples) are presented.  

1 Introduction and context 

Early X-ray laser actions were obtained in high-power laser facilities intended 
to inertial fusion studies. Since the first demonstration of the laboratory X-ray 
lasers 20 years ago [1], there has been significant progress in demonstration  
of X-ray amplification based on various pumping schemes, characterizing  
and improving their performances and developing XRL applications. Never-
theless, the low access and low repetition rate of the large laser facilities are 
not well adapted to improve the development of short wavelength lasers and 
those of their applications. Considering this context and the international 
experiment of the LIXAM team, we obtained a financial support (4.2 M€) to 
build a laser facility devoted to the development of XRL mainly emitting in 
the 30-10 nm range and of their applications, particularly investigations on 
XRL interaction with matter. 
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The main technology of the LASERIX driver is based on Ti:Sa crystals [2, 
3]. Indeed, due to their large line width, Ti: Sa lasers may emit much shorter 
pulses (in the range of few tens of fs) than Nd-glass ones (up than 300 fs). The 
general architecture of the Ti:Sa laser is schematically represented in Figure 1. 

 
Fig. 1 Schematic view of the LASERIX driver architecture 

The front-end is designed as a customized laser based on standard modules, 
developed by several French companies (THALES LASER and AMPLI-
TUDE TECHNOLOGIES). It is composed by two main parts : one for the 
shaping and pre-amplification of the oscillator pulse, the other for two 
cryogenic amplifiers. The output energy at the front-end is more than 2J at the 
10Hz repetition rate. The front-end beam  (2.5 J) is then injected in the main 
amplifier, which is composed by the large Ti:Sa crystal (diameter 100 mm), 
shown in Figure 2. The crystal is pumped by a 4-module Nd:glass laser deliv-
ering 100 Joules of 2ω green light, developed by the French laser company 
QUANTEL. The energy deposition on each side of the crystal is homogenized 
using lens arrays. The crystal is held in a mount in which a special liquid is 
circulating all around to cool the crystal and limit the transverse lasing. After 
4 successive passes through the crystal, the expected output before compres-
sion is ≅ 40 Joules at the repetition rate of 0.1 Hz. Basically, as shown  
in Figure 1, the 40-joule beam is divided in two parts, respectively 20 Joules 
of 500 ps and 10 Joules of 50 fs-1 ps (after compression). Besides, two  
more beams are offered at the final stage. Thus, the zero-order rejected by  
the compressor may be itself compressed to give a beam of ≅ 1 J in 50 fs. 
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Besides, a weak part of the energy at the exit of the front-end, ≅50 mJ in 50 fs 
at the repetition rate of 10Hz, can be offered to the users 

 
Fig. 2 The large titanium-doped sapphire crystal (diameter : 100 mm) of the 
LASERIX driver amplifier is shown on the left. On the right image, we can see the 
crystal and its mount, including a liquid all around the mount. 

The first step of the development of our laser facility consisted in the  
production of 40 joules at 0.1 Hz repetition rate. To achieve this goal, we 
hardly worked both on the limitation of the transverse lasing effect and on the 
homogenisation of the pumping of the Ti:Sa crystals. This work has been 
successful and then we made in 2006 the demonstration of the production of 
32 pumping Joules using 3 over 4-module Nd:glass laser [4]. 

 
Fig. 3 Picture of the “transient” experimental area. 

The second step was ordered considering the status of the project in 2006. 
Indeed, we were supposed to move in a new building at the LOA (ENSTA, 
Palaiseau) especially dedicated to several laser facility programs. But due to a 
delay in the building’s construction, we had to stay two more years in a tran-
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sient building. As shown in Figure 3, this building was just large enough for 
the pumping laser. Thus, we decided after the validation of the pumping 
system to remove the final stage of amplification to get free an area for the 
development of XUV sources and their uses for applications. 

2 Development of XUV sources 

The LASERIX configuration that was used for the development of the XUV 
sources is the low energy/high repetition rate part of the full system, as de-
scribed on part one of this paper (see also Figure 1). Typically, we used 2 
Joules of uncompressed infrared energy per pulse coming out from the last 
Ti:Sa amplifier stage of the front-end. The final amplified beam is equally 
split into two new beams. The first one remains uncompressed (700 ps) and 
the second one enters an in-vacuum compressor providing durations varying 
from 40 fs to several 10 ps.  

 
Fig. 4 Experimental set-up for the XRL generation 

The Figure 4-a gives a general view of the arrangement of the experimental 
area, including the pumping laser until the front-end part, the compressor 
chamber (at the centre of the image) and the XUV sources investigations zone 
(at the back of the image). Different view of the experimental area for devel-
opment of XUV sources are presented on Figures 4-b, 4-c and 4d. 
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During our first investigations at 10 Hz repetition rate, we planed to pro-
duce both  XUV sources based on generation of high Harmonics and X-Ray 
lasers using Transient Collisionnal Excitation scheme. The materials indicated 
by the numbers 1 and 2 in the Figure 4-c are respectively the chamber for the 
production of HHG sources and the target chamber for the X-ray lasers. 
Several diagnostics were used to monitor the energy, as indicated in Figure 4-
d, the source size and the beam uniformity of the x-ray laser, or the HHG 
source: the near-field imaging system (identified by the number 3), far-field 
system (identified by the number 4), grating spectrometer. Near field images 
were obtained using an XUV aspherical mirror (f=500mm) forming the image 
of the exit aperture of the source on an XUV CCD camera with a magnifica-
tion of 13 (following the tube, identified by the number 3 in the Figure 4-c). 

 
Fig. 5 Experimental set-up for the XRL generation. Typical results about the 
spectrum (a) and near-field image (b) are shown on picture. 

We focused our investigations on the development of Mo Ni-like X-ray 
laser emitting at 18.9 nm, following our recent investigations at the Lund laser 
Center, in collaboration with Pf. C.-G. Wahlstrom, concerning the Grazing 
Incidence Pumping [5-7]. According to our previous work, the two pumping 
beams are focussed into lines with 3 to 4 mm length and 100 µm width. As 
indicated on Figure 5, the first one (uncompressed beam, called in figure 
“nano”) arrives on the 4 mm long Molybdenum target at normal incidence 
while the second one (called in figure “pico”) is incident after 400 ps at a 
grazing angle of 19° (the best GRIP configuration that we considered). The 
line foci optimization is done in IR with a high resolution imaging device 
(called RILF system). The XRL optimization in terms of pulse energy and 
stability at 10 Hz is done using an XUV near field imaging system. 
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A wavefront division interferometer, developed by the Laboratoire Charles 
Fabry (Institut d’Optique) was also placed in permanent position in the ex-
perience to perform interferometric measurement connected to temporal 
coherence studies [8]. This interferometer is achromatic and has a good trans-
mission on a large range of wavelength. As we can see in the Figure 6 (top of 
the figure), the incident beam is reflected into two beamlets that are interfer-
ing in far-field. The path difference between them can be changed by moving 
vertically one of the dihedron of the interferometer. The interferometer is 4 m 
away from the source to ensure a high level of spatial coherence and a good 
intensity uniformity in the selected part of the beam. A multilayer mirror 
placed before the interferometer generates a spectral selection around the soft 
x-ray laser wavelength.  

 
Fig. 6 Experimental set-up for the temporal coherence studies (top of the figure). 
Typical results about neard field intensity during 300 shots on the same target 
position. 

All these diagnostics are very useful because they both assume a precise 
characterization of the source and control it from shot to shot during applica-
tion experiments. Thus, we can observe in the Figure 6 (bottom of the image) 
the variation of the intensity of near-field image during 300 shots on the same 
target position. We did 10 Hz films of the soft x-ray near-field source. Good 
energy stability is the result of a specific optimization that includes a study of 
the effect of pre-pulses in the uncompressed beam. In the best configuration, 
the same energy level can be maintained over approximately 200 shots, after 
which a slow decrease occurs. We can then conclude that for 200 shots, the 
source is enough stable for applications. 
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Finally, before investigate applications, we developed an air compressor 
and used a leak of the front-end laser for generate High Harmonics sources. 
As shown in the Figure 7, we success to produce XUV emissions using Ar 
and Ne gas.  

 
Fig. 7 Picture of the air compressor and typical results of HHG spectra using Ar gas 
(a) and Ne gas (b). 

The next step will be to seed these HHG source in an X-ray laser plasma 
and then obtain an amplified XUV source with high coherence quality and 
high intensity. This configuration both leads to reduce the pumping energy 
and enhances the optical properties of the XUV sources for applications.  

3 Use of XUV sources for applications 

In the goal to illustrate the interest of the 10Hz X-ray laser at 18.9 nm, we 
investigate the irradiation of DNA samples. This experiment enrolls as addi-
tion to a previous scientific collaboration investigated at LULI (École Poly-
technique, France) [9] and PALS (ASTERIX, Pragha) [10], with the purpose 
of identifying the physical mechanisms underlying the formation of DNA 
lesions induced by ionising radiation. Soft x-ray photons can be used as 
dosimetry tool for specific types of radiation damage and biological response. 
The strand breaks damage in the DNA plasmids in function of the dose. The 
model K predicts the break event in DNA molecule, to the K or L innershell 
ionisation of component DNA atoms [11, 12].  
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The previous experiments were realised with a repetition rate about 3 shots 
per hour. The main interest of this new investigation consists on the use of 
10 Hz repetition-rate source, particularly useful for more detailed investigat-
ions. In order to quantify properly the number of photons on sample, we used 
a new system, developed by B. Zielbauer and located in the application cham-
ber (see Figure 8). 

 
Fig. 8 Picture of the general environment of the application chamber (a) and the 
inside of the application chamber (b). 

Indeed, an on-line measurement of the photon number delivered on target 
during the irradiation has been used to monitor the irradiation process. This 
device, shown in the Figure 8-b, is composed of a copper grid with more than 
80 % XUV transmission connected to a picoamperemeter. The photocurrent 
caused by the photoelectric effect of the soft x-ray photons on the copper 
surface has been cross-calibrated with a photodiode and we performed a 
statistic analysis to check the linearity of the process. The shot to shot energy 
fluctuations are of the order of 20 %, as shown in the figure 6, but we checked 
that from one 200 shot dose accumulation to another one, the integrated dose 
fluctuations are limited to less than 5 %. The dose that had to be delivered on 
the DNA samples to observe significant amount of DSB is so high that a large 
number of shots are to be sent: This is of the order of a few ten thousands for 
200 nJ energy per shot in the soft x-ray beam. We thus decided to irradiate 
DNA samples by shooting 200 times on the same Molybdenum target groove, 
then moving it by 200 microns in height and redo the same operation over the 
entire available target height of 50 mm. The DNA samples stay under vacuum 
continuously. Plasmid DNA (pBr322 Euromedex) was deposited and dried on 
Mylar foils under controlled atmosphere to form a thin homogeneous sample 
of 4 mm² surface. Several samples were placed in the irradiation chamber on a 
multi-target holder wheel and aligned under vacuum in the XRL beam using a 
combination of visible and XUV cameras. The soft x-ray laser beam was 
filtered by a 200 nm Al filter and focussed by an f = 300 mm spherical multi-
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layer mirror aligned slightly off-axis to match the sample surface. Surface 
doses of up to 500 kGray were delivered during a time of 90 minutes oper-
ation at a repetition rate of 10 Hz and average pulse energy of 200 nJ with Mo 
target surface changes every 20 s. After irradiation, the DNA was re-dissolved 
from the Mylar surface and analyzed via electrophoresis.  

 
Fig. 9 Picture of the application chamber (a). Picture typical results of the 1% agarose 
gel, indicating the percentage of non-damaged DNA (b), single break (d) and double 
break (c). 

Significant single and double strand break amounts were obtained. Figure 9 
shows one example of a 90 000 shot irradiation. T1 and T2 denominate DNA 
samples not placed inside the interaction chamber, 1 is the control (witness 
sample) that remained under vacuum during all the irradiation time and 2 is 
the irradiated sample. 

As compared to the control (witness), sample 2 shows 23% SSB with 5% 
noise (SNR>4) and 4.3% DSB with undetectable noise for the control under 
vacuum. This type of irradiation was repeated three times and produced very 
similar results. We thus have the proof of principle for this kind of experi-
ment: the occurrence of double strand breaks not present in control samples 
having undergone the same treatment except for the XRL irradiation can be 
seen as a clear effect of the XRL irradiation. This confirms the presence of 
specific effects in DNA damages as previously seen with low energy ions [13, 
14] and electrons.  
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4 Conclusion and perspectives 

The LASERIX facility assumes that experimental stabilization and characteri-
zation of soft x-ray irradiation is now sufficient to enter in a phase of system-
atic and quantitative study applications as irradiation. We now plane to move 
(first semester of 2009) in a new building to install the full energy facility. 
Thus, we will purchase to develop shorter and higher X-ray laser sources, to 
investigate pump/probe experiments. 

Acknowledgment 

LASERIX is an X-ray laser facility of the Université Paris-Sud. The financial 
support of the Conseil Général de l’Essonne and the Ministère de la Recher-
che under the Contrat de Plan Etat-Régions 2000-2006 is gratefully acknow-
ledged. 

References 

1. D.L. Matthews et al, Phys. Rev. Lett. 54, 110, 1985. 
2. G. Jamelot et al., in X-Ray Lasers 2004, IOP Conf Series N° 186, 677 (2005). 
3. D. Ros at al., in X-Ray lasers 2006, Springer 
4. M. Pittman et al., Opt. Lett. 
5. K. Cassou and al., Opt. Lett. (2007) 
6. P. Lindau and al., Opt. Express (2007). 
7. S. Kazamias and al., Phys. Rev. A (2007). 
8. J. Habib et al., these proceeding (2008).  
9. D. Ros et al. proceedinf of 8th ICXL (2004) 
10. K. Cassou et al., J. Phys. IV (2004) 
11. Chétioui A. et. al, Int. J. Radiat. Biol., 65, 511-522, (1994). 
12. Hervé du Penhoat M.A et. al, Rad. Res.,151, 649-658,(1999). 
13. S. Lacombe et al., Physics in Medecine and Biology 49 N65 (2004) 
14. B. Boudaïffa, et al. Science 287, 1658-1660 (2000). 



 

Recent Progress in Grazing-Incidence-Pumped X-Ray 
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Abstract. We report on recent progress achieved in x-ray laser research at the Insti-
tute of Applied Physics of the University of Bern. Using the existing Nd:glass CPA 
(chirped-pulse amplification) laser system and the grazing-incidence pumping (GRIP) 
scheme, saturated x-ray lasing has been obtained on the 4d → 4p, J = 0-1 lines of Sn 
and Sb at wavelengths of 11.9 and 11.4 nm, respectively, using pumping energies of 
only 2 J (Sn) and 2.5  J (Sb). The experiments on Sn were done with 2-ps duration 
pump pulses, while for the Sb experiments the pulse duration was 7 ps. In both cases, 
multi-microjoule output was measured for a grazing angle of 45° using a grazing-
incidence prepulse of the same duration as the main pulse, having 2.8% of its energy, 
and preceding it by 4.4 ns. 

1 Introduction 

Important progress towards higher efficiency, reduced size, and higher repeti-
tion rate of soft-x-ray lasers has been achieved in recent years by the introduc-
tion of the grazing-incidence pumping (GRIP) technique [1,2], which has 
resulted in a substantial reduction of the pump pulse energy required for 
saturation to ~1 J at wavelengths down to 13.2 nm [3,4] and substantial gain 
down to 10.9 nm [3]. At the same time, x-ray lasing has been demonstrated at 
repetition rates as high as 10 Hz using Ti:sapphire laser systems as the pump 
laser sources. This is a major step forward as it enables x-ray lasers to become 
a very useful tool for numerous diagnostic applications.  

In the GRIP scheme, a preformed plasma is generated in a first step, much 
as in conventional, normal-incidence pumping, by irradiating the target with a 
long (~200-ps) laser pulse at normal incidence. The plasma is allowed to 
expand for a given time to allow the electron density gradients to relax. The 
short (~ps) pump pulse then irradiates the expanding plasma plume at a graz-
ing angle, θ, chosen such that the turning point (or apex) density of the pump 
radiation, ne – given by refraction as ne = necsin2θ, where nec is the critical 
density for the pump laser wavelength – coincides with the density for which 
maximum gain is predicted for a given x-ray laser transition. Absorption of 
the pump energy thus occurs directly and very efficiently into this region 
which is rapidly heated up to the temperatures required to produce strong 
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collisional excitation of the upper laser level. In this sense, the GRIP scheme 
is an extension of the transient-collisional-excitation (TCE) scheme to non-
normal incidence. Moreover, the short pulse beam is inherently a travelling 
wave with a travelling wave (TW) speed slightly (at least for small θ) above c, 
i.e., v = c/cosθ (v ≈ 1.06c for θ = 20°).  

When moving towards shorter wavelengths, the optimum density increases, 
and so will the optimum grazing angle in the GRIP geometry. In the case of 
Ne-like ions, the scaling of the optimum density, nopt, with the nuclear charge 
number, Z, can be approximated by nopt = 4⋅1015 (Z – 9) 3.75 cm-3 [5]. For the 
Ni-like ions, however, no simple scaling law is known to date. Experiment-
ally, optimum grazing angles θopt ∼ 20° and θopt ∼ 23° have been reported for 
Pd and Cd, respectively, corresponding to densities of ∼2⋅1020 and ∼3⋅1020 
cm-3, respectively, for the pump wavelength of 800 nm [3,4]. For our case of a 
Nd:glass laser driver (λ = 1054 nm), this translates into θopt ∼ 27° and θopt ∼ 
31° for Pd and Cd, respectively.  

It is the purpose of this contribution to investigate the characteristics of the 
GRIP x-ray laser scheme at the pump wavelength of 1054 nm and to find the 
minimum pump energy required for saturated lasing on the 4d – 4p transition 
in Ni-like Sn and Sb at 11.9 and 11.4 nm, respectively, using the GRIP tech-
nique. It is shown that gain saturation is achieved with slightly more than 2 J 
(Sn) and 2.5  J (Sb) for pump pulses ~2 ps (7 ps) in duration and irradiation at 
a grazing angle of 45°. At higher pump energies (up to 5 J), x-ray pulse ener-
gies of up to ~12 µJ were measured. The results were obtained after a system-
atic optimization of both the grazing angle of incidence and the prepulse 
configuration (time delay, amplitude).  

2 Experimental Setup 

The experiments were conducted using the CPA upgrade to the existing 
Nd:glass laser system operated at our laboratory for a number of years. At the 
front end, the upgrade includes a commercial 100-mW, 200-fs Nd:glass 
oscillator followed by a double-pass, single-grating pulse stretcher and a 
diode-pumped Nd:glass regenerative amplifier producing a pulse energy of 
~1 mJ. The 200-fs pulses from the oscillator are stretched to ~1 ns. Due to 
clipping in the stretcher and gain narrowing during the amplification process, 
the bandwidth and the duration of the pulses are reduced to ~2 nm and 
~500 ps, respectively, at this point. The pulses are further amplified in the 5-
stage main amplifier chain consisting of flashlamp-pumped Nd:glass rods 
having diameters of 10, 16, 25, 45, and 90 mm. 

The maximum energy output of the system is limited by the damage thres-
hold of the 190 × 350 mm2 size, 1740-line/mm compressor gratings, given as 
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250 mJ/cm2 by the manufacturer. For a beam diameter of 80 mm, a maximum 
of ~8 J was available for x-ray laser experiments, taking into account the 4-
pass geometry of the compressor, the diffraction efficiency of the gratings of 
~90%, and the 2:1 peak-to-average ratio of the beam fluence distribution. The 
pulse duration of the compressed pulse was set to ~2 ps FWHM for the ex-
periments on Sn. For the Sb experiments (and scaling towards sub-10 nm 
wavelengths), the beam diameter was increased to 120 mm, and the pulse 
duration was set to ~7 ps FWHM to reduce the problem of increasing TW 
velocity mismatch at larger grazing angles.  

The experimental setup used for the x-ray laser experiments is shown sche-
matically in Fig. 1. The main pulse beam is focused at variable grazing angles 
using a multilayer-coated f = 60.9 cm (24”) parabolic mirror. The width of the 
line focus was measured to be 50 µm (FWHM) at full power. The measured 
length of the line focus was 8.5 mm (FWHM) at a grazing angle of 30° and 
12.5 mm (FWHM) at 45°. Prepulses of variable amplitude and timing are 
generated by inserting beam-splitters into the double-pass path of the 90-mm 
amplifier. The prepulses propagate along the main pulse beam line, thus 
producing compressed 2-ps pulses. Optionally, a long-duration (500-ps) 
prepulse can be introduced along a separate beam line. 

         
 (a) (b) 
Fig. 1 (a) Experimental setup for the grazing-incidence pumped x-ray laser 
experiments and (b) sample spectra showing the Pd, Sn, and Sb lasing lines  

The main diagnostics of the plasma emission was an on-axis, time-
integrating spectrometer that consists of a 1200-lines/mm, aberration-
corrected, concave Hitachi grating (radius of curvature: 5649 mm), working at 
a grazing-incidence angle of 3°. The grating disperses the incident radiation 
onto a 40-mm diameter P20 phosphor screen, which was imaged to a cooled 
CCD camera having a pixel size of 23 × 23 µm2. The wavelength coverage of 
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the spectrometer was between ~4 and 26 nm with a spectral resolution of ~0.2 
nm. The relatively poor resolution is a consequence of the slitless operation of 
the spectrometer. 

3 Results for Sn (and Pd) lasing 

Based on previous results on the optimisation of the prepulse configuration of 
the Pd and Sn x-ray lasers [6], a configuration was chosen in which a 4.5% 
prepulse irradiated the target 1.6 ns before the main pulse, both having a pulse 
duration of 2 ps. With these parameters fixed, the x-ray laser output was 
measured for grazing angles between 22.5 and 45°, the latter being limited by 
mechanical constraints in the present pumping configuration (s. Fig. 1).  

The results of the angular variation of the 14.7-nm Pd line intensity and the 
11.9-nm Sn line intensity are shown in Fig. 2 for a main pulse energy of 
nominally 5 J. In both cases, starting at a grazing angle of 22.5°, the output 
intensity is seen to increase, at a gradually slower rate, up to the limiting 
GRIP angle of 45°, which corresponds to an apex density of 5⋅1020 cm−3. The 
second order polynomial fit (solid line) implies that the optimum GRIP angle 
is very close to 45° in the case of Sn (Fig. 2b). This is a surprising result, as 
one would rather expect a maximum at an angle around ~35° and a decreasing 
intensity above this.  
 

 (a) (b) 

Fig. 2 (a) Measured 14.7-nm line intensity of Ni-like Pd versus pump grazing angle. 
Solid line shows a polynomial fit of second order, (b) same for the 11.9-nm Sn line.  

This is the case for the low-energy shots (2 J) on Pd (Fig. 2a) and implies 
that pumping far above threshold may increase the angular range of high gain. 
Numerical simulations of the Sn laser under very similar conditions have 
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recently been reported which indeed show a larger range of high gain at 
higher pump energy [7]. The main reason, however, may be found in the fact 
that for off-axis focusing, using either spherical or parabolic mirrors, the 
length of the line focus increases with increasing GRIP angle.  

For a beam of uniform irradiance, the length of the line focus produced by 
a spherical mirror, L, can be written as [8]  

       

At high f-numbers, this formula also holds to very good approximation for 
parabolic-mirror focusing. Fig. 3 shows the measured and calculated length of 
the line focus as a function of the GRIP angle for a uniform irradiance beam 
(solid line) and for a top-hat beam having 86% of the energy within its 1/e2 
diameter. It is seen that the length of the line focus increases from 8.5 mm 
(FWHM) at a grazing angle of 30° to 12.5 mm (FWHM) at 45°. 

  
Fig. 3 Measured (dots) and calculated length of the line focus produced by off-axis 
focusing using a parabolic (or spherical) mirror as a function of the GRIP angle. Solid 
curve is for a uniform beam, dotted curve for a top-hat beam having 86% of the 
energy within its 1/e2 diameter.  

The effect of increased length of the gain medium can be estimated by con-
sidering the scaling of the x-ray laser output with gain length, using an ap-
proximation of the Linford formula [9]  

 

for  > 2, but below saturation.  
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In this approximation, the problem reduces to estimating the scaling of 
g0L  with pump irradiance I p . For a given pump energy and line focus 
geometry, I p  is easily seen to scale as L−1 . The small-signal gain coefficient 

 at line center, on the other hand, is well approximated by [10]  

g0 = f (0) λ
2

8π
AulNu ≈ f (0) λ

2

8π
Aulτ uRgu , 

where  denotes the peak value of the line profile, the transition 
probability for spontaneous emission from the upper to the lower laser level, 

the lifetime of the level, and Rgu = NeNiKgu the monopole excitation rate 
from the ground state to the upper laser level, with Kgu being the correspond-
ing rate coefficient. Daido et al. [11] showed that the latter can be written as  

  cm3s−1, 

where the excitation energy and the electron temperature  are meas-
ured in eV, and γ gu (Egu /Te )  varies only slowly with electron temperature. 
The monopole excitation rate coefficient for Ni-like ions of Sn, calculated by 
using the tabulated values for [11], is plotted in Fig. 4 as a function of the 
electron temperature . It is seen that the curve is well approximated by a 
linear function  in the range of temperatures between ~200-400 eV. 
Above this range, the scaling with  is weaker than linear.  

 
Fig. 4 Monopole excitation rate coefficient from the ground state to the upper laser 
level for Ni-like ions of Sn as a function of electron temperature.  
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Having established the scaling of  with temperature, we need to know 
the scaling of temperature with pump irradiance. Since absorption of the 
pump irradiance in GRIP geometry occurs along the entire beam path of the 
pump laser well below critical density, the self-regulating model seems ap-
propriate [12], according to which . Using this and assuming the 

fraction of Ni-like ions to be constant, we finally get  

 

and therefore  

.  

This shows that the (unsaturated) x-ray laser output intensity scales exponen-
tially with an exponent that is proportional to  and . This qualitatively 
explains the increased x-ray laser output at large GRIP angles as being caused 
by both the increased length of the line focus and the increased apex electron 
density. In addition, it implies that it is advantageous to increase the line focus 
length as much as possible as long as the pump irradiance is kept above some 
“threshold” value.  

4 Results for Sb lasing 

On the route towards lasing at shorter x-ray wavelengths we subsequently 
chose nickel-like antimony (Z = 51) as the lasing medium. Sb is the neighbour 
element to Sn (Z = 51), and so its 4d-4p lasing wavelength is slightly shorter 
than that of Sn (11.4 vs. 11.9 nm). A first series of experiments was con-
ducted using a commercially available, 25.5-mm wide thin foil of Sb as the 
target. Although weak x-ray laser action at 11.4 nm was observed in this way, 
the main pulse energy had to be increased to ~10 J. It was obvious that the 
flatness of the target was a problem; in fact this was already observable by 
visual inspection. Better targets were subsequently obtained by coating a ~1-
µm thick layer of Sb onto diamond-machined, 25-mm wide brass slabs. With 
these targets, intense x-ray laser output was observed with a main pulse en-
ergy of ~2.5 J.  

After careful optimization of the pumping parameters, a configuration was 
chosen for the gain measurements, in which a 2.8% prepulse irradiated the 
target 4.4 ns before the 2.5-J main pulse, both incident at the GRIP angle of 
45° [13]. As the pump laser beam diameter had been increased to 120 mm in 
view of extracting energies up to 20 J for the sub-10-nm experiments, the 
length of the line focus increased accordingly and was measured as 19.6 mm. 
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As a consequence, the traveling-wave velocity mismatch becomes more 
serious and so it was decided to increase the pumping pulse duration to ~7 ps. 
The results of the gain measurement are shown in Fig. 5. The 11.4-nm line 
intensity is seen to increase exponentially as a function of target length until it 
rolls off into saturation for target lengths above ~10 mm. At short lengths (4 
and 5 mm) the intensity was below the threshold of the detector for some 
shots. Therefore the averaged points in this range tend to be overestimated. 
Nevertheless, the gain measurement shows a clear roll-off effect, which is a 
sign of saturation. A fit to the data gives a small-signal gain coefficient of 
40 cm−1 and a gain-length product of ~16.5 at saturation. More details on how 
to confirm the achievement of true gain saturation can be found in Ref. [13]. 

 
Fig. 5 Measurements of the output energy of the 11.4-nm lasing line in Ni-like Sb as a 
function of the target length. 
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Abstract. The authors describe firstly the lasers for high intensity physics experi-
ments at JAEA including J-KAREN and JLITE-X lasers which can deliver 100TW 
and 10TW laser power, respectively. Secondly the authors describe demonstration of 
flying mirror technique which will become a new technique to make a coherent 
tunable x-ray source. Thirdly a femto-second laser driven incoherent soft x-ray source 
and its imaging applications for nano-structures are described. The 4th topic includes 
femto-second laser driven multiple quantum beam generation and its applications 
using a laser driven thin foil target. 

1 Introduction 

Recently ultra-high intensity laser driven x-ray as well as particle beams and 
electromagnetic waves become popular. At the Advanced Photon Research 
Center (APRC), we have systematically performed high intensity physics 
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experiments using J-KAREN, an Optical Parametric Chirped Pulse Amplifi-
cation system coupled with a Titanium Sapphire laser amplifiers with laser 
power of up to ~100TW [1, 2]. Further amplification to obtain higher energy 
and intensity using a glass laser pumping system will be scheduled for target 
shooting. At the APRC, smaller laser system called JLITE-X [3] which usu-
ally delivers several TW in a few tens of femto-seconds is also used for high 
intensity physics experiments. 

Using these laser systems, we have performed laser driven x-ray generation 
and its applications. Firstly we describe the result of relativistic flying mirror 
[4-7] which may grow up to be a tunable coherent x-ray source. From this 
point of view, this technique is alternative one to high order harmonic genera-
tion from an ultra-high peak power laser irradiated ultra-thin foil target [8, 9]. 
Another topic is an intense incoherent x-ray source from a cluster target 
driven by such a high intensity laser [10]. We have performed production of 
x-ray source and x-ray imaging experiments for useful applications. 

We have also performed multiple quantum beam generation by an intense 
laser irradiated thin foil target such as x-ray, energetic particles as well as 
electro-magnetic waves such as THz waves. Simultaneous imaging of a test 
sample using x-ray and protons [11], THz wave and protons [12] and protons 
and electrons [13] have been demonstrated. In this talk we describe future 
prospect of such ultra-high intensity laser applications. 

2 Relativistic Flying Mirror for a Tunable Coherent X-ray Source 

As we know from the Special Theory of Relativity, the frequency of the light 
reflected from a moving mirror is multiplied by the factor four-gamma-
squared (this approximation is valid for large gamma). The pulse duration is 
divided by the same factor. For example, for a moderate gamma value of 5, 
we obtain approximately 100 times pulse shortening. What is interesting in 
the case of perfect reflection? The pulse shape remains same. The pulse is just 
squeezed in time, but it preserves such characteristics as coherence, number of 
cycles, presence of the chirp, polarization and so on. If we have a perfect 
relativistic mirror, it would be an ideal source of ultra-short pulses. The ques-
tion is: How can we implement such a relativistic mirror? The technique is the 
Relativistic Flying Mirror, which was firstly proposed by Bulanov and co-
authors [4]. 

When a short relativistic-irradiance pulse propagates in an underdense 
plasma (Fig. 1), it can generate a wake wave. This wake wave, in particular, 
can accelerate charged particles, as was proposed by Tajima and Dawson [14]. 
Under the appropriate condition, namely, near the wave-breaking threshold, 
the electron density has sharp spikes, with the peak density much larger than 
the original plasma density. These spikes move at the phase velocity which is 
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equal to the group velocity of the driver pulse, which is close to the velocity 
of light in vacuum. Now, if we send another laser pulse, namely, the source 
pulse in the counter-propagating direction, part of its energy will be reflected 
back from the Relativistic Flying Mirror. The important thing is that the 
reflected pulse frequency is much higher and duration is much shorter than the 
original one. 

 
Fig. 1 Schematic diagram of the Flying Mirror Technique. 

Figure 2 shows the simplified experimental setup [6, 7]. The driver pulse 
has the energy around 200 mJ and the duration of 76 fs. It is focused to the 
gas jet which has a rectangular shape 10 by 1.2 mm. The maximum plasma 
density is around 5×1019 cm-3. The driver pulse produces the wake wave, 
which can be monitored by the electron generation. The source pulse with the 
energy of approximately 12 mJ is focused to the region of the wake wave. The 
incidence angle is 45 degrees. A signal reflected by the Flying Mirror is 
detected by a grazing-incidence spectrometer comprising a toroidal mirror, a 
slit, a grating, and a back-illuminated CCD. Due to the relativistic effects, the 
reflected signal and driver pulse propagates almost in the same direction. 
Therefore, we have to shield the spectrometer against the strong laser light, 
which can contain hundred mJ. We used two Mo/C multilayer filters for this 
purpose. In order to align two laser pulses, we used a lot of diagnostics in-
cluding a shadowgraph, an interferometry, a source focal spot monitor, a 
transmitted spectrum measurement, an optical plasma imaging, measurement 
of the scattered driver pulse spectrum, and so on. The reason to have so many 
instruments is the alignment difficulty: we have to align two laser pulses in 
such a way, that the driver pulse generates a good wake wave, and the source 
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pulse is focused to the region of the wave breaking at an appropriate time. The 
situation becomes more complicated due to the presence of large volume of 
gas and plasma with not negligible density, which actually significantly 
affects the laser propagation. Figure 3 shows the snap-shot of the two collid-
ing pulses after we made a lot of efforts to align the laser pulses in plasma. 
Figure 4 shows the reflected signal dependence on the alignment accuracy in 
time and space. The result confirms the first experimental demonstration of 
the reflection from the flying mirror. 

 
Fig. 2 Simplified view of the experimental setup. 

 
Fig. 3 Shadowgram at which a driver pulse collides with a source pulse in a plasma. 
Bottom panel shows the plasma density profile. 
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Fig. 4 Dependence of the reflected signal on the alignment accuracy in time (τs) and 
space (Δz, vertical misalignment). Dots show individual shots in which reflected 
signals were detected, color scale shows the probability that the signal is not noise. 
The gray scale shows the smoothed signal distribution, with the cross-section widths 
of 180 fs and 12 µm in time and space. 

3 Experimental Study on femto-second laser driven soft  
X-ray source 

For soft x-ray imaging, Fukuda, Faenov and Pikuz et al. have systematically 
performed experiments on soft X-ray generation using femto-second-laser-
irradiated clusters [10]. The experiment has been performed using the JLITE-
X Ti:sapphire laser facility at JAEA, which generate a 36 fs pulse with energy 
of 160 mJ on target [3]. Figure 5 shows specially designed supersonic gas jet 
nozzle [15] which is used to produce clusters with a diameter of 1 µm for pure 
CO2 and 0.5 µm for the mixed gas of He and CO2. The laser beam is focused 
about 1.5 mm above the nozzle orifice by an off-axis f /13 parabola with the 
spot size of around 50 µm giving a laser intensity of 4×1017 W/cm2 in 
vacuum. The spatially resolved X-ray spectra have been measured using two 
focusing spectrometers with spatial resolution [16]. To check the isotropy of 
X-ray production one of the spectrometers (FSSR-1 in Figure 5) equipped by 
Andor 440 CCD as an X-ray detector was placed at angle about 20 degrees 
above laser beam axis, and the second identical spectrometer (FSSR-2 in 
Figure 5) equipped by Andor 420 CCD was placed nearly perpendicularly to 
the laser beam propagation. Both spherically bent mica crystal spectrometers 
were placed at a distance of 220 mm from the laser plasma source and was 
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centered at λ=18.85 Å, which corresponds to a Bragg angle of 18.8° for the 
first reflection order of the mica crystal. For such alignment spectra of Lyα 
(energy 653.7 eV) and Heβ (energy 665.7 eV) lines of Oxygen with simulta-
neously high spectral (δλ/λ ~ 3000) and spatial (in the case of using as an X-
ray detector Andor 420 CCD the resolution was 40 µm and for Andor 440 X-
ray CCD was 20 µm) resolution have been measured. Two layers of poly-
propylene filters covered by 0.1 µm of Al from both sides have been used to 
protect X-Ray detectors from visible and VUV radiation. Soft x-ray emission 
from the clusters produced from two different gas targets, i.e., 2–6 MPa of 
pure CO2 and 6 MPa of the mixed gas of He and CO2, have been measured. 
The number of photons for the emission lines of Lyα and Heβ of the oxygen 
ions produced with the mixed gas of He and CO2 is as high as 2.7×1010 and 
2.8×1010 photons/sr pulse, respectively, which are four to seven times larger 
than that produced with the pure CO2 gas. The required number of laser shots 
is dramatically reduced to only 1000–1500 for obtaining high quality soft x-
ray contact images. The experiment has been performed to reveal the large 
field of view and the large dynamic range in the nanostructure imaging using 
our soft x-ray source with the wide spatial-scale LiF crystal detector [17] as 
shown in Figure 6. Spatial resolution of 700 nm has been achieved with a 
wide field of view of a few cm. To demonstrate the accurate sensitivity of 
obtained images to the 100-nm-thick Mo film, traces along the different 
directions of images are presented in Figure 6. These spatial profiles show up 
to 5 different gray levels, which correspond to the open LiF crystal area and 4 
layers of Mo film. Useful applications which are suitable for using this type of 
source are demonstrated.  

 
Fig. 5 Schematic view of the experimental setup. Two focusing spectrometers with 
spatial resolution FSSR (1) and FSSR (2) are placed as shown in the diagram. 
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Fig. 6 High spatial resolution of soft x-ray contact imaging recorded on a few-cm 
scale LiF detector. At the left hand side, an image of 100-nm-thick Mo foil is visible. 
At the central picture, an image of a mosquito is visible and a higher magnification 
image can be seen at the right hand side.  

4 Laser driven multiple quantum beam generation using a thin foil 

Laser driven source delivers jitter-less multiple beams such as electron, x-ray, 
proton beams as well as the electro-magnetic waves [18]. If the specific beam 
intensity is high enough for a specific purpose, the source may perfectly 
match to the femto-second multiple beam pump probe technique. The signifi-
cant advantage of the laser driven source includes not only high brightness 
with short pulse and small source size but also is the simultaneous generation 
of multiple beams. The disadvantage is low average power because of the 
restriction of high-power laser repetition rate. 

A proton beam driven by a high-intensity laser has received attention as a 
compact ion source for medical applications [19, 20]. 

We have performed the high intensity laser-matter interaction experiments 
using a thin-foil target irradiated by Ti:sapphire lasers of Japan Atomic En-
ergy Agency (JAEA), Central Research Institute of Electric Power Industry 
(CRIEPI) and Gwangju Institute of Science and Technology (GIST) with a 
peak irradiance of 1017 to 1020 W/cm2. Figure 7 shows the various beams from 
an ultra-shot and ultra-high intensity laser driven thin foil. Details are found in 
the caption. 
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Fig. 7 Various symbolic phenomena in the ultra-high and ultra-short laser driven thin 
foil targets are shown. The vertical and the horizontal axes represent laser intensity on 
the target in the unit of W/cm2 and laser pulse width in femto-second and pico-second, 
respectively. The notation a and σare the normalized vector potential and normalized 
areal electron density equivalent to the product of the target thickness and density, 
respectively [9]; in the optimum conditions, a should be of the order of σ. 
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A tape target driver provides a fresh surface of a thin-foil at each laser shot. 
We have developed several on-line real time monitors such as a time-of-flight 
proton spectrometer which is placed behind the target and along the target 
normal as well as an interferometer for an electron density profile measure-
ment of a preformed plasma, an x-ray pinhole camera, a THz radiation detec-
tor, and an UV spectrometer for harmonics measurement as shown in Figure 
8. At GIST in Korea and at JAEA, we have tested simultaneous generation of 
x-ray and protons from a thin tape target resulting in a demonstration of 
projection images of the micro-meter-scale test pattern as a feasibility study of 
pump-probe experiment with intense multiple beams [11]. We have also 
tested intense THz radiation together with protons [12] which is originally 
developed as a projection proton shadowgraphy setup [13]. In summary, the 
authors have shown the preliminary experimental results on generation of 
laser-driven multiple beams for mainly simultaneous imaging applications. 
The authors expect that the technique opens up the ultra-fast imaging applica-
tions as well as ultra-fast pump-probe technique. 

 
Fig. 8 Experimental setup for the multiple beam generation mainly for proton 
generation and related laser-plasma interaction diagnostics. 
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Abstract. During the last few years the optimization of pumping schemes of X-ray 
lasers (XRL) has reached a level where the required pump power could be provided 
by table-top or even by commercially available laser systems. But the stability of the 
XRL output signal is limited by that of the pumping lasers and also the repetition rate 
is at maximum about 10 Hz. Many envisioned applications would however benefit 
from an improvement of these crucial parameters. A way to overcome this situation 
could be the use of diode pumped solid state lasers (DPSSL) as drivers. Therefore we 
are developing a new 100 Hz DPSSL based on Yb:YAG thin disk and CPA technol-
ogy. This system is based on newly developed efficient diode stacks for 100 Hz 
repetition rate. According to the common requirements of a transient collisional XRL 
(here in a grazing incidence pumping scheme -GRIP) the new laser driver has a 
double beam structure with one beam for plasma performing, delivering an energy at 
the target in the range of 200 mJ in 200 ps and a second one with > 500 mJ and < 5 ps 
to heat the plasma. The amplifier system consists of 4 amplifiers of different sizes. 
For the following XRL operation a water cooled Ag or Mo tape as target for 13.9 nm 
or 18.9 nm XRL emission was developed. The target speed can be adjusted to the 
driver laser repetition rate. Parallel to the commissioning the XRL station and first 
application experiments an upgrade of the driver laser is planned. 

1 Introduction 

Despite the fact that during the last few years the development of X-ray lasers 
has reached a level where commercially available laser systems can provide 
the required pump pulse parameters [1,2,3], there are so far no dedicated XRL 
stations like e.g. synchrotron radiation sources, to give access to this radiation 
with unique properties. 

The usual approach on XRL development and experiments is to set up the 
X-ray laser, do some optimization concerning e.g. the required pump energy, 
the output stability, or the beam profile, and perform a pilot experiment to 
demonstrate the ability of XRLs. After the experiment is finished the XRL 
setup is dismantled and the pump laser is used for other experiments. A con-
tinuous use, maintenance and improvement of an X-ray laser can hardly be 
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found. Our aim is to install an XRL station to provide the unique properties of 
XRL radiation in a reliable source not only for prove of principle experiments 
but also as a tool for standard investigations in science and technology. 

In this paper we will describe the XRL station with special attention to the 
Yb:YAG pump laser. After an overview of the pump laser system and a short 
explanation of the thin disk technology we will give a detailed description of 
the single components. 

2 Pump Laser Design 

The pump laser as a driver laser for the XRL station should match a number 
of parameters. Beneath the usual requirements for every laser system like high 
stability and good beam profile the pump laser for an common transient 
collisional XRL needs to have two synchronized arms, one with lower energy 
and longer pulse duration (200 mJ @ 200 ps) to preform the plasma and one 
with higher energy for the short heating of the plasma  (>500 mJ @ 5 ps). In 
order to make the XRL usable for applications requiring an averaging oper-
ation  we aimed at a  repetition rate up to 100 Hz.  

 
Fig. 1 Scheme of the X-ray laser station. 
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To realize these required parameters we designed the pump laser as a diode 
pumped CPA solid state laser in Yb:YAG thin disk technology with newly 
developed efficient diode stacks of ~1 kW peak power (1 J in 1 ms pulse 
duration) and up to 100 Hz repetition rate [3]. 

Fig. 1 shows the scheme of the XRL station. The laser consists of a front-
end with oscillator and stretcher followed by an amplifier chain based on 
Yb:YAG thin disk technology. The last element is a grating compressor to 
compress the two laser pulses to the required 200 ps and 5 ps, respectively. 

Even though the system is not fully completed we will in the following de-
scribe the status of the project and report about the different components of 
the XRL station more in detail. But first we give a short overview of the thin 
disk technology used in the pump laser system. 

2.1 Thin Disk Technology 

The key-components of the pump laser system are the amplifier stages based on 
Yb:YAG thin disk technology [4, 5]. Characteristic features of this technology 
are very low thermal lens effects due to efficient cooling with the temperature 
gradient parallel to the beam direction, and good power scalability. Fig. 2 shows 
the common thin disk pumping scheme according to A. Giesen et al. 

 
Fig. 2 Thin disk pumping scheme. The laser disk is used as a mirror in the resonator 
set up. It is pumped from the front side and cooled form behind over the whole disk 
area. For the pump and the seed wavelength it has a high reflectance coating on the 
back side and an antireflection coating on the front side (Courtesy of A. Giesen at al). 

Due to the thickness of only a few hundred micrometers the pump light absorp-
tion is very low. Therefore the pump light is reflected up to 24 times to the laser 
disk until it is absorbed completely. A laser head including the pump optics can 
be seen in Fig. 3. The beam enters the laser head from behind and is focused by a 
large parabolic mirror onto the laser disk. The parabolic mirror covers the com-
plete front of the laser module except a hole in the middle for the seed pulse. This 
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parabola is removed in Fig. 3 to have a free look inside. From the disk the pump 
beam is reflected back to the parabola, displaced by the prisms and again reflected 
to the laser disk. In total the pump beam is reflected to the laser disk 24 times. 

 
Fig. 3 View inside the thin disk laser head. Not visible in the picture is the parabolic 
mirror in front of the module that focuses the pump light to the laser disk. The prisms 
displace the pump light to reflect it 24 times to the laser disk. 

2.2 Front-End 

The front-end consists of a commercial Yb:KGW oscillator (PHAROS, Light 
Conversion Ltd. Lithuania) emitting 180 fs pulses at 1030 nm with 54 MHz 
repetition rate (mean power: 650 mW). The pulses are stretched to 2 ns. To 
minimize the size of the stretcher it has a folded design. That means the first 
grating is also used as the second grating. Additionally the beam passes the 
stretcher twice. Due to the highly efficient dielectric grating (diffraction 
efficiency > 95%) the throughput is still > 10%.  

After the stretcher a commercial Yb:KGW regenerative amplifier (PHAROS, 
Light Conversion Ltd. Lithuania) is used to amplify the pulse to 1 mJ energy. 
The repetition rate of the regenerative amplifier can be set between 1 Hz and 1 
kHz. Tab. 1 shows some beam parameters at the output of the front-end. 

Tab. 1 Laser pulse parameters at the output of the front-end. 

Pulse energy E 1 mJ 

Repetition rate f 1 kHz 

Pulse duration τ 2.2 ns 

Bandwidth Δλ 2.8 nm 
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2.3 Thin Disk Amplifier Chain 

The output of the front-end is further amplified by an amplifier chain based on 
Yb:YAG thin disk technology as described in Sec. 2.1. This amplifier chain 
consists of a regenerative amplifier (RA) and a number of multipass amplifi-
ers (MP) pumped with increased power from stage to stage. 

The complete system is pumped by specially developed fibre coupled laser 
diodes. These diodes deliver a maximum pulse energy of 1 J per fibre at 940 
nm wavelength with a pulse duration of 1 ms and at a repetition rate of up to 
100 Hz (10% duty cycle). They were developed at Ferdinand Braun Institute 
(FBH), Berlin, and match very well the requirements for pumping Yb:YAG. 

2.3.1 Regenerative Amplifier 

The front-end output pulse is adapted to the regenerative amplifier mode and 
coupled into the amplifier. The regenerative amplifier in a folded design has a 
length of 6.45 m measured between the two end-mirrors. The amplifier disk 
acts as one end-mirror with the in- and out-coupling Pockels cell in front of it. 
Instead of the easiest possible geometry with just a second end-mirror we use 
two additional spherical mirrors as a telescope inside the RA to increase the 
minimum beam diameter and reduce the power density on the optical compo-
nents.  

While the amplifier head is self-made the cooling finger with the laser disk 
is a component from TRUMPF Laser GmbH with much higher stability than 
the initially used Yb:YAG disk. With the Trumpf disk we reached an output 
pulse energy of 124 mJ @ 50 Hz in a stable beam. The required pump pulse 
energy was 1.6 J from 2 J available. Fig. 4 shows the measured output charac-
teristic and stability. At maximum output pulse energy we measured an aver-
age pulse energy of 117 mJ +/- 2 mJ (rms) over a periode of 120 s.  

The beam profile has an excellent shape with M2 = 1.2 and a minimum fo-
cal spot diameter of 80 µm in x and 88 µm in y direction obtained with a f = 
300 mm focussing lens. Fig. 5 shows the M2 measurement according to the 
ISO standard with a SPIRICON M2-200 meter (OPHIR Optronics Ltd). The 
distance between the CCD camera and an internal lens is varied and the beam 
diameter in x and y direction is measured. 
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Fig. 4 Output characteristic of the regenerative amplifier: Output pulse energy vs. 
steps in pump pulse energy of 120 s duration. The mean output pulse energy at 1.6 J 
pump pulse energy is 117 mJ +/- 2 mJ (rms) with a maximum value of 124 mJ.  

 
Fig. 5 M2 measurement with ISO certified M2-200 meter from SPIRICON, M2 = 1.2, 
focal spot diameter x = 80 µm, y = 88 µm focussed with f = 300 mm lens.  
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2.3.2 Yb:YAG Thin Disk Multi Pass (MP) Amplifier 

All MP amplifiers are based on the same technology/geometry that allows a 
modular upgrade of the system. The resonator is a multipass set-up with 12 
passes across Yb:YAG thin disk (TRUMPF GmbH, Schramberg). The three 
MP amplifiers (cp. Fig. 1) vary in the applied diode pump energy (4 J and 8 J 
respectively) and accordingly in disk diameter and thickness. 

Recently we have completed and tested the first MP amplifier pumped by 4 
J pulses from the diode modules. At a seed energy from the RA of 75 mJ (65 
% of max. RA output) an output pulse energy of more than 200 mJ with an 
pump pulse energy of 1.8 J (< 50% of max. pulse energy) has been reached 
reproducible. The maximum output pulse energy was about 320 mJ. The 
present investigations and preliminary results have shown that the first MP 
amplifier is at full pump energy and full seed energy capable to deliver output 
pulses with an energy of about 400 mJ However, for realising this output 
energy in the range of 400 mJ one has to redesign the resonator to get a larger 
beam diameter to prevent damage on the surface of the optical components.  

The following MP amplifier (cp. Fig. 1) is a copy of the system described 
above except the Yb:YAG disk which has to be of larger diameter and the 
pump optics which allow to use up to 8 laser diode pump modules in order to 
reach the envisioned 1 J level. Both MP amplifier stages are currently under 
commissioning.  

2.4 Compressor 

The compressor is designed to accept two separate input beams (long and 
short pulse) to be compressed to different pulse durations as required for the 
transient XRL. Due to the large compression ratio from the ns to the ps range 
a compressor grating of 450 mm length is needed as second grating to accept 
the full spectral bandwidth. Like the stretcher the compressor is also equipped 
with dielectrically coated gratings (Lawrence Livermore National Labs) with 
more than 95% diffraction efficiency at 59° diffraction angle for 1030 nm. 
This gives a total transmission of more than 75%. 

The two beams pass through the compressor at different heights and with 
separately adjustable path lengths to set the required pulse duration. Fig. 6 
gives an overview of the beam pass through the compressor. 

In the Yb:YAG regenerative amplifier the spectrum was narrowed from 2.8 
nm to 1.5 nm whereas in the next MP amplifier stage(s) we did not find any 
further change in the spectrum. Our bandwidth limited pulse duration for the 
compressed pulses is therefore on the 1 ps scale. This assumption is supported 
by first measurements of the (non-optimized) compressed output pulse from 
the RA yielding a pulse duration of 1.2 ps. 
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Fig. 6 Compressor set-up for simultaneous compression of two beams.  

 

3 X-Ray Laser in GRIP geometry 

With the above described Yb:YAG thin disk laser an X-ray laser in GRIP 
geometry will be available as user station.  

 
Fig. 7 Water cooled tape target for 100 Hz repetition rate. 

As usual in the GRIP geometry the long pulse is line focused by a cylindri-
cal and a spherical lens onto the target at normal incidence. The generated 
plasma column is then heated by the short pulse focused in grazing incidence 
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by a spherical mirror into the plasma. As target for the planned 13.9 nm XRL 
station we use a continuously moving silver tape (Fig. 7). Its velocity can be 
adjusted to the pump laser repetition rate. At the line focus position the tape is 
guided above a water cooling unit capable to cool down a few hundred Watts. 

All optical components will be protected against debris by thin glass plates 
or foil, where possible. The x-ray laser output will be guided through an 
aperture to reduce debris contamination on the following optical elements. 

4 Summary and outlook 

In the near future an x-ray laser station on the base of a saturated 13.9 nm Ag 
XRL with high average power in the range of 100 µW and high pulse stability 
will be available for scientific and industrial use. The fully diode pumped 
pump laser is especially designed as XRL driver laser operating in two beams 
with different pulse duration. 

In the actual design the output pulse energy of the unique pump laser will 
be limited to about 700 mJ in the 5 ps pulse and to 200 mJ in the ~ 200 ps 
pulse. For further improvements of the output energy and/or shortening of the 
output wavelengths of the XRL a pump laser upgrade by an additional ampli-
fier is planned to double the output energy in the long as well as the short 
pulse. These x-ray laser systems will be optimal for seeding experiments. 
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Abstract. PHELIX (Petawatt High Energy Laser for Heavy Ion Experiments) is a 
hybrid Ti:Sapphire / Nd:Glass laser system using large aperture amplifiers from the 
former Nova and Phebus laser systems at Livermore and Limeil, respectively, de-
signed to offer pulse energies in access of 1 kJ and output power in the petawatt 
range. It is aiming mainly on combined experiments in plasma physics [1] and atomic 
physics [2] together with the GSI accelerator facility, and in preparation for the new 
FAIR facility for antiproton and ion research. Both nanosecond and sub-picosecond 
pulses can be supplied. Presently pulse energies up to 500 J are used, at pulse dura-
tions between 1 and 15 ns. Compressed pulses down to 500 fs are achieved after full 
amplification. The maximum output energy after the pulse compressor is limited by 
the damage threshold of the final grating. For 10 to 50 ps pulses, the maximal 
throughput energy is 200 J. For the pulses around 500-fs duration, it is reduced to 120 
J. A special arrangement allows for the preparation of pulse pairs, where the duration 
of the pulses can be individually controlled between 1 and 100 ps. Recent experi-
ments included the preparation of a plasma target for the interaction with energetic 
heavy ions [3], and the pumping of a plasma x-ray laser [4]. 
 
PHELIX is a member of Laserlab Europe, offering access as a European 
infrastructure 

1 The PHELIX laser system 

The general architecture of PHELIX is a MOPA design with dedicated front-
ends for long-pulse (1 to20 ns) and short pulse operation. Both front-ends 
produce pulses in the range of 20 to 50 mJ, followed by a common Nd:Glass 
pre-amplifier. From here, pulses of 1 to 10 Joule energy are injected into the 
two-pass main amplifier with a clear aperture of 30 cm. 

For many of the future experiments planned for PHELIX, nanosecond 
pulses with special temporal shaping are required. These are created in the ns-
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front-end consisting of a fiber-oscillator, a fiber-based double pass amplifier, 
an amplitude modulator to tailor the temporal pulse shape, and a regenerative 
ring-amplifier and a beam shaping section to modulate the spatial laser beam 
profile. The temporal resolution of the modulator is better than 500 
picoseconds, mainly limited by the driving electrical circuit. Except for the 
ring regenerative amplifier the PHELIX ns-frontend is based on fiber technol-
ogy. This provides stable and robust operation without much further align-
ment and maintenance. 

 
Fig. 1 Schematics of the PHELIX laser system. 

For the short pulse option the chirped pulse amplification scheme is em-
ployed, with the goal to achieve pulse intensities in the petawatt range. This 
front-end is based on Ti:Sapphire as a gain medium, operating at the 1053 nm 
wavelength appropriate for the following Nd:Glass amplifiers. A 120 fs 
oscillator is followed by two regenerative amplifiers after stretching the pulses 
to > 1 ns. The pulse stretcher of PHELIX was rebuilt, recently. The essential 
new feature is adjustability of the stretching factor, thereby allowing to oper-
ate the compressor with fixed gratings. This way the pulse duration after re-
compression can be easily changed in a range from 0.5 to 10 ps. 

The pre-amplifier consists of three Nd:Glass rod amplifiers of 19 mm and 
45 mm. diameter. A flat-top beam profile is formed by a serrated aperture and 
the inherent spatial gain profile of the amplifiers. The shape can be selected to 
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give a round profile, for optimal filling of the main amplifier components, or 
an elliptical shape optimised for the filling of the re-compressor gratings. 
Gain narrowing in the glass amplifiers is passively pre-compensated by a 
Lyot-filter. The 2-pass main amplifier uses Nd:Glass disks with a free aper-
ture of 31.5 cm. Injection into this structure is done by geometric separation 
within the spatial filter. A limitation of the total output energy is given by the 
damage threshold of a pulsed Faraday isolator, which protects the system 
against reflected pulses from the target. After this the pulses can be directed 
either to the beam line towards the heavy-ion accelerator of GSI, or to the 
grating compressor to form short pulses. 

 
Fig. 2 Transformation of the double pulse in the pulse compressor. The stretched 
pulses are entering from the left, still partially overlapping in time. After compression 
two short pulses with the predetermined separation are formed. 

2 Experimental set-up for pumping a short wavelength x-ray laser  

For a first x-ray laser experiment [4] with Ni-like Samarium (6.8 nm and 
7.3 nm) the capability to form double pulses already in the front-end of 
PHELIX was utilised. In this scheme, a Mach-Zehnder type beam splitting 
and recombination stage creates two pulses immediately after the pulse 
stretcher, where the beam diameter is below 5mm. These double pulses were 
amplified by the full PHELIX amplifier chain, and recompressed to produce 
two pulses with an adjustable delay of 0.1 to 10 ns. Figure 2 illustrates how 
the double pulses for pumping the x-ray laser were produced. The double 
pulse created in the front-end has a pulse separation of about 1 ns, which is 
much shorter than the duration of each of the stretched pulses. Only after 
these pulses passed the compressor optics and their duration is reduced, the 
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real double pulse structure is revealed. With the help of a compact pre-
compressor in one of the arms, completely different pulse durations for the 
two pulses can be chosen. The advantage lies in the fact, that these two pulses 
are focused absolutely identical in the beam delivering optics. A fast photodi-
ode and alternatively a streak camera were used to determine the spacing of 
the pulses and the relative size of possible pre-pulses. 

  
Fig. 3 The focusing scheme used for the generation of a line focus for the plasma x-
ray laser. At first, the beam is reflected from a 90 degree off-axis parabolic mirror 
with 2 meter focal length. After the focus, a spherical mirror with 60 cm focal length 
is used under an incidence angle of 20 degrees. The insert shows the imprint on the 
target with a width of approximately 100 microns. 

As shown in more detail in Fig. 3, the line focus on the x-ray laser target is 
produced using two focussing elements. At first, the beam is reflected from a 
90 degree off-axis parabolic mirror with 2 meter focal length. After the point-
focus, a spherical mirror with 60 cm focal length is used under an incidence 
angle of 12 degrees. In this way, relatively small optics can be used for the 
final focusing, despite the large beam diameter dictated by the low damage 
threshold of the compressor gratings. 

At the given beam dimensions a line focus with a width of around 100 mi-
crons and a length of 8 mm is generated on the target at an incidence angle of 
45 degrees. This line focus also has the property to exhibit a traveling wave 
characteristics with a speed of 1.4 c, well suited for the transient excitation 
scheme. The quality of the line focus is monitored with a microscope camera 
viewing the imprint on a glass screen which can be put at the exact location of 
the laser target. The targets themselves were fabricated at the GSI target 
laboratory by coating glass substrates with a layer of 2 – 3 micrometers of 
samarium. These targets were stored in a protective gas atmosphere, and 
mounted shortly before pump-down in the laser chamber. Positioning of the 
targets was controlled with a step-motor driven stage, which allowed the use 
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of a single target for at least 5 laser shots choosing different locations on the 
target. The output of the x-ray laser was analyzed with a grating spectrometer 
using a 1200 lines/mm flat-field grating and a XUV CCD-camera. High 
energy x-ray and visible light background is rejected using zirconium coated 
carbon filters. Within the experimental campaign at the PHELIX laser, lasing 
in the Ni-like samarium system was achieved at pulse energies between 50 J 
and 100 J. A range of pulse configurations was tested with delays between 
100 ps and 5 ns and pulse durations between 5 and 200 ps. Fig. 4 shows a 
spectrum with the Ni- like samarium lasing lines at 6.8 nm and 7.3 nm, regis-
tered at the second order of the grating, and a reference showing the carbon 
K-edge at 4.3 nm registered in third order at the same spectrometer settings. 

 
Fig. 4 Spectra showing the Ni-like Samarium x-ray laser lines at  6.8 nm and 7.3 nm 
(recorded in second order as 13.6 nm and 14.6 nm) together with a reference spectrum 
showing the carbon-edge at 4.36 nm (recorded in 3rd order as 13.1 nm) (Preliminary 
data by courtesy of [4]). 

3 Conclusion  

The PHELIX laser is able to operate with very different pulse durations and 
configurations. First results obtained with compressed double-pulses at 
PHELIX, unique for an high energy laser, demonstrate the feasibility of 
applying a simplified pumping scheme of higher energy x-ray lasers. This 
opens the way to a wider application of such x-ray sources for dedicated x-ray 
diagnostics of e.g. ion produced plasmas, as well as a future routine operation 
at facilities like LASERIX [5]. The experiment was supported through the 
Laserlab Europe Integrated Infrastructure Initiative. 
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Abstract. Soft X-ray lasers have been developed at the Central Laser Facility (CLF) 
of the Science and Technology Facilities Council over the last three decades by an 
active UK and international research community. The Vulcan Nd:glass Laser has 
been the primary drive system for these developments, providing pump pulses from 
nano- to pico- seconds, firing one shot every 20 minutes. An upgraded Vulcan facility 
is due to come on line in September 2008 with dual pico-second high energy beam 
lines (1 ps, 100 J and 10 ps, 500 J) combined with long pulse (80 ps, 40 J – 4 ns, 300 
J) capability. Recent developments in laser technology have meant that the CLF has 
increased its ultra short pulse capabilities. The Ti:Sapphire Astra-Gemini laser fa-
cility, which came on-line in early 2008, gives 20 second shot turnaround times and 
ultra short pulses (30fs, 15J). The new opportunities which these drive systems enable 
for soft x-ray laser science, source development and applications will be presented.  

1 Introduction 

The Central Laser Facility (CLF) has been an important tool for researchers to 
develop x-ray laser science over the last three decades. With its versatile 
target area set-up and multiple high energy ns beam lines, it enabled research 
into the mechanisms of X-ray laser (XRL) production. Recombination[1] and 
collisional excitation x-ray lasers were the main areas of successful research 
with single[2] and double target irradiation[3] using 80ps @40J per pulse or 
600ps @ 200 J Vulcan beam lines. A wide variety of saturated x-ray laser 
output[4] was achieved, paving the way to further techniques[5] along with 
initial application experiments using the XRL as a probe of plasma 
properties[6] and instabilities[7]. In the late 1990’s, the travelling wave (tran-
sient) collisional excitation method[8] was introduced and further developed 
when after upgrading in 1997 the Chirped Pulse Amplification (CPA) arm of 
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Vulcan delivered energies of 100J in a ps pulse to target[9]. Since this time, 
the use of short optical pulses for pumping XRL output has been developed 
with the introduction of the Grazing Incidence Pumping (GRIP) scheme. 

The high power lasers at the CLF have also grown in their capabilities, spe-
cifically in the recent year. A new mixture of long-, short-, shaped and pre-
pulse modes are available with a variety of energies and higher repetition rate. 
These capabilities match the new methods being developed by the XRL 
community and provide potential for the future development of new applica-
tions. 

2 High Power Laser Systems 

2.1 Vulcan Developments 

To accommodate soft X-ray laser experiments one of the first adaptations 
tested at the CLF was the generation of a near diffraction limited line focus 
using reflection of an expanding beam from a tilted spherical mirror[10]. For 
long pulses (60 ps – 1 ns) the beam was initially focussed using a transmissive 
doublet aspheric lens. With the introduction of ps drive pulses the lens was 
replaced by an off-axis parabolic mirror to avoid B-integral effects. Although 
the reflection from a tilted spherical mirror produced a near diffraction limited 
width line focus, it suffers from non uniform illumination uniformity along 
the length of the focus. To overcome this limitation, it was possible to illumi-
nate a target from one side with up to five beams simultaneously (Fig. 1) and 
by arranging them in a suitable overlap[11], a high degree of uniformity could 
be achieved.  

Over the last year the Vulcan laser and associated Target Area West have 
been upgraded to enable dual CPA delivery to our research user community. 
This dual output will enable either two beamlines at 1 ps, 100 J on target or 
one such beamline combined with another at 10 ps, 400 J on target. The 
beamlines will be 200mm square at 1 ps or 200 mm circular at 10 ps respec-
tively. New laser pulse diagnostic systems[12] are being installed in the target 
area to enable reliable spectral, temporal and spatial beam qualities to be 
measured. Currently, one CPA beam can be frequency doubled using sub 
aperture crystals[13] to deliver ~ 30 J to target suitable for pumping short 
wavelength high Z soft X-ray lasers in a grazing incidence geometry. It is 
planned that with the acquisition of full aperture doubling crystal, up to 180 J 
could be provided in a ~6 ps pulse opening the possibility of saturated lasing 
in the water window. 
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The new beams are due to be commissioned in September 2008. Alongside 
this, is the capability to have six versatile ‘long’ pulse beamlines 80ps @ 40J 
– 4ns @300J per beam at 1053nm. There is also the option of pulse shaping 
using a new regenerative amplifier system able to provide pulse shaping at the 
longer pulse range >500ps up to 20ns, suitable for generating shock com-
pressed matter where the XRL beam can be used as a probe source [14]. 

2.2 Gemini Developments 

Gemini is an upgrade [15] to the existing Astra high power laser which cur-
rently delivers 0.5J in 40fs at 10Hz, 800nm. A new laser bay with system 
pump lasers, amplification stages and two separate beamline compressors 
have been installed enabling the Gemini system to deliver up to 15J in 30fs 
per beam ultimately combining to 1PW, firing once every 20 seconds when 
fully commissioned.  

A new target area was created underneath the laser bay in which a wide 
variety of set-ups are available. Currently available options include long (F20) 

 (a) 

 (b) 
Fig. 1 Line focus multi-beam set-up 5 beam single sided target irradiation, (a) plan 
view, (b) side view. 
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and short (F2) focusing on target which can be configured in a variety of ways 
to suit experimental campaigns including near normal and grazing incidence 
line focus geometries. This system is capable of delivering up to 109 contrast, 
which can be further enhanced by the use of an optional plasma mirror[16] 
set-up on one of the beamlines to deliver 1012 contrast. 

 
Fig. 2 Target inserter mechanism schematic showing arm for gripping carriers and the 
carousel to hold 50 carriers. 

Another step change in the delivery of experiments to the Gemini Target 
Area is the installation of a remote target insertion device. This instrument is 
specified to be able to deliver one target carrier to the correct position to 
within +/- 2 microns. Each target carrier can hold up to 25 targets and a 
carousel can hold up to 50 carriers. This enables the delivery of up to 1250 
targets without breaking vacuum. Fig. 2 shows a schematic of the inserter 
unit. By combining the target inserter technology with the relatively high shot 
throughput per day (~600 shots) and the multi-beam capability of Gemini it is 
hoped that a new era of x-ray laser development and applications will be 
opened up. 
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Abstract. A new laser system has recently been installed within the Centre for 
Plasma Physics (CCP) at the Queen’s University Belfast (QUB) and is known as 
TARANIS (Terawatt Apparatus for Relativistic and Non-linear Interdisciplinary 
Science). It will support a wide-ranging science programme, including X-ray laser 
studies. The laser is a CPA Nd:Glass system capable of delivering 20J in  ~600 fs in 
each of two beams. Alternatively, either beam can generate ~30J in 1 ns in uncom-
pressed mode allowing the synchronous production of ps-ps, ps-ns or ns-ns pulse 
combinations for various X-ray laser pump scenarios. Although the system is limited 
to ~10 min shot cycles it offers scope for the systematic study of XRL schemes not 
always feasible at national laser facilities. Here, we present a brief report detailing the 
laser’s parameters and its capabilities in relation to X-ray lasers. Also outlined is our 
plan for experimental X-ray laser work in QUB and some results from preliminary 
shots taken in preparation for a full X-ray laser experiment. 

1 Introduction 

A terawatt chirped-amplification (CPA) laser system known as TARANIS 
(Terawatt Apparatus for Relativistic and Nonlinear Interdisciplinary Science) 
is being operated in the CPP at the QUB installed by Coherent Ltd in 2006. 
This unique ultrafast Nd:Glass laser system can deliver intensities up to 1019 
W/cm2 in the focused spot at wavelength of 1053 nm. This apparatus along 
with a home-built synchronized femtosecond Ti:Sapphire laser system will be 
used in the research areas of laser-field accelerated ion generation, warm 
dense matter, pump-probe experiments and X-Ray lasers. 

In order to achieve high energies at ultrashort pulse durations a CPA con-
cept is employed [1]. Rapid developments in technology and laser science 
such as the design of stretcher-compressor systems and regenerative amplifi-
ers, production of high quality optical components and coatings able to stand 
high energies and the discovery of new laser materials ( particularly the 
Ti:Sapphire ) crystal improved the progress of high power lasers moving them 
to petawatt power level. 
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2 Laser System 

The front end of the Taranis terawatt laser is shown in Fig. 1 and starts with a 
commercial mode-locked Ti:Sapphire Mira oscillator which generates a train 
of transform-limited pulses of 120 fs at wavelength 1053 nm with a repetition 
frequency of 76 MHz. Although the gain of Ti:Sapphire crystal is not peaked 
at 1053 nm the laser delivers an average power of 400 mW.  
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Fig. 1 Optical layout of the Taranis laser at QUB. 1, 2, 3 – laser heads with 9 mm, 25 
mm and 50 mm diameter rods, respectively,  VSF1, 2, 3 – vacuum spatial filters, FI – 
Faraday isolator, SA – serrated aperture, BS – beam splitter.  

The train is injected into a folded all-reflective stretcher consisting of a 
spherical mirror (F=1524 mm), a diffraction grating (1740 lines/mm), a fold-
ing mirror located in the focal plane of the spherical mirror and a retro-mirror. 
To avoid disruption of the oscillator a Faraday isolator is placed after the 
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oscillator. It is important to transfer the largest spectral bandwidth through the 
stretcher and avoid a hard clipping of the spectrum by optics and mounts. The 
cut-off in frequency results in a broadening of the pulse and a low contrast. 
However to reduce the cost, the bandpass of the stretcher was chosen equal to 
4 times of the laser output bandwidth. The stretching factor is about 104. 

The stretched pulse with a duration of 1.6 ns, enters the last stage of the 
front end; i.e. the Ti:Sapphire regenerative amplifier (RA) optimized for a 
high gain at 1053 nm. The RA is pumped by Evolution laser at 527 nm and 
with a repetition rate of 500 Hz from both sides of the Brewster-angle-cut 
Ti:Sapphire crystal. To improve the contrast of the RA a Pockels cell is used 
in the input of the RA as a pulse picker to select a single pulse from the oscil-
lator train. The output of the RA is 0.7mJ per pulse at a stability of 3%. Al-
though the gain of the laser crystal is peaked at 800 nm the special design of 
the oscillator and the RA allows high powers to be reached at 1053 nm. This 
is important for reduction of the ASE level from the RA and consequently in 
the output of the laser system. The high level of the output at 500 Hz rep rate 
of the front end makes it easy to align the main amplifier chain, the compres-
sors, the targets and the diagnostics. 

Further amplification of the front end output occurs in three stages consist-
ing of phosphate-glass rod amplifiers pumped by flash lamps at a repetition 
rate of 1 shot per 10 min. Each amplification stage has two laser heads. The 
diameters of the rods are 9 mm, 25 mm and 50 mm with lengths 15 cm, 30 cm 
and 30 cm, respectively. Between the amplification stages there are vacuum 
spatial filters which magnify the beam diameter to fill the laser rods and 
image relay the beam profile at the output to the next stage of amplification. 
In the starting object plane of the image relaying sequence there is a serrated 
aperture with a diameter of 3.4 mm. Passing through such an imaging system 
the amplified pulse is spatially tailored by the serrated aperture, the hard 
truncation aperture and gain profiles in the laser rods. As a result of the “tai-
loring” and the image relaying, the final output beam has a near-uniform top-
hat spatial profile with a diameter of 100 mm. In this case the energy extrac-
tion from the laser rods is the highest giving almost 30J per pulse after the last 
amplification stage. The gains in the 9 mm and 25 mm rods are 150 and 100, 
respectively. The small signal gain of the last amplification stage is 40 and the 
total gain of the Nd:Glass amplifies is (4-6)·104. Usually because of the gain 
narrowing in the amplification chain the pulse duration of the stretched pulse 
becomes shorter (~1 ns). The spectral width of the RA output reduces from 
6.8 nm to 3 nm as well. 

The Taranis laser is a flexible system consisting of two parallel final ampli-
fication stages allowing a combination of outputs with pulse durations starting 
from ns to ~600 fs and energies up to 30J. This suits the various research 
goals in the field of laser-matter interaction, particularly to study transient 
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behaviours of plasmas and various X-Ray laser pump scenarios. The architec-
ture of the laser enables access to three different target areas. 

The intensity-dependent refractive index of various optical materials in the 
laser produces a phase retardation (B-integral) which can degrade the beam 
quality. It also results in a self-phase modulation limiting the compression of 
the pulse and producing wings in the temporal pulse. To decrease the B-
integral the technique of CPA is usually applied and the estimated value of the 
B-integral for the Taranis laser system is 1.3.  

 

                
 (a) (b) 

 
Fig. 2 A representative data of the Taranis laser, (a) near field profiles of the output 
beam, (b) single shot spectrum and (c) second order autocorrelation function (ACF).  

(c) 
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The final stages of the laser are two large traditional double-pass grating 
vacuum compressors with a roof-mirror and a vacuum chamber from where 
the outputs of both compressors are directed to the target areas. The compres-
sor gratings (210x400x50 mm) are positioned parallel to compensate the 
GDD of the stretcher and the GVD of the materials existing in the laser. The 
incidence angle of the input beam is 60o and the slant distance between the 
gratings is about 880 mm. The compressors are able to compress the ampli-
fied pulse down to 560 fs when an acousto-optic programmable dispersive 
filter (Dazzler) is used to correct high order phase distortions. The gratings 
provide an energy transmission of 60% through the compressors.  

Different diagnostics are set to characterise and optimize the performance 
of the laser system and measure the energy, the near-field and far-field 
irradiances, the second order autocorrelation trace, the spectrum and the 
prepulse activity on each laser pulse shot. Some typical output characteristics 
are shown in Fig. 2. The near field irradiance taken after the compressor has 
almost a flat distribution. Assuming that the temporal profile of the pulse is 
sech2 both output spectrum and the second order autocorrelation (ACF) are 
fitted by a sech2 function. It is obvious that the fits well represent the central 
parts of the ACF and the spectrum except of the wings which are higher 
compare with the fitting function. The measured  product is 
0.45 0.06. Some important characteristics are presented in the Fig. 1. 

 

 
Fig. 3 Schematic of the GRIP laser set-up at QUB. SP is the short ps exciting pulse; 
LP is the long nsec plasma preparation pulse; a is a lens; b, c are tilted spherical 
mirrors; d is a flat-field spectrometer viewing the axial output; e is a crossed slit 
camera for X-ray emission. 

LP 

SP 

a 

b 

c 

d 

e 
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3 The QUB X-Ray Laser 

Initial X-ray Laser experiments to be conducted on TARANIS will investigate 
the GRIP scheme, first demonstrated by Keenan et al in 2005 [2] and charac-
terise the output of various target materials as lasing media. The planned 
experimental set-up is shown in Fig. 3. The short pulse (SP) heats the plasma 
produced by the long pulse (LP) and creates a population inversion. The LP is 
focussed to 9 mm (absolute length) x 50µm by a combination of a F=300 mm 
lens and a F= 152 mm spherical mirror. The duration of the LP is ~1 ns and 
the energy can be up to 20 J. The SP, with a pulse duration of 1 ps and an 
energy available of up to 20 J is focussed to a line ~8 mm by an F=609 mm 
spherical mirror tilted at 10° to the incoming beam. The primary diagnostic of 
the X-ray laser will be a flat-field spectrometer employing a standard 1200 
lines/mm Hitachi grating. Plasma diagnostics will consist of a spatially resolv-
ing crystal spectrometer (not pictured, above plane of diagram) and a crossed 
slit camera.  

 
 

 

Fig. 4. Spatially resolved X-ray emission spectrum from laser produced Cu plasma. 

Preparations for the XRL campaign have been made by generating and op-
timising the pre-plasma conditions. The plasma produced from a Cu target by 
the LP (1 ns, 5J) is used to observe the uniformity of the line focus. The 
spectrum shown in Fig. 4 is obtained with a spatially resolved crystal spec-
trometer. The intensity profile of the x-ray emission along the line with a 
Gaussian fit has a FWHM value corresponding to 6 mm. 
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Abstract. A new 10-year program “Photon Frontier Network” has been started in 
2008 in Japan in order to establish strong bases in research and education in optical 
science and technology. This network is formed by many scientists belonging to 
various organizations in broad range of fields, and with industrial participation. The 
basic structure and objectives of this program are described.  

1 Introduction 

Optical science is called “enabling technology”, since it has provided innova-
tive approaches in broad range of fields from basic science to industry and 
medicine. In recent years, there have been significant advances in the devel-
opment of new light sources and also in the understandings of the nature of 
light. Due to these advances, many new possibilities are emerging which may 
provide breakthroughs in various fields.  

In order to extend these rapid advances to various fields, it is important to 
foster young scientists who have strong bases in the frontier of optical science 
and have broad scopes in the applications. However, there has not been co-
ordinated approach to education in optical science, although optical science is 
regarded as an important basis in almost all fields of science and technology. 
We think that favourable environment exists at present, since optical science 
has been attracting many graduate students due to various interesting themes 
to work on.  

In order to establish strong bases in the research and education in optical 
science, a new 10-year program “Photon Frontier Network” has been started 
in 2008 by the Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT). This network is formed by many laboratories in broad range of 
fields and organizations, with industrial participation. In this article, after a 
brief review of the historical background in optical science policy in Japan, 
the structure of this program is described. 
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2 Historical Background  

Importance of optical science in the 21st century has been recognized in many 
countries and several official reports have been published [1, 2]. OECD has 
published a report on the emerging field developed by compact and high 
intensity short-pulse lasers [3]. Based on this activity, IUPAP has formed a 
Working Group “International Committee on Ultrahigh Intensity Lasers 
(ICUIL)” [4]. In parallel with this, “Asian Intense Laser Network (AILN)” 
has been started [5]. Also multinational cooperation with major laser labora-
tory participation has been started in EU as Laserlab Europe [6]. 

In Japan, many programs related to optical science are carried out under 
various schemes supported by MEXT, METI (Ministry of Economy, Trade 
and Industry), MIC (Ministry of Internal Affairs and Communications), and 
others. However, since optical science is a multidisciplinary field, it has been 
difficult to lay out a coordinated strategy on optical science. The Science 
Council of Japan has studied the importance of optical science, and has issued 
a Statement “Strengthening Optical Science and Technology for Creating 
New Fields” in 2005 [7].  

Optical science has been included in the Third Science and Technology 
Basic Plan (FY 2006-2010), where construction of X-Ray Free Electron Laser 
has been started. In order to form stronger bases for research and education in 
optical science, MEXT has issued an “Interim Report for the Promotion of 
Photon Science and Technology” in 2007, in which the basic concept of 
“Photon Frontier Network” has been laid out [8]. 

3 Framework of Photon Frontier Network 

The new program on optical science is composed of two parts [Fig. 1]. One is 
the “Photon Frontier Network” under MEXT, which is described in this article, 
and another is the Research Grants under JST (Japan Science and Technology 
Agency) on “Evolution of Light Generation and Manipulation”. These two 
programs are coordinated at the Board Meeting attended by the Program Offi-
cers responsible for implementing these programs, so that these programs 
contribute to form the basic structure of optical science and technology in Japan.  

Photon Frontier Network, which is a 10-year program, is intended to  
(1) provide advanced facilities to general users, (2) develop advanced light 
sources, and (3) foster young researchers. This program is coordinated by Y. 
Kato as the Program Director (PD) and Y. Sano, S. Yagi and T. Yabuzaki as 
the Program Officers (PO). The JST Research Grants, which is a 8-year 
program, is composed of 2 categories “Team type research” and “Individual 
type research” coordinated by T. Ito and H. Masuhara, respectively. 
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Fig. 1 MEXT “Photon Frontier Network” and JST Research Grants on “Evolution of 
Light Generation and Manipulation” started in 2008. 

Photon Frontier Network is composed of two research consortia; “Ad-
vanced Photon Science Alliance” located in Kanto District and “Consortium 
for Photon Science and Technology (C-PhoST)” located in Kansai District 
[Fig. 2]. Advanced Photon Science Alliance is directed by M. Gonokami, with 
its center located at Photon Science Center of the University of Tokyo. C-
PhoST is directed by R. Kodama, with its center located at JAEA Center for 
Photon Science and Technology. These two consortia are composed of several 
Core Organizations which are described in the following sections. At both of 
these consortia, it is planned that other organizations will join as Cooperating 
Institutes after a few years. Therefore it is expected that an extensive re-
search/education network covering most part of Japan is formed in the field of 
optical science and technology. Collaboration with overseas programs in 
optical science is also planned to work with the international community. 
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Fig. 2 Photon Frontier Network. 

4 Advanced Photon Science Alliance 

Advanced Photon Science Alliance is composed of 5 Core Organizations 
headed by Principal Investigators (written in parentheses): University of 
Tokyo (M. Gonokami), RIKEN (K. Midorikawa), University of Electro-
communications (K. Ueda), Keio University (F. Kannari) and Tokyo Institute 
of Technology (H. Munekata).  

In order to foster young researchers with strong research bases and broad 
scopes, Advanced Photon Science Alliance is operated under close partner-
ship with the unique education programs which have been tested in these few 
years. One is CORAL (Consortium on Education and Research on Advanced 
Laser Science) headed by K. Yamanouchi of University of Tokyo, which is 
the education program for graduate students with participation of photonics 
companies as the lecturers to introduce forefront technologies in industrial 
fields. Another is Elementary Teaching Laboratory and Crisis/Limit Experi-
ence Program headed by H. Yoneda of UEC where graduate students plan and 
operate the education programs by themselves. 

 Advanced Photon Science Alliance is based on equal partnership of many 
scientists of various research fields belonging to the Core Organizations for 
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achieving breakthroughs in science and technology which are difficult to 
implement individually. The research plan comprises several elements [Fig. 3]. 
The major theme is the collaboration between the frequency standard research 
[9] and the attosecond science research [10] through control of frequency and 
phase of the optical waves. Optical frequency standard with 10-18 precision 
generated by an optical lattice atomic clock  will be sent through commercial 
optical fiber network to various users including RIKEN where attosecond and 
water-window radiation are generated as high order harmonics. Also planned 
is the development of fiber lasers and ceramic lasers [11] with high power and 
in UV regions by collaboration between the material science and the laser 
science researchers. 

 
Fig. 3 Advanced Photon Science Alliance 
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Fig. 4 QUADRA development at Consortium for Photon Science and Technology: C-
PhoST 

5 Consortium for Photon Science and Technology: C-PhoST 

Consortium for Photon Science and Technology (C-PhoST) is composed of 4 
Core Organizations headed by Principal Investigators (written in parentheses): 
JAEA (R. Kodama, supported by A. Sugiyama), Osaka University (R. Ko-
dama), Kyoto University (S. Noda) and Institute for Molecular Science (K. 
Ohmori).  

The major strength of this Consortium is the collaboration between the spe-
cialists in two fields: high power lasers and semiconductor lasers. Spatially 
coherent, high power laser diodes are being developed at Kyoto University as 
photonic crystal surface emitting laser diodes (PCSEL) [12]. This work will 
be coordinated with the high power laser research at JAEA Kansai Photon 
Science Institute, ILE Osaka University and IMS. It is planned that a high 
quality advanced laser system “QUADRA” will be developed through this 
collaboration, where LD-pumped high average power Yb ceramic laser (>1 J, 
1 kHz repetition rate) will be used to pump OPCPA to generate ultrashort 
duration, high peak power laser (20 TW, 1 kHz) [Fig. 4]. QUADRA will be 
used to generate radiations from THz to gamma-ray regions, to develop 
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plasma photonic devices [13] and to apply quantum control [14] to basic 
science and energy research.  

Emphasis will be placed in the education to foster young researchers capa-
ble of taking leaderships in scientific projects through participation to the 
forefront researches taking place at C-PhoST and also participation to interna-
tional collaboration activities. The education program will be implemented 
mainly by collaboration between Osaka University and Kyoto University. 
Also it is planned that “Optical Science Promotion Organization” will be 
established at Osaka University which will coordinate research and education 
in optical science carried out independently at various departments.  

6 Conclusion 

Scientific research is based on the initiative and originality of each scientist. 
Therefore it is necessary for scientists to keep focusing on the subjects they 
are interested in. Also completely new ideas may grow from interactions 
between the scientists working in different fields, where different views and 
new insights are obtained.  

The two consortia of Photon Frontier Network are composed of very active 
researchers working in different fields (quantum optics, atomic and molecular 
physics, solid sate physics, plasma physics, x-ray science, laser engineering, 
etc.), and with different scales, from standard size laboratory scale to larger 
size facilities. It is hoped that intense interaction among these top scientists 
will result in new ideas and new fields which are not born from independent 
researches.  

Also strong interaction with industry will enable working on various prob-
lems encountered in real worlds. This very active and interactive environment 
will be very effective to foster young researchers with broad scope and com-
petitiveness.  
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Abstract. There are two well established pumped schemes of X-ray lasers used in 
applications. The differences in the plasma kinetics and output of an X-ray laser 
pumped by a single profiled and double pump laser pulses in the grazing incidence 
pumping geometry are analysed. The differences caused by the structural features of 
the irradiating pulses were observed in both the experiment and numerical modelling. 
It was found that the structure of the profiled pulse is not the optimum one. The 
possible ways of the performance improvement are analysed by numerical modelling.  

1 Introduction 

There are two well established versions of grazing incidence pumping (GRIP) 
based either on a single profiled [1,2] or double-laser pulse [3-5] arrangement. 
Both these variants are sufficiently efficient and stable to be applied in prac-
tice [6]. It has already been shown that each of three components of the pro-
filed pulse is very important for the scheme performance. However, profiling 
of the pump pulse used in the proof-of-principle experiment [1] was limited 
by the technological constraints put by the laser system itself. The pre-pulse, 
i.e. the first component of the shaped pulse [1,2] was generated in a regenera-
tive amplifier and the main pulse was delayed by a fixed time gap determined 
by the round-trip time of the regenerative amplifier cavity. This time gap was 
equal to 4 ns. Within these experimental limitations some possible variations 
were tested. It was found that the best results were obtained when the pre-
pulse and the main pulse were bridged with a 4 ns long flat-top pedestal 
originated mostly in the amplified spontaneous emission (ASE) of the power 
amplifiers [1,2].  

It was obvious, that in spite of the stable performance the mentioned con-
straints could hinder exploiting the full potential of the scheme with a single 
profiled pump laser pulse. To understand better the physical mechanisms 
involved in the lasing action in both variants of the scheme [1-5] we con-
ducted numerical simulations using hydrodynamics/atomic physics code 
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EHYBRID [7,8]. The simulations gave us data about behaviour of the most 
important plasma parameters as a function of space and time. These param-
eters include the plasma temperature, density, local gain coefficient and the 
average ionization stage. Taking into account a low level of the pre-forming 
laser energy the pre-plasma state is analysed in detail. The experimental 
conditions described in [1,2] were used in modelling.  

2 Analysis of the experiment 

The experiment was conducted at UQBF (Ultra-intense Quantum Beam 
Facility -100 TW titanium:sapphire laser) of Advanced Photonics Research 
Institute (APRI). Detailed description of the experiment was given in [1,2]. 
Two arrangements were tested in the experiment. The first, more traditional 
applied two pump laser pulses of different length to create and excite the 
active medium. The long pulse of 350 ps length was followed by a delayed in 
an adjustable way short, picosecond (8 ps length) pulse [2]. The experimental 
test established optimum delay to be at 300 ps and its changes towards the 
upper limit were relatively weak but with clear decreasing tendency. The 
reason for such behaviour is not fully clear. The delays up to 600 ps were 
tested. The preforming pulse impinged on the target normally to its surface 
bringing an energy about 300 – 500 mJ focused to a line with a width of 30-
40 µm and a length of 7 mm. Strong lasing was observed  with an estimated 
small-signal gain coefficient of 62.4 cm-1 and an effective gain-length product 
of 22.6. The output beam was regular even in the far-field zone and showed 
strong modulation of the beam intensity distribution caused most likely by the 
speckle effect. 

The single profiled pulse was described and analysed in detail in [1]. It 
was found that the long ASE pedestal bridging the picosecond (8 ps) pre-
pulse and the main pump pulse of the same length is crucial for the scheme 
work. However, also the pre-pulse emerged from the experiment as an im-
portant element of the profiled pulse influencing the spatio-temporal structure 
of the high-gain area [1]. Unfortunately, the mechanism of pulse shaping 
described in detail in [1] prevented it from changing the temporal gap be-
tween the pre-pulse and the main pulse. It was also found that the bridging 
pedestal should have a flat-top shape at a level about 5 orders of magnitude 
lower than the main pulse. This corresponds to a peak power of ~3 MW. 
Increase in the peak power level by one order of magnitude not only pre-
cluded increase in the output signal but nearly halved it. The total pump 
energy used in this part of the experiment was estimated to be between 1.2 
and 1.5 J. The amplification characteristics gave a small-signal gain value 
equal to 76 cm-1 and the effective (including saturation effect) gain-length 
product of 28.2 [1]. Also in this case the beam shape was very regular in the 
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near-field zone and showed good energy concentration in the far-field-zone. 
The scheme worked in a stable and reproducible way. 

Both schemes demonstrated very good and comparable transverse coher-
ence measured in a Young’s double-slit interferometer. The single pulse 
arrangements seemed to demonstrate a reasonably high coherence even if due 
to the strong speckle effect the measurement result was very likely underesti-
mated. The double pulse scheme proved the improved coherence level deliv-
ering ~3% of fully coherent photons in the output beam in comparison to the 
usually quoted value of 1% [9].  

3 Modelling of the experiment 

Modelling was conducted with the hydrodynamics/atomic physics numerical 
code EHYBRID dedicated to simulations of collisional X-ray lasers [7,8]. The 
code proved its reliability in some previous simulations of X-ray laser ex-
periments [7,8,10]. However, its using here requires a comment. The pulses 
used in both modelled arrangements showed relatively low and in the case of 
the single pulse even very low level of the pre-forming energy. Ablation and 
plasma creation at these levels are very difficult to direct description due to 
scarce data for the equation of state. The used approximations introduce some 
level of uncertainty as far as the plasma dynamics is concerned. Comparison 
of the simulation results with the effects observed in the experiment suggests 
that the plasma expansion is noticeably underestimated while the plasma 
kinetics gives an accurate picture of the excitation process [10].  

In modelling we concentrated on behaviour in space and time of four most 
important parameters of plasma used as the active medium: plasma density, 
electron temperature, average ionization stage and local gain coefficient. The 
pump laser beam irradiating target in any of the arrangements considered was 
focused to a line of 7 mm length and 30-40 µm width, in agreement with the 
experimental conditions. This gave a linear density of irradiation between 1.6 
and 2 J/cm for the main pulse component in both arrangements. The pre-
forming pulse in the double-pulse scheme delivered the linear density at a 
level between 0.4 and 0.7 J/cm. The performing part of the single profiled 
pulse included of very low energy about 20 mJ and this gave a density of 0.03 
J/cm. The wavelength of the pump laser was equal to 800 nm with a length of 
the main (heating) pulse equal to 8 ps. The temporal gap between the pre- and 
main pulses was exactly 4 ns (peak-to-peak).  

The simulations done for the double-pulse scheme with a delay of 350 ps 
(very close to the experimental one) gave the spatio-temporal dependences of 
the medium parameters presented in Fig. 1. The plasma state concluded from 
the plot in Fig. 1 is not in full agreement with the key criteria formulated by 
Pert in [7] as pre-conditions of efficient lasing in a collisional Ni-like scheme. 
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First of all, the plasma has no correct ionization stage as instead of expected 
or recommended abundance of Cu-like or Ni-like ions our average ionization 
stage after the pre-forming phase (at the onset of the main heating pulse) is at 
a level of Z*=13-14 (Fig. 1d ). 

 
 

Fig. 1 Results of simulations done with the EHYBRID code for the experimental 
conditions in double-pulse pump arrangement. Plasma density, local gain coefficient, 
electron temperature and the average ionization stage are plotted in a), b), c) and d) 
figures respectively. 

The required shallow density profile at a moderate density is achieved until 
at least 20 ps after the main pulse onset (Fig. 1a). On contrary, the plasma 
absorption is very efficient and the high temperature area appears in a con-
trolled (pre-determined) distance from the target surface shortly after the onset 
of the heating picosecond laser pulse, as we can see from Fig. 1c. This area is 
well localized and the thermal energy deposited there flows in both directions, 
i.e. plasma plume outwards and towards the target surface. As a consequence, 
the plasma conditions do not fulfil also the last criterion requiring that at the 
conclusion of the main pulse, plasma has to be close to the optimum of  

c) d) 

a) b) 
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density, temperature and ionization. For the sake of clarity, the conclusion 
moment in our modelling corresponds to the time point of 16 ps after the 
pulse onset.  

 
Fig. 2 Plasma conditions and gain simulated with the EHYBRID code for the Ni-like 
silver X-ray laser pumped by a single profiled laser pulse. 

These conditions result in the local gain coefficient drawn in Fig. 1b for 
different time points as a function of the distance from target. It is clear that 
high gain can be already obtained at about 18 ps after the main pulse onset. 
The required ionization stage is only slightly lower than the optimum. Also 
the density is not too high being about 4×1020 cm-3. However, the density 
gradient is still high and above all the electron temperature at this stage of 
cooling and redistribution processes exceeds 1000 eV. These conditions used 
to vary very quickly and already 10 ps later (28 ps after the main pulse onset) 
a gain area split appears, being usually a signature of overionization. As the 
electron temperature reduces and spreads over the plasma plume in the region 
of high density the conditions for extreme high gain emerge in the high den-
sity area. The temperature is reduced there by efficient cooling to the bulk 

a) b) 

d) c) 
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material and hence the ionization stage is close to the optimum leading to an 
extremely short-lived and high gain. Very high density with steep gradients 
(strong refraction) and the short time scale preclude using gain of this area. 
On the other end of the density range a clear and stable gain area appears for a 
long time at the density about the optimum value of 2×1020 cm-3. 

The single profiled pump laser pulse described in detail in [1] had totally 
different structure and the quantitative energetic relations between the pre-
forming and heating components are also different. The result of simulations 
is shown in Fig. 2. It is immediately seen that the active medium development 
has totally different character. Peak gain is much higher than in the case of 
double-pulse arrangement and positioned closer to the target surface. More-
over, the profile of the plasma density distribution shows no zone with the 
relaxed density gradients, even if the average steepness seems to be signifi-
cantly reduced. The origin of that can be deduced from the spatial and tempo-
ral changes of the electron temperature. It is seen in Fig. 2c that the spatial 
profile of the high-temperature region is strongly asymmetric. The energy of 
the main pulse is deposited in a broad area/volume due to high transparency 
(low absorption) of the preformed plasma. Significant part of the heating 
energy is deposited close to the critical surface in the area of higher density 
and the peak electron temperature is also strongly reduced. This effect chan-
ges the dynamics of the plasma during and after the heating process. The main 
heating pulse works also for increase of the ionization level. The way of the 
energy deposition pre-determines the plasma expansion (spatial changes of 
the electron density) in the phase after the main pulse conclusion. The shift of 
the plasma (electron) density from the target surface is caused by ionization of 
new external parts of the plume rather than by movement of the ionized 
plasma mass (compare Fig. 2a and Fig. 2d). There is no movement of the 
maximum ionization with time towards the high density and this causes so 
strong split of the gain area with the useful gain within the density close to 
4×1020 cm-3 rather than to 2×1020 cm-3 considered as the optimum value in [7]. 
To identify the differences between both arrangements we shall look closer at 
the pre-forming phases of both schemes with so different input parameters.  

3.1 Pre-forming phase 

The pre-forming phase of the plasma development is terminated with the 
onset of the short heating pulse. While this time point could be changed in the 
case of the double pump pulse arrangement, the experimental conditions of 
pulse profiling put serious constrains on variations of the pre-pulse structure 
and its length. The delay between the short pre-pulse and the main pulse 
cannot be changed. Also relation between the amplitudes of these both com-
ponents was correlated.  
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The plasmas generated in both cases were extremely different. The single-
pulse-created plasma shows the electron temperature at a level of a few eV, 
the average ionization stage was equal to 2 across the whole plasma plume. 
The most dramatic difference between the preformed plasmas can be seen in 
the plasma electron density. The density is kept below 1020 cm-3 across the 
whole width of the plasma column being much broader than that in pre-
forming by a long separated pulse. Similar difference is observed in Fig. 4 
showing the electron temperature distribution for both pre-forming variants.  

Fig. 3 Plasma density distributions for two different pre-forming arrangements in 
double- and single-pulse pump schemes. 

Fig. 4 Spatial distributions of the electron temperatures for both pump schemes at the 
moment of the main heating pulse onset. 

It is seen that the maximum temperatures differ by more than 60 eV and 
while the pre-plasma created within the double-pulse scheme is most ener-
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getic in some distance from the target surface, the rarefied plasma created by 
the ASE pedestal in the single-pulse arrangement, extends over more than 100 
micrometers from the target surface and has the maxima of the considered 
parameters exactly on the target surface. This explains also the strange behav-
iour (long tail on the target side) of the plasma temperature observed in the 
heating phase of the single-pulse and confirms that the plasma was too rar-
efied in the initial phase causing the deposition to be located in fact at the 
target surface. The plasma density along the path of the laser radiation was 
lower than the critical density and its very weak gradients reduced deflection 
of the pump laser beam. All other effects were the consequence of this one. 

3.2 Plasma heating (excitation) 

The heating pulse was assumed to be 8 ps long (FWHM) in both pump 
schemes with controlled rise time. The latter was defined as equal to the pulse 
width what is rather low value. Longer rise times were tested as well but no 
dramatic changes were observed. Heating within the double-pulse scheme 
corresponds well to general rules formulated in [7] while in the single pulse 
method the place of the energy deposition changes with time. This follows the 
build up of new absorption zone parallel to increased ablation/ionization with 
the increase in the delivered energy. As a consequence the maximum density 
achievable in this process does not exceed the value of 1021 cm-3 and the same 
is below the critical density. This maximum is shifted out of the target surface 
(see Fig. 2a). Moreover, the peak electron temperature is lower by about 20 % 
relative to the temperature observed at the same moment for the double-pulse 
arrangement. Created in this way deposition zone determines the sharp maxi-
mum of the ionization stage (Fig. 2d) resulting in strong overionization and 
split of the gain area (Fig. 2b). In spite of this, the local gain coefficient is 
very high and covers an area at least comparable with that in the double-pulse 
method. 

4 Conclusions 

In the experiment the new pump arrangement of collisional Ni-like X-ray 
laser based on a single profiled pump laser pulse proved to be a robust and 
reliable scheme. However, taking into account the value of the pump energy 
and the length of the silver target the output between 1 and 2 µJ, even if with 
improvement of the coherence level, has to be treated as a moderate one. 
Attempting to understand the most significant differences we modelled both 
pump processes. It was found that the single-pulse scheme does not fulfil the 
general rules treated as a safe path to efficient lasing. The responsibility for 
that is on the side of low flexibility of the pulse shaping procedure creating 
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too weakly preformed medium. The main pulse has to work also for perform-
ing. Then the medium parameters are not optimal. The density and the tem-
perature are a bit too high but in final effect give very high local gain. This 
positive side will be alleviated by non-relaxed high density area (density 
gradients) threatening efficient excitation process. In the experiment the gain-
length products including saturation effect were exceptionally high for the 
single-pulse arrangement. 
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Abstract. In this manuscript an optimized pumping geometry for

transient collisionally excited soft x-ray lasers is presented. In contrast

to the standard scheme, where a nanosecond pre-pulse under normal

incidence is assumed to provide the optimal plasma preparation and a

picosecond pulse under grazing incidence performs the final heating-

and excitation process, two picosecond pulses of equal duration under

non-normal incidence are applied. Both pulses are produced in the

front-end of the CPA pump laser. They are focused collinearly onto

the target with the same spherical mirror under non-normal incidence,

optimized for efficient traveling wave excitation for the main-pulse.

X-ray lasing was achieved on Ni-like palladium (14.7 nm) at less than

500mJ total pump energy on the target. This proves that this configu-

ration is at least as favorable as the standard scheme, providing much

simpler and more reliable operation. Moreover using this concept x-

ray lasing was realized on Ni-like Samarium (7.3 nm).
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1 Introduction

On the way to reaching shorter wavelength x-ray lasers a main ob-

stacle was the high pump laser energy required for the preparation of

the lasing medium. Over the last years great progress was achieved

towards lowering the necessary energy. For this, two pulses in two

independent beam-lines with different duration and at different angles

of incidence were applied. This is a non-trivial complication, since the

delivery of high-energy pulses require the use of large beam diame-

ters. With the concept which is presented here the set-up is simplified

tremendously. Since the double pumping pulse scheme uses only one

beam-line to generate the x-ray laser gain medium, numerous advan-

tages i.e. improved stability, reproducibilty and not least cost decrease

are apparent.

In this article we present an improvement as compared to the

pumping geometries of [1] and [2] by the investigation of XRL op-

eration under optimized pumping parameters [3]. Since the pre-pulse

is created in the front-end of the laser system and then, collinearly to

the main pulse, propagated through the amplifiers and the compres-

sor the complexity of the beam delivery is radically reduced while

working with a comparable pumping efficiency. This yields a simpli-

fication of the XRL pumping scheme which is especially appealing to

large aperture systems. On the one hand, the alignment of the XRL

set-up is greatly simplified since only one beamline is used; but on

the other hand one loses the ability to control independently the focus

parameters and angle of incidence of each beam. Experimentally we

observed that lasing of Ni-like palladium at 14.7 nm is achieved at a

low pumping energy threshold without the tedious alignment required

for the two beamline geometry thus confirming that the advantages

of this pumping scheme compensate easily the inability to control the

geometric parameters of each beam separately. Moreover the double-

pulse non-normal incidence pumping enabled the demonstration of

x-ray lasing on Ni-like Samarium at 7.3 nm at our installation.
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2 Experiment

In the front-end of the driving CPA laser system the double pump-

ing pulse is generated in a standard Mach-Zehnder type set-up. The

stretched pulse is distributed into the two arms with an adjustable ra-

tio via the combination of a wave plate and a polarizing beam splitter.

One of the arms incorporates a delay line adjustable between 0 and

3 nanoseconds delay. The two pulses are then amplified through the

chain of the CPA system which includes two regenerative Ti:Sapphire

amplifiers and two Nd:Glass laser heads. After compression, the two

short pulses are sent to the experiment chamber. In the pump config-

uration for the Pd XRL the two pulses have the same duration, which

is similar to [1], but they can be adjusted between around 0.3 and

50 picoseconds by tuning the grating-to-grating distance of the com-

pressor. For the pumping of the Sm XRL an additional adjustable

compressor is installed in the pre-pulse arm, which allows us to pro-

duce a pre-pulse duration between 100 and 200 picoseconds. The

pre-compressor set-up proved to be a good alternative to the similar

concept of [4] which is using a stretcher module instead.

In the first experiment we investigated a nickel-like palla-

dium 4d1S0−4p
1P1 transient collisionally excited soft x-ray laser at

14.7 nm by using a two-dimensional high-spatial-resolution diagnos-

tics recording the XRL far-field. The experimental set-up in the target

chamber is depicted in Fig. 1: The focusing system of [5] is used

which produces a line focus with an intrinsic traveling wave speed

of 1.2 c. The beam from the compressor is deflected by a flat mir-

ror onto a spherical mirror with a focal length of 600mm which is

positioned off the normal incidence. The line focus on the Pd slab

target was 5.5mm× 50µm FWHM. Both pulses hit the target at the

same grazing incidence angle ! of 29 degrees, a value determined to

be the optimal in the classical GRIP scheme for our pump laser. For

the pump laser wavelength of 1053 nm the electron density at which

the energy is absorbed amounts to ne,abs ≈ 2.3×10
20 cm−3, following

ne = nc · sin
2
! with the critical density nc.



94 D. Zimmer et al. 

Target

Pre-
plasma

XUV
CCD

t

I(t)

Spherical mirror

XUV
mirror

Target

Compressed
double pulse Ф

Mirror

Optimal
gain region

Ф

XRL

Target

Pre-
plasma

XUV
CCD

t

I(t)

Spherical mirror

XUV
mirror

Target

Compressed
double pulse Ф

Mirror

Optimal
gain region

Ф

XRL

Figure 1. The experimental setup on the left is showing the beamline of the

focussing system for the pump laser and the x-ray laser diagnostics. The

insert to the right shows the schematic view of the non-normal incidence

pumping scheme [3].

The insert in Fig. 1 shows geometrically the absorption of the

two pulses on the target. The pre-pulse is hitting directly onto the tar-

get, creating an expanding plasma plume, in which the main pulse is

refracted. In view of the formation of the pre-plasma, the fact that the

pre-pulse has the same short time duration as the main pulse certainly

introduces some difference to the typical scheme. It was assumed that

thermalization should be reached before the main pulse is impinging

onto the plasma, since a pulse separation of 1 ns was used.

In the experiment the intensity ratio between the two pulses was

fixed to 1:4 and the level of other pre-pulses created in the chain

by ASE and other effects was below 1:1000. The resulting irradi-

ances on the target were ∼ 3.5× 1012W/cm2 for the pre-pulse and
∼ 1.5×1013W/cm2 for the main pulse respectively. The quality and
orientation of the line focus were checked with a microscope imaging

its shape on a glass diffuser at the final target position. The XRL di-

agnostics consisted of a 2-D XUV far-field camera. The image was

detected on a 16-bit back-thinned CCD camera after a deflection by a

flat multi-layer mirror optimized for 14.7 nm, and a total propagation

path of 30 cm. The resolution was limited by the 26 µm pixel size.
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In the second experiment the nickel-like samarium 4d1S0 −

4p1P1 transient collisionally excited soft x-ray laser at 7.3 nm was ei-

ther recorded by a XRL far-field camera via a 45 degree XUV mirror

optimized for that wavelength or by a grazing incidence reflection on

a silver coated glas substrate which guided the XRL beam into a flat-

field gold grating spectrometer with 1200 lines/mm. The experimental

set-up in the target chamber is shown in Fig. 2: The focusing system

produces a line focus with an intrinsic traveling wave speed of 1.5 c by

using a combination of a 90 degree off-axis parabolic mirror and an

on-axis spherical mirror. The beam from the compressor is deflected

by a 30 cm diameter copper parabola with a focal length of 2m via

a flat folding mirror onto the 20 cm diameter spherical mirror with a

focal length of 675mm which is aligned off the normal incidence by

12 degrees. The line focus on the Sm slab target was 8mm×100µm

FWHM. Both pulses hit the target at the same non-normal incidence

angle of 50 degrees. The double-pulse delay was varied from 100 ps

to 200 ps, values which are described as optimal in [6]. The intensity

of the pre-pulse was changed between 5% and 50% of the total en-

ergy. The contrast level could not be measured better than 10−3 at the

time of the experiment. The resulting irradiances on the target were

∼ 2.5×1013W/cm2 for the pre-pulse and ∼ 5×1015W/cm2 for the
main pulse respectively.

AB

Mirror

AB AB
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Parabola

Spherical

Mirror
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Flat-Field
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XUV�Footprint
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Figure 2. The experimental setup shows the beamline of the focussing sys-

tem for the pump laser and the x-ray laser diagnostics. The temporal struc-

ture of the double-pulse is indicated above the beam.
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3 Results

The palladium x-ray laser output is measured by integration of the

plasma background corrected counts on the XUV CCD. The XRL in-

tensity was recorded for pumping energies of 600 ±10%mJ. To ob-

tain comparable results the output intensities are normalized to 600mJ

pump energy and used to investigate the influence of pulse delay and

pulse duration. The dependence of the XRL output energy on the de-

lay between the pulses is shown in Fig. 3(a). Strong XRL output could

be observed up to 1100ps.

Figure 3. On the left: Dependence of the XRL intensity on the time delay of

the pumping pulses with a pulse duration of 11 ps. On the right: Dependence

of the XRL intensity on the time duration of the pumping pulses with a pulse

delay of 1 ns [3].

The Pd XRL output for different pulse durations is shown in

Fig. 3(b). This variation affected both pulses equally, since only the

compressor settings were changed. The pulse duration was changed

between 6 ps and 28 ps. A maximum is observed around 16 ps, indeed

a factor of 4 to 5 longer than the typical value for optimized pumping

in the standard scheme [7] and even longer than used in [1] and [2].

This effect could be related to a longer interaction time necessary to

enable suitable pre-plasma conditions. In the scheme with two equally

short pulses, the duration of the pre-pulse might be problematic in

terms of the production of a homogenous plasma plume. This could

be the reason for the untypically long optimal pulse duration.
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A further improvement of the pumping efficiency might be

achieved by using the additional compressor module in the pre-pulse

arm of the Mach-Zehnder set-up to adjust the pre-pulse duration sep-

arately, as it was done for the pumping of the Sm XRL.

The output of the samarium x-ray laser at 7.3 nm was identified

via the spectrum. Figure 4 shows the lineout of the spectrum of the

region of interest. The peak of lasing at 7.3 nm is visible, but due to

the strong x-ray background of the much hotter plasma the contrast to

background is not as high as for the Pd XRL. An explanation could

be that the pumping pulse parameters were not optimal for this con-

figuration. Moreover the pump laser contrast of slightly below 1:1000

might have reduced the Sm XRL output as well, as reported by [6].
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Figure 4. Lineout of the spectrum with the Sm x-ray laser line at 7.3 nm.

4 Conclusion

In conclusion, the improved double-pulse non-normal incidence

pumping geometry for transient collisionally excited soft x-ray lasers

provides a simple and efficient way to produce XRL output at close

to 200 eV photon energy. Creating the double-pulses can be well

achieved in a Mach-Zehnder like geometry. Using the single beam-

line traveling wave focusing geometry the adjustment of the pump

optics is straightforward and stable. In comparison to earlier work us-

ing similar double-pulse schemes the pumping energy for a reliable

operation of a Pd-XRL is strongly reduced from above 1 J ([1]) to less
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than 500mJ. The drastic improvement is attributed mainly to the op-

timized pumping parameters like GRIP angle, pulse separation, and

pulse duration. In this experiment the highest Pd XRL intensity reg-

istered on the CCD camera corresponds to ∼0.3 µJ of XRL energy at

700mJ total pump energy. This is comparable with the best reported

values e.g. in [7]. Therefore it opens the way to apply the concept to

future routine operation at facilities like LASERIX [8]. The possibil-

ity for efficient operation at pulse durations above 20 ps can be used

for a further reduction of pump laser requirements for applications

[9]. The first result of the Sm x-ray laser pumping demonstrates the

feasibility of applying the double-pulse pumping scheme for higher

pumping pulse energies, which is still necessary for reaching XRL

wavelengths close to the water window [10].

The work was supported through the Laserlab Europe Integrate

Infrastructure Initiative.
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Abstract. We proposed the method of generation of the circularly polarized x-ray 
laser using the Zeeman splitting. External magnetic field of 20 T was applied to the 
gain medium plasma to separate the degenerated lines of nickel-like molybdenum x-
ray laser. The splitting of the x-ray laser line was clearly obtained, and the strength of 
the magnetic field estimated from the quantity of the x-ray laser line splitting was 
quite higher compared with that of the external magnetic field. It implies that there 
might be alternative mechanism for enhancement of the magnetic field in the gain 
medium plasma. 

1 Introduction 

The polarized light sources are used for the analysis of the structure of many 
materials in the wavelength region of the visible and hard x-ray. In particular, 
the circular dichroism measurement is very useful to analyze the 3-D struc-
ture of the materials, such as classification of the optical isomer (chirality) 
[1]. The circular dichroism measurement is basically absorption spectroscopy, 
so the use of intense soft x-ray sources such as x-ray lasers (XRL) is desir-
able to improve the sensitivity of the measurement. In the wavelength region 
of visible and hard x-ray, transmission optics can be used as phase control 
devise [2] to obtain circularly polarized light. Whereas in the wavelength of 
the soft x-ray region, there is no appropriate transmission optics. Recently, 
the circularly polarized soft x-ray has been generated by as a combination of 
synchrotron and undulators [3], however still large facility is required. Thus 
the investigation of alternative compact method to obtain circularly polarized 
soft x-ray is quite important. In the following, we propose the new approach 
for the generation of circularly polarized XRL by use of the external mag-
netic field. 
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2 Circularly polarized XRL by use of the external magnetic field 

We considered the transition of the XRL to generate the circularly polarized 
XRL. Figure 1 shows the Kastler diagram of the nickel-like XRL line. The 
XRL is generated between the 4d (J = 0) and the partial 4p (J = 1) levels. 
There are three magnetic sublevels with mJ = -1, 0, 1 in the lower level, and 
the XRL has three degenerated lines. The polarization of these lines are left-
handed circular (σ’), linear (π) and right-handed circular polarization (σ). The 
direction of the radiation of the circular components and linear component are 
parallel and perpendicular to the quantization axis, respectively. If we take the 
quantization axis to the direction of the external magnetic field, the circularly 
polarized XRL can be extracted. If the strength of the magnetic field is large 
enough to separate each polarization component by the Zeeman effect, each 
circular polarization can be extracted separately after resolving with high-
resolution spectrometer. The quantity of the Zeeman shift is proportional to 
the strength of the magnetic field (see in section 3.1). 

The schematic figure of the method of the extraction of the circularly polar-
ized XRL is shown in Fig. 2. In this setup (the direction of the magnetic field 
is parallel to the axis of longitudinal of x-ray laser medium), the left- and 
right-handed circularly polarized XRL can be propagated in the XRL medium. 
The advantage of this method is that the right- and left-handed circularly 
polarized XRL are obtained at the same time. 

 
Fig. 1 Kastler diagram of the nickel-like XRL. 

 
Fig. 2 Schematic diagram of the extraction of the circularly polarized XRL. 
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3 Experiment of the extraction of the circularly polarized XRL 

In this study, we choose the Ni-like Mo XRL (3d94p 1P1 – 3d94d 1S0) as an exam-
ple. The reasons for using this laser are as follows: the strong amplification has 
been obtained with the grazing incident pumping scheme (GRIP) [4] in previous 
work [5], and the wavelength can be covered by high-resolution spectrometer. 

There were three steps to extract the circularly polarized XRL. First, we 
estimated the strength of the magnetic field required for the extraction of the 
circularly polarized XRL. Second, we made the pulse-power magnet system. 
Thirdly, we demonstrated the extraction of the circularly polarized XRL. 

3.1 The strength of the magnetic field required for the extraction of the 
circularly polarized XRL 

The Zeeman effect of the degenerated lines of highly charged ions such as XRL 
line can be treated by linear Zeeman effect and the quantity of the split is described 
as to be 2Δε = {J (J + 1)}1/2µB B (= 1.6 × 10-4 B eV), where µB is the Bohr magne-
tron (= 5.8 × 10-5 eV/T), and B is the strength of the magnetic field. To extract the 
each circularly polarized XRL component, the Zeeman split value has to be larger 
than the spectral width of the XRL without the external magnetic field. 

Figure 3 shows the spectral profile of the nickel-like molybdenum x-ray 
laser line taken by the high-resolution spectrometer, HIREFS [6], without the 
external magnetic field. Each dot and the solid curve show the experimental 
data point and the fitting curve with the Gaussian profile, respectively. The 
detail of the experimental setup is described in section 3.3. The spectral width 
of the XRL (dλXRL) was measured to be 0.00205 nm (dλXRL / λXRL = 1.1 × 10-4). 
Consequently the magnetic field required for the splitting of the circular 
polarization components was estimated to be 45 T. To obtain this value is not 
difficult by using pulse-power magnet system [7]. 

 
Fig. 3 The spectrum of the Ni-like Mo XRL.  
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3.2 The design of pulse-power magnet system 

Figure 4 shows the scheme of the pulse-power magnet system. This system 
consists of five parts, DC power supply, capacitor, switching device, trans-
mission line and solenoid coil. The coil, the transmission line and the capaci-
tance of the system were designed to obtain the impedance matching between 
the coil and the capacitor. The impedance of this system was designed about 1 
Ω. The inner diameter, length and the number of turn of the coil were 4 mm, 5 
mm and 10, respectively. The electric current of 26 kA could produce 45 T 
magnetic field at the center of the coil. The width and thickness of the trans-
mission line were 50 mm and less than 1 mm, respectively. The capacitance 
was 330 nF. As for the switching device, the laser triggered spark gap (LTSG) 
[8] was used. The characteristics of LTSG, i.e., tolerance for the large current 
and high voltage, fast switching (< 100 ns) and low jitter (< 10 ns) suited for 
the pulse power system. Nd:YAG laser at a wavelength of 532 nm was used 
for the trigger laser, and it was synchronized to the pumping laser of the XRL. 
The duration and energy of the trigger laser were 7 ns and 10 mJ, respectively. 
The magnetic field of 45 T could be obtained at the 30 kV charge. 

 
Fig. 4 Pulse-power magnet system. 

3.3 Demonstration of the extraction of the circularly polarized XRL 

We demonstrated the extraction of the circular polarized Ni-like Mo XRL. The 
experimental setup is shown in Fig. 5. The target was a thin rod (the cross 
section is 1 mm × 1mm and length is 30 mm) molybdenum to set at the center 
of the magnet coil. The peak value of the external magnetic field was estimated 
to be 20 T in the present experiment estimated from the temporal profile of 
applied voltage at the transmission line. Nd:glass laser at a wavelength of 1053 
nm was weakly focused on the target surface under the grazing incident pump-
ing (GRIP) configuration [4]. The grazing incidence angle was 14 degree, and 
the focal width and length were 70 µm and 5 mm, respectively. Nd:glass laser 
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light consisted the pre-pulse and the main pulse. The total energy on the target 
was 12 J, and the energy ratio of these pulses was 1 : 4, respectively. The pulse 
separation was 2.0 ns, and each duration were 400 ps and 7 ps, respectively. 
The spectral profile of the XRL was measured by a high-resolution spectrom-
eter, HIREFS made by Hettrick scientific [6]. The entrance slit position was 70 
mm from the edge of the plasma. The far field image of the XRL on the slit was 
relayed to the detector position. The back-illuminated CCD (Princeton, PI-
SX:1K) was used for the detector. The inverse linear dispersion of the spec-
trometer was determined by use of carbon Balmer α line (182.20 Å) and Ni-like 
Mo XRL line (188.95 Å) [9]. The inverse linear dispersion was 785 mÅ /mm 
on the CCD surface. This value together with the information of CCD pixel size, 
slit size (= 3 µm) and magnification of HIREFS (= 3.2) led to the resolution of 
the total system of 12.7 mÅ (dλ / λ = 7 × 10-5). 

 
Fig. 5 Experimental setup for the extraction of the circularly polarized XRL. 

Figure 6 (i) shows the obtained spectra of the Ni-like Mo XRL without and 
with the external magnetic field, respectively. As the difference between these 
spectra was clearly seen, and apparent split of the spectrum was obtained 
under the presence of the magnetic field. 

Fig 6 (ii) shows the spectral profile of the XRL under the magnetic field. 
The notation (a),..(e) corresponds to the position in Fig. 6 (i). As the refraction 
angle increases, the separation becomes larger. If the separation of the spec-
trum was decided due to only the Zeeman effect, the strength of the magnetic 
field near the target surface was higher than that far from the target surface. 
The strength of the magnetic field in the gain medium estimated to be (a) 41, 
(b) 122, (c) 179, (d) 218, (e) 270 T at each position, and these quantities were 
quite higher compared with the expected external magnetic field. It implies 
that there might be alternative mechanism for enhancement of the magnetic 
field in plasma, such as the spatial compression of the magnetic flux due to 
the shock wave [10] occurred when the main pulse of the pumping laser was 
incident to the XRL medium. The detail of the mechanism is under consider-
ation now. 
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Fig. 6 (i) XRL spectra without and with the external magnetic field. (ii) Cross section 
of the XRL spectrum. 

4 Summary 

We proposed the method of the extraction of the circularly polarized XRL 
using the external magnetic field. From the measurement of the spectral width 
of the Ni-like Mo XRL (~ 0.002 nm), we estimated that magnetic field of ~ 45 
T is required for the complete separation of the circular polarization compo-
nents. Preliminary experiment was conducted under external magnetic field (~ 
20 T), and the separation of the XRL line was obtained. 

The estimated strength of the magnetic field from the split value of the 
spectrum of the XRL was quite higher than the expected value. This result 
implied there was alternative mechanism for enhancement of the magnetic 
field in plasma, such as the spatial compression of the magnetic flux due to 
the shock wave. 
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Gain Saturation of the Ni-like Antimony Laser at 11.4 nm 
in Grazing-Incidence Pumping Geometry 
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Institute of Applied Physics, University of Bern, Sidlerstrasse 5, 3012 Bern 

Abstract. We report on gain-saturated operation of the 4d → 4p, J = 0−1, 11.4-nm 
soft-x-ray laser line in Ni-like antimony (Sb) at a pump energy of only 2.5 J. The 
driving laser used was a 1054-nm Nd:glass CPA laser system with a pulse duration of  
7 ps (FWHM). The pump beam was focused with a tilted on-axis parabolic mirror in a 
grazing-incidence (GRIP) pumping configuration at an incidence angle of 45°. A 
fraction of 2.8% of the pump energy (~70mJ) was used for the prepulse, which was 
propagated along the same beam line as the main pulse and arrived at the target 4.4 ns 
before the main pulse. 

1 Introduction 

The GRIP scheme takes advantage of refraction to increase the path length of 
the pump beam in the gain region of the plasma, thereby increasing the frac-
tion of pump energy absorbed in that region. Furthermore this scheme pro-
vides inherent travelling-wave excitation. The travelling wave is becoming 
more important when going to shorter wavelengths, because simulations 
predict that the gain lifetime decreases with decreasing wavelength. 

There is a great interest to operate the x-ray laser in the gain-saturated re-
gime. Gain-saturated operation is desired because it provides maximum 
extraction of the stored energy. However, if the gain lifetime is short com-
pared to the temporal mismatch between the propagating pulse and the excita-
tion, the x-ray laser does not reach the saturation regime, although a 
conventional saturation measurement would indicate saturation. 

In the first part of this paper we describe our recent experiments aimed at 
achieving saturation of the Ni-like antimony line at 11.4 nm. As the starting 
point for the setup we used the settings used for the Ni-like tin (Sn) line 
(11.9 nm) gain saturation measurements. However, we increased the pump 
pulse duration from ~2 to ~7 ps (FWHM), to account for the fact that a longer 
length of the line focus was used. In the second part we discuss the gain-
saturation measurements we performed to exclude the possibility that the 
finite gain lifetime causes a fake saturation. 
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2 Experimental setup 

For our experiments we used the 1054-nm Nd:glass CPA laser system at the 
Institute of Applied Physics of the University of Bern. The laser is capable of 
delivering up to 15 J to the target, whereby the damage threshold of the compres-
sion gratings is the limiting factor of the system. In order to propagate this amount 
of energy across the gratings without damage, the beam diameter was expanded 
to 125 mm. In this series of experiments the pulse duration was ~7 ps (FWHM) 
after compression. The output beam was focused with a tilted parabolic on-axis 
mirror to a line focus on the target. The beam hit the target at an angle of 45°, 
which resulted in a mean intrinsic travelling-wave speed of 1.41c. Main pulse and 
prepulse were both propagated over this parabolic mirror. The FWHM of the 
length was measured to be ~19.6 mm and the width was ~50 µm (FWHM). 

The x-ray laser emission was measured on-axis using a 1200-lp/mm, aber-
ration-corrected, flat-field Hitachi grating. The spectrum was recorded by a 
phosphor screen imaged to a cooled CCD camera (Photometrics STAR I) 
having a pixel size of 23 µm. 

In a first attempt we used a commercially available 25.5-mm wide thin foil 
of antimony as the target, which was glued onto a solid brass block. Although 
weak x-ray laser action at 11.4 nm was observed in this way, the main pulse 
energy had to be increased to ~10 J. It was obvious that the flatness of the 
target was a problem; in fact this was already observable by visual inspection. 
Better targets were subsequently obtained by coating a ~1-µm thick layer of 
Sb onto diamond-machined, 25-mm wide brass slabs. With these targets, 
intense x-ray laser output (about 20× more intense than before) was observed 
with a main pulse energy of ~2.3 J. 

3 Experiment Results 

Fig. 1 shows the 11.4-nm line intensity as a function of total energy incident on 
the target, whereby 2.8% of the total energy was assigned to the prepulse, which 
was 4.4 ns ahead of the main pulse. It is seen that measurable x-ray laser output 
starts at ~1.5 J of pump energy and then continually increases up to 2.5 – 3 J. At 
still higher pump energy the increase in x-ray laser output appears to diminish.  

Fig. 2 shows the dependence of the laser intensity on the variation of the 
prepulse delay at fixed pump energy of 2.5 J. As in the case of Sn [6], strong-
est laser output was observed for delays greater than ~4 ns. This is in some 
discrepancy to the results of Refs. [3-5,7], where optimum delays below 
[3,4,5] or slightly above [7] 1 ns were reported. However, at least some of 
these experiments [3,4,5] had an additional, weak (some tens of mJ) second 
prepulse well before the main pulse (between 5 and 6.7 ns).  



Gain Saturation of the Ni-like Antimony Laser at 11.4 nm 109 

 

 
Fig. 1 Variation of the x-ray laser output vs. pump energy. 2.8% of the energy is in 
the prepulse that arrives 4.4 ns before the main pulse. 

 

 
Fig. 2 Variation of the x-ray laser output as a function of the delay between pre- and 
main pulse. The pump energy is ~2.5 J whereof 2.8% are in the prepulse. 

In order to determine the gain coefficient, the variation of the 11.4-nm laser 
output intensity with target length was measured for an incidence angle of 45°, 
the maximum possible angle accessible in our current setup. This angle had 
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been found to be optimum in the case of Sn in previous work [6], and since Sn 
is the neighbour element to Sb in the periodic table, it was assumed to be at 
least close to optimum for Sb. The results are shown in Fig. 3. The 11.4-nm 
line intensity is seen to increase exponentially as a function of target length 
until it rolls off into saturation for target lengths above ~10 mm. At short 
lengths (4 and 5 mm) the intensity was below the threshold of the detector for 
some shots. More precisely, at 4 mm 5 of 8 and at 5 mm 6 of 7 shots showed 
measurable x-ray laser output. Therefore the averaged point at 4 mm in Fig. 3 
tends to be overestimated. Nevertheless the gain measurement shows a clear 
roll-off effect, which is a sign of saturation. Whether or not this is caused by 
true gain saturation will be discussed in the next two sections.  

 
Fig. 3 Measurements of the output energy of the x-ray laser as a function of the target 
length. 

4 Discussion of the roll-off effect 

The roll-off of the gain curve cannot only be caused by gain saturation. Other 
reasons are: 

 
• A spatially non-uniform gain profile caused by a non-uniform irradiance 

profile [8].  
• A mismatch between the velocity of the x-ray pulse in the plasma and the 

excitation velocity of the gain (traveling-wave velocity mismatch) [9,10]. 
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The first point should not be a problem in this experiment, because the roll-
off appears long before the FWHM of the pump focus length is achieved. The 
second effect is dominating the roll-off if the temporal mismatch between the 
propagating pulse and the excitation becomes much greater than the gain 
lifetime.  

Normally the roll-off is caused by a mix between saturation and the above 
described traveling-wave velocity mismatch. Because of that, different sets of 
the saturation intensity Is, the 1/e-lifetime of the gain τ, and the small-signal 
gain coefficient g0 may result in similar gain curves. 

To find curves with similar appearance we need a criterion that connects all 
these curves. We use the fact that the transition from exponential to linear 
growth of the gain curve causes a peak in the second derivative of the output 
curve. We call this point the curvature transition point, described by the length 
and the fluence (LT, ET). By variation of the parameters (Is, g0, τ) and leaving 
the transition point fixed we obtain curves with similar roll-off behavior. 

Because the appearance of a roll-off is not a sufficient criterion for satura-
tion, we need an additional indicator. Therefore we define the saturation 
fluence Es as the fluence of the x-ray laser pulse, for which  the intensity peak 
of the ASE pulse reaches the saturation intensity Is. If the saturation fluence Es 
of the x-ray laser is higher than the transition fluence ET, the roll-off is not 
caused by gain saturation.  

By assuming an exponential time decay of the gain [10] we get Es ≈ 
τIs/ln(Is/I0) in a first-order approximation. Additional numerical calculation 
shows that in the case of gain saturation the approximation for the transition 
point, ET ≈ τIs/3 is valid.  

5 Data interpretation 

We now return to the gain measurements of antimony and analyze if there is 
true saturation or only a roll-off effect caused by the finite lifetime of the 
small-signal gain coefficient g0. In this process we assume that there is more 
than one parameter set that suitably fits the problem. To be sure that the 
antimony measurements show saturation, the saturation criterion has to be 
fulfilled by any of these possible parameter sets (Is, g0, τ). 

To find these sets, we firstly consider only one fitting curve. For this curve 
we calculate the curvature transition length LT and the fluence ET. We then 
evaluate all the parameter sets which have the same transition point. Because 
the calculated transition point (LT, ET) is only an approximation of the true 
transition point, every fit curve does not have to go exactly through this 
approximated curvature transition point. Therefore we define a small area of 
transition points that give appropriate fitting curves. This area we approximate 
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with a rhombus (see Fig. 4) with the side length ΔLT = 1 mm and height ΔET 
= 300 (arb. units). The choice of a rhombus instead of a rectangle is made 
because the latter one allowed extreme (LT ,ET) pairs (one has an extremely 
high, the other an extremely low value) which do not fit well the problem. 

 
Fig. 4 Fit curve through the mean values of the measurement data. The fit parameters 
are g0 = 40 cm-1, τ = 10 ps and r = I0/Is = 2.3.10-7. The asterisk on the curve marks the 
transition point. The rhombus around this point identifies the area of transition points 
which generate suitable fit curves. 

A curve having its transition point in this rhombus is shown in Fig. 4. The 
values for the sets of parameters (Is, g0, τ), having the curvature transition 
point inside this area, are g0 between 32.5 and 47.5 cm-1, τ between 7.5 and 
27.5 ps, and r=I0/Is between 1.2.10-7 and 7.0.10-7. For all the points in this area 
the fluence of the x-ray laser is higher than the saturation fluence Es. There-
fore the roll-off of all these fitting curves is caused by gain saturation. So we 
can say that the antimony x-ray laser at 11.4 nm is saturated even if we can 
determine the relevant parameters (Is, g0, τ) only within a certain range.  
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Abstract. We have used a variable path-difference, wavefront-division interferometer 
to measure the temporal coherence of an unseeded Ni-like Mo GRIP X-ray laser. This 
quantity is inversely related to its spectral linewidth. We have investigated the role of 
several pump parameters on the inferred spectral width. Along this experiment, 
particular attention has been paid on the source stability.  

1 Introduction 

Recently, important progress have been achieved to turn soft x-ray lasers into 
table top, high repetition rate, fully coherent and intense short wavelength [1] 
sources. However, some aspects still need to be improved in order for these 
sources to support the comparison with X-FEL. Among them, the pulse dura-
tions still stay in the picosecond range, even in seeded mode [2, 3]. In this last 
case, the reason for the long pulse duration is related to the narrow spectral 
width of the x-ray laser amplifier. High Order Harmonic (HOH) seed has a 
broad spectrum, but its amplification in the x-ray laser plasma leads to a 
dramatic narrowing of its spectral width and to an important stretching of the 
pulse in the temporal domain.  

In the context of seeded x-ray lasers, soft x-ray amplifiers generated in 
laser-produced solid target plasmas present some interest in terms of output 
energy (due to high saturation intensities) but they are also promising because 
of potentially important linewidth. Ion temperature and collisional broadening 
are expected to be higher than in OFI plasmas.  

In this study, we report on a systematic study of the spectral linewidth of an 
ASE GRIP Ni-like Mo x-ray laser (λ =18.9nm) for different pumping condi-
tions. The ultimate goal of this work is the maximization of the amplifier 
bandwidth at a given total pumping energy. Moreover the linewidth value is a 
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critical parameter in the field of seeding x-ray laser because it will determine 
the coupling efficiency between the HOH pulse and the amplifier. The lin-
ewidth is deduced from the measurement of the temporal coherence of the 
source. The spectral width (Δλ/λ <10-4) is indeed for the moment too small to 
be resolved with a grating spectrometer. We used a dedicated interferometer 
[6, 7] to produce interference fringes with the x-ray laser beam. By following 
the fringe visibility as a function of the path difference between the interfering 
beams, we measure the temporal coherence. Only few measurements of the 
temporal coherence of x-ray laser sources have been reported. This kind of 
experiment requires (i) an excellent interferometer, (ii) a good stability of the 
source and (iii) a great number of shots (that is, a high repetition rate) to be 
able to make refined scans in path difference and systematic studies. In this 
work we benefitted from the 10Hz repetition rate of the LASERIX facility and 
paid particular attention to the stability of the source.  

2 Experimental setup 

The soft x-ray laser was generated using the laser front-end of the LASERIX 
facility which is a 10 Hz, multi-terawatt CPA Ti: Sapphire laser (λIR=800nm). 
The output beam (2J, 500ps) is divided into two parts with a beam splitter. 
The first part is kept uncompressed and is line-focussed on the molybdenum 
x-ray laser target using a combination of spherical and cylindrical lenses. The 
target length is 4mm and the line focus dimensions are 6mm x 80µm. A small 
prepulse can be added to the main pulse travelling on this beam, with variable 
energy and delay. The energy of the main long pulse is noted Ens The second 
part of the laser beam is compressed to τps =2 ps duration and is focussed on 
the target using a spherical mirror (4mm x 50µm). The grazing angle of the 
beam on the target is 20°. Optimal delay between the two pulses was found to 
be Δt = 400 ps.  

Several diagnostics were used to monitor the energy, the source size and 
the beam uniformity of the x-ray laser. Figure 1 shows examples of the near-
field (1a) and far-field (1b) distributions of XRL intensity obtained during the 
experiment. Near field images were obtained using an XUV aspherical mirror 
(f=500mm) forming the image of the exit aperture of the source on an XUV 
CCD camera with a magnification of 13. This device helped us to estimate the 
source size fluctuations that lead to spatial coherence variations. Far-field 
images were recorded on another XUV CCD camera placed after a multilayer 
mirror at a distance of 1.2m from the x-ray laser. With this device, any fluctu-
ations of the beam uniformity and pointing direction can be monitored. Series 
of near-field and far-field images were acquired before each interferometric 
measurement.  
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Fig. 1 (a) Near field image of the soft X-ray laser source generated with energies of E 
ns =500mJ in the long pulse and E ps = 800mJ in the short pulse. Short pulse duration 
τps is 2ps. The dimension of the exit aperture is 52µm vertical and 22µm horizontal. 
(b) Far field image of the x-ray laser beam in the same conditions. Field of view is 5 
mrad x 5mrad.  

The coherence time measurement relies on the determination of interfer-
ence fringe visibility as a function of the path difference between the two 
interfering beams [7].  

                            
Fig. 2 (a) Fresnel interferometer for temporal coherence measurement. The insert (b) 
shows the propagation of the two beamlets reflected by the two dihedrons with one 
vertically shifted. 

 A schematic of the interferometer we used is presented in Figure 2a. This 
optical device is a variable path difference wavefront division interferometer 
developed by the Laboratoire Charles Fabry (Institut d’Optique). 

Tar-
get 

22µ
m 

52µ
m 
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This interferometer is achromatic and has a good transmission on a large 
range of wavelength. The incident beam is reflected into two beamlets that are 
interfering in far-field. The path difference between them can be changed by 
moving vertically one of the dihedron. The dihedral geometry (Fig. 2b) en-
ables this operation without changing the transverse superposition of the 
interfering beams, keeping the spatial coherence conditions constant. The 
interferometer is 4m away from the source to ensure a high level of spatial 
coherence and a good intensity uniformity in the selected part of the beam. A 
multilayer mirror placed before the interferometer generates a spectral selec-
tion around the soft x-ray laser wavelength. 

3 Source stability  

The coherence time is determined as follows. The fringe visibility is measured 
as a function of the path difference. The temporal coherence length Lc, de-
fined as the path difference for which the visibility is decreased by 1/e, is 
determined by fitting the experimental data with an analytical function. The 
coherence time is then Lc/c.  

   
Fig. 3 Interferograms acquired for a path difference of zero (right) and 40000 λ (left). 

In our setup, only positive path differences are investigated, as the evolu-
tion of the visibility should be symmetric. The zero path difference has been 
precisely set using a broadband spectrum source and checked with the IR laser 
strongly attenuated. The path difference between the two beamlets has been 
varied from 0 to 50000 λ by step of 5000 λ. For each step, more than 10 
interferograms have been recorded. Because of the great number of shots 
required to make one coherence time measurement, the source stability is a 
crucial point to assess. Figure 3 presents two interferograms obtained for a 
path difference of zero and 40000 λ.  
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Different sources of fringe visibility fluctuations may be identified. First, 
the beam intensity spatial distribution changes from one shot to another. This 
may lead to a shot to shot fluctuation of the difference of intensity between 
the two interfering beamlets. Second, a similar effect may arise from x-ray 
laser beam direction fluctuations. Third, because the x-ray laser behaves like a 
spatially incoherent source, source size fluctuations will induce spatial coher-
ence and hence visibility fluctuations. All these aspects have been controlled 
along the experiment. If the source size and pointing stability are remarkably 
stable, the beam non uniformity is important. However, the characteristic 
transverse length across which the beam is uniform is large enough to cover 
the two dihedrons lateral aperture and the field of interference. Finally differ-
ent measurements of the coherence time for the same reference pumping 
conditions have been performed before each study. The measurements were 
found to be reproducible. 

4 Experimental results 

We have measured the coherence time for different pumping configurations. 
From the evolution of the fringe visibility it is possible to extract the source 
spectral profile by fitting the experimental data with analytical functions. A 
Fourier transform of the fitted function gives the spectral profile and the 
spectral line width. 

 
 (a) (b) 

Fig. 4 Effect of the long pulse energy on the temporal coherence. The graphs show 
the variation of the measured fringe visibility versus path difference. (a) The XUV 
laser is generated with E ns =500mJ energy in the long pulse and a short pulse 
duration of 2ps. The coherence is Lc =514±15µm and the spectral linewidth is 
Δλ=2.2mǺ. b)  For E ns =300mJ, the coherence length is Lc =569±22µm and the 
spectral linewidth is Δλ=2mǺ. 
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We have investigated the effect on linewidth of the long pulse energy Ens , 
without any prepulse. Figure 4 presents the experimental results for Ens = 500 
mJ (4a) and Ens=300 mJ. A small decrease of the linewidth is observed when 
decreasing the long pulse energy which might be associated to a decrease of 
the ion temperature in the gain zone. Hydrodynamic simulations of these two 
situations are underway to check this interpretaion. 

 
 (a) (b) 

Fig. 5 Effect of the short pulse duration. The graphs represent the variation of the 
measured fringe visibility versus path difference. The XUV laser is generated with  
Ens =500mJ energy in the long pulse. a) Short pulse duration is 100fs. The coherence 
length is Lc =429±15µm and the spectral linewidth is Δλ=2.65mǺ. b) Short pulse 
duration is 4ps. The coherence length is lc =671±33µm and the spectral linewidth is 
Δλ=1.69mǺ. 

We have also studied the effect of the short pulse duration τps on the spec-
tral width of the x-ray laser. The evolutions of the fringe visibility as a func-
tion of the path difference are presented in Figure 5 for two different pulse 
durations, all other parameters being kept constant (Ens=500 mJ). The corres-
ponding values of the coherence time and spectral linewidth Δλ are summa-
rised in Table 1. It can be seen that a longer pulse duration leads to a larger 
coherence time and hence to a smaller linewidth. The interpretation of this 
behaviour is still under discussion. One possibility could be that the decrease 
of the linewidth could be caused by the decrease of the pump intensity when 
the short pulse duration is increased.  
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Table 1 Measured values of the temporal coherence length, the coherence time and 
the spectral bandwidth for different pumping conditions. 

 Lc (µm) tc (ps) Δλ(mǺ) 
Ens =300 mJ,  τps= 2ps    569 ± 22 1.89 ± 0.07 2 
Ens =500 mJ,  τps=2ps    514 ± 15 1.71 ± 0.05 2.2 
Ens =500 mJ,  τps=100fs    429 ± 15 1.43 ± 0.05 2.65 
Ens =500 mJ,  τps= 4ps    671 ± 33 2.23 ± 0.01 1.69 

5 Conclusion 

We have described in this paper the first systematic study of the spectral line 
width of an x-ray laser as a function of the pumping parameters. This work 
has been made possible by the high repetition rate of the source and by its 
stability. We have investigated the effect of the long pulse energy and of the 
short pulse duration. The induced linewidth variations are small but signifi-
cant. Further data from other set of pumping conditions are still under analy-
sis. This obtained results need to be interpreted using hydrodynamic 
simulations associated to a post-processor describing the evolution of the 
spectral profile during amplification in the plasma. Besides, simulations will 
help us to assess if the values and trends observed can be extrapolated to 
seeded operation. 
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Abstract. We discuss the demonstration of soft x-ray lasers with essentially full 
spatial and temporal coherence at wavelengths down to 13.2 nm by high harmonic 
seeding of soft x-ray plasma amplifiers created by irradiation of solid targets. These 
lasers are demonstrated to produce the shortest pulses obtained to date from plasma-
based soft x-ray lasers. A pulse duration of 1.13 ± 0.47 ps was measured for a seeded 
Ne-like Ti plasma amplifier operating at 32.6 nm using an ultrafast streak camera.  

1 Introduction 

Gain-saturated high repetition rate table-top soft x-ray lasers (SXL) have been 
demonstrated at wavelengths as low as 13.2 nm in laser created plasmas [1, 
2]. Recently a free electron laser based on a large electron accelerator was 
also demonstrated to operate in this region [3]. However, since in both cases 
the beam grows from spontaneous emission noise, its temporal coherence is 
limited by the emission of random uncorrelated phase wavetrains. The seed-
ing of SXL amplifiers with high harmonic (HH) pulses [4-7] is capable of 
generating intense soft x-ray pulses with extremely high spatial coherence, 
low divergence, short pulsewidth, and defined polarization. Furthermore, the 
very narrow linewidth of the plasma amplifier can increase the temporal 
coherence of the seed pulse.  

A first experiment demonstrated the amplification of HH pulses in a neon-
like Ga plasma pumped by 600 J optical laser pulses [8]. However, the seed 
pulse was only by a factor of three. More recently, an optical field ionization 
SXL amplifier produced by femtosecond laser excitation of a Kr gas cell was 
seeded with the 25th harmonic of a Ti:Sapphire laser to generate saturated 
amplification in the 32.8 nm laser line of Ni-like Kr [4,9]. Our group demon-
strated the saturated amplification of HH seed pulses in the 32.6 nm line of 
Ne-like Ti in a significantly denser transient collisional SXL plasma amplifier 
created by heating a solid titanium target [5]. Also recently, a Ne-like Mn 
SXL media was reported to amplify a HH seed from 4.7 pJ to 3 nJ [10]. The 
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seeding of this type of higher density laser-heated solid target SXL amplifiers, 
that have an increased saturation intensity and broader laser linewidth, has the 
potential to lead to phase coherent lasers with higher intensities and shorter 
pulsewidths. 

Herein we summarize results of the demonstration and characterization of  
injection-seeded lasers at wavelengths down to 13.2 nm. Highly coherent 
gain-saturated soft x-ray laser pulses were produced in dense laser-created 
plasmas, by amplifying high-harmonic seed pulses in the 18.9 nm, 13.9 nm 
and 13.2 nm transitions of nickel-like Mo, Ag, and Cd ions respectively [5-7]. 
These results, obtained using a table-top Ti:Sapphire pump laser extend to 
significantly shorter wavelengths and shorter pulsewidths the ability to gener-
ate bright phase coherent soft x-ray laser beams, offer new scientific oppor-
tunities for applications in small laboratory environments. Ultrafast streak-
camera measurements of the pulsewidth of these injection-seeded solid-target 
soft x-ray plasmas amplifiers confirm they have sufficient bandwidth to 
generate pulses of ~ 1 ps duration. A pulse duration of 1.13 ± 0.47 ps was 
measured for a seeded Ne-like Ti plasma amplifier operating at 32.6 nm. This 
is the shortest pulse duration reported to date from a table-top soft x-ray laser 
amplifier. The result agrees with model simulations which suggest that intense 
femtosecond soft x-ray laser pulses could be obtained by injection-seeding a 
tailored plasma amplifier in which the gain is confined to a high density 
region. 

2 Demonstration of injection seeded soft x-ray lasers at 
wavelengths below 20 nm  

The results were obtained by injection seeding with HH pulses collisionally 
excited SXL amplifiers operating in the 4d1S0→4p1P1 transitions of nickel-like 
Mo, Ag, and Cd  at wavelengths of 18.9 nm, 13.9 nm and 13.2 nm respec-
tively [6,7]. The experiments were conducted using a 5 Hz repetition rate 
table-top pump laser using the experimental set-up schematically shown in 
Fig. 1. The HH pulses from the Ti:sapphire laser were injected into SXL 
amplifiers created by transiently heating a pre-created plasma from solid 
targets with intense optical laser pulses of ~ 0.9 J energy and 6.7 ps duration 
impinging at a grazing incidence angle of 23 degrees. Pulses produced by a 
single 815 nm wavelength table-top chirped pulse amplification Ti:Sapphire 
laser system consisting of three stages of amplification were used for both, 
generating the harmonic seed pulses and to pump the SXL amplifiers. The 
amplifiers consist of plasmas created by irradiating polished slabs up to 4 mm 
in length.  
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Fig. 1 Experimental setup of injection-seeded soft x-ray laser. Either a gas cell of a 
gas jet was used to generate the HH seed pulses.  

The grazing incidence pumping geometry takes advantage of pump beam 
refraction to increase its energy deposition in the plasma region with optimum 
density for amplification [1,2,11,12]. The 20 mJ laser pulses used to drive the 
high harmonic generation were compressed to about 50 fs using a separate 
grating compressor, and focused on the input of either a Ne gas cell (for the Ni-
like Mo and Ag experiments) or Ne gas jet (for the Ni-like Cd experiments). 
The high harmonic output of the gas cell was relay imaged onto a ~ 100 µm 
diameter spot at the input of the plasma amplifier using a gold-coated toroidal 
mirror designed to operate at a grazing incidence angle of 10 degrees. The 
wavelength of the selected harmonic order was made to overlap with that of the 
laser line tuning a thin etalon introduced in the first of the three multi-pass 
amplifiers of the Ti:sapphire laser system. Two BK7 windows positioned at 
grazing incidence and sets of either two or three thin film filters (0.3 µm and 0.5 
µm thick aluminium for Mo, and 0.3 µm thick zirconium for Ag) were used to 
attenuate the straight light from the 815 nm beam used to generate the high 
harmonics. The output of the soft x-ray amplifier was dispersed with a variable 
space diffraction grating (1200 lines/mm) and was detected by a CCD. 

The spectra in Fig. 2 illustrates the dramatic improvement in laser beam 
divergence, from about 10 mrad to 0.7 mrad, obtained by seeding a 2.5 mm 
long 18.9 nm nickel-like Mo amplifier with pulses from the 43th harmonic of 
Ti:sapphire. The energy of the injected seed pulse is amplified more than 400 
times (Fig. 2d). The variation of the seed intensity and pulseshape as it propa-
gates along the amplifier is initially governed by a dramatic narrowing of its 
bandwidth which is not supported by the much narrower amplifier linewidth, 
and later, by saturation of the gain. Similar results were obtained seeding the 
isoelectronic transition in nickel-like Ag at 13.9 nm with the 59th harmonic 
(Fig. 3). The most intense amplified pulses were measured to reach an energy 
of ~ 75 nJ. The fluence of these pulses significantly exceeds the computed 
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saturation fluence of the 18.9 nm laser line of nickel-like Mo at these plasma 
conditions, ~1.8×10-3 J cm-2. Since the Ni-like Ag amplifier was operated at a 
slightly smaller gain, saturation occurs later within the amplifier, at a length of 
~ 3 mm (Fig. 3d). Strong amplification is observed over a narrow range of 
time delays , ~ 1-1.5 ps between the peak of the short pump pulse and the 
arrival of the seed pulse (inserts of Figs 2d). The experiments were success-
fully repeated for Ni-like Cd to produce a seeded beam at 13.2 nm.  

Fig. 2 Injection-seeded 18.9 nm Ni-like Mo laser characteristics. Spectra of a) 
unseeded soft x-ray laser, b) HH seed, c) seeded soft x-ray laser. The bottom fig. 
shows the intensity variation of the amplified seed as a function of amplifier length 
and time delay  between peak of heating laser pulse and arrival of the seed pulse.  
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Fig. 3  Characteristics of the 13.9 nm seeded Ni-like Ag laser. a-c spectra illustrating 
the beam divergence and intensity of a) unseeded laser, b) HH seed, c) seeded soft x-
ray laser. d) Variation of the amplified seed pulse energy as a function of plasma 
column length  
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Fig. 4 a-d  Two slit single shot interferograms and intensity lineout for the seeded Ni-
like Mo 18.9 nm laser beam for different slit separations, and  corresponding intensity 
lineouts; e) Degree of coherence |µ12(Δx)| as a function of slit separation for the 
injection-seeded (solid) and unseeded (dashed) laser. The lines are Gaussian profiles 
for Rc=50 µm and Rc= 84 µm. The plots in e) represent a dramatic improvement of 
the spatial coherence by seeding, because the beam diameter of the seeded beam at 
the location of the measurement (80-100 µm) is an order of magnitude smaller 
than that of the unseeded beam (~ 1 mm).  

3 Spatial coherence measurements 

The dramatic improvement of the spatial coherence obtained by injection 
seeding was determined in a Young’s double slit interference experiment 
comparing the fringe visibility as a function of slit separation for the unseeded 
and seeded lasers. Fig. 4 a-d show single shot interferograms and their profile 
lineouts for the seeded 18.9 nm nickel-like Mo laser. The interferogram 
corresponding to the 30 µm slit pair displays full fringe visibility. On the right 
hand side the visibility is degraded by uneven illumination of the slits. Fig. 4e 
shows the variation of the maximum measured fringe visibility as a function 
of slit separation for both the unseeded and the seeded nickel-like Mo lasers. 
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To characterize the spatial coherence length we use here the coherence radius 
Rc, within which the fringe visibility is larger than 0.61. Assuming a Gaussian 
profile, Rc of the unseeded laser is determined to be about 50 µm, only a very 
small fraction of the ~ 1 mm beam diameter at this location. This shows that 
only a very small part of the unseeded laser pulse energy is contained within 
the region where the beam is spatially coherent. In contrast, for the seeded 
laser Rc=84 µm, a value practically equal to the 80-100 µm beam diameter, 
indicative of a very high degree of spatial coherence thorough practically the 
entire beam. The degree of spatial coherence of the injection-seeded 13.9 nm 
nickel-like Ag and 13.2 nm Ni-like Cd lasers was measured to be practically 
identical to that of the seeded 18.9 nm Mo laser. This extraordinarily high 
degree of spatial coherence is accompanied by very high temporal coherence. 
The very narrow bandwidth of the amplifier (Δλ/λ < 1 x 10-4,) greatly limits 
any frequency chirp in the HH seed, effectively enabling the generation of a 
pulse with very high temporal coherence.  

4 Pulsewidth measurements 

We have also conducted measurement of the pulse duration of phase-coherent 
soft x-ray laser pulses from an injection-seeded plasma amplifier created 
irradiating a solid target [13]. Injection-seeding creates a fundamentally new 
regime for the generation of short soft x-ray laser pulses in which the pulse 
duration is independent of the gain duration. We used an ultrafast streak 
camera [14] to make single-shot measurements of soft x-ray pulses generated 
by seeding the 32.6 nm line of Ne-like Ti with the 25th harmonic of a 
Ti:Sapphire laser. The measured pulse duration of 1.13 ± 0.47 ps is to our 
knowledge the shortest soft x-ray pulse duration demonstrated to date from a 
plasma amplifier. This pulsewidth compares with a pulsewidth of ~ 5 ps 
obtained if the same plasma amplifier is operated in the unseeded mode [15].  

The results are in good agreement with hydrodynamic/atomic physics 
model computations. The simulations suggest soft x-ray laser pulse a few 
hundred femtosecond in duration should be achieved by seeding an amplifier 
in which gain takes place in a higher density region where collisional broad-
ening increases the amplifier bandwidth. For example, computations suggest 
gain-saturated laser pulses of ~ 290 fs duration could be obtained seeding a 
3.5 mm long  λ = 10.9 nm Ni-like Te plasma amplifier with an electron den-
sity of ~ 2 x 1021 cm-3  [13]. 
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5 Conclusions 

We have demonstrated phase coherent table-top SXLs with low divergence at 
wavelengths as short as 13.2 nm. A pulse duration of ~ 1 ps was measured for 
an injection-seeded 32.6 nm Ne-like Ti laser. It should be possible to obtain x-
ray laser pulse a few hundred femtosecond in duration seeding higher density 
plasma amplifiers. These bright sources open the opportunity to realize appli-
cation experiments requiring intense phase-coherent SXL light on a table-top.  

Work supported by the Engineering Research Centers Program of the 
National Science Foundation under NSF Award Number EEC-0310717 
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Abstract. By seeding an optical-field-ionized population inverted plasma amplifier with 
the 25th harmonic of an infrared laser we have produced a compact, diffraction- limited 
and Fourier-limited laser beam in the soft x-ray spectral range. This laser beam is emitted 
within a cone of 0.7 mrad at a repetition rate of 10 Hz at a central wavelength of 32.8 nm, 
The beam exhibits a regular Gaussian spatial profile, and wavefront distortions smaller 
than λ/17. The measured coherence time of 5.5 ps is equal to the duration of the lifetime of 
the amplifying plasma which shows that this source has reached the Fourier limit.  

1 Introduction 

The high scientific activity related to the development of ultrafast, coherent soft 
x-ray sources is motivated by the large number of novel applications such as 
high-resolution microscopy, lithography, interferometry and holography that 
can be realized with such sources. Recently, fourth generation synchrotron 
sources have been designed to provide highly coherent, bright, soft x-ray 
beams, able to open up new opportunities in science (1). In parallel, dramatic 
advances in ultra-short pulse laser technology have made it possible to generate 
compact, high repetition rate, coherent soft x-ray sources. The most advanced 
sources are based on high-order harmonic generation (HHG) and plasma soft x-
ray lasers (SXRL). HHG are produced by focussing a high intensity fem-
tosecond laser pulse into a gas medium. Odd harmonics of the fundamental 
laser frequency (i.e. 3ω, 5ω, … ) are produced in a directional, collimated beam 
with photon energy that can be extended up to 1 keV (2). HHG driven by 
current optical lasers exhibit high spatial coherence (3) with an average energy 
of a few hundreds of nanojoules at 30 nm (4-5). In contrast to HHG, SXRL 
provide much higher output energy per pulse and narrower linewidth (6).  
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The first laboratory SXRL at 20 nm was demonstrated nearly 20 years ago  
(7), and required a few kilojoules of laser energy for pumping. However, 
recent spectacular progress in this field has led to the development of a large 
variety of compact SXRL systems providing high energy, monochromatic 
coherent radiation down to 10 nm. The amplifying medium is a hot, dense, 
highly charged plasma column generated by the interaction of an intense 
infrared laser pulse with a solid or gas target (8-9) or by a high density capil-
lary discharge in a rare gas (10). 

Until now, in all the SXRL schemes operating at saturation, population in-
version between the levels of the lasing ion is induced by electron collisional 
excitation, leading to high gain value at short wavelength. The short lifetime 
of the gain and the absence of high reflectivity soft x-ray optics, make the use 
of this SXRL amplifier in a complete laser cavity impossible. For this reason, 
SXRL emission generally results from the single-pass amplification of spon-
taneous emission. As a consequence, SXRL radiation is characterized by 
rather poor optical qualities in terms of beam profile homogeneity, spatial 
coherence, source size regularity and wavefront distortion, which prevents the 
use of SXRL for applications that require a highly intense, coherent, soft x-ray 
photon flux in a sub-micron spot size.  

To fully explore the potential of plasma-based SXRL sources, improving 
their spatial beam quality is a crucial bottleneck to be overcome. The solution 
we have chosen to explore consists in seeding a soft x-ray amplifier with a 
HHG beam (11). This approach is a direct analogy of the “oscillator-
amplifier” concept commonly used for infrared laser system, applied to the 
soft x-ray range. Here the HHG beam plays the role of an oscillator which is 
injected and amplified while propagating through a population-inverted SXRL 
plasma column amplifier. This emerging scheme (12-13) offers a prospect for 
compact SXRL chain combining both the high energy extracted from the 
SXRL amplifier as well as the high optical quality of the HHG seed.  

Here we report an experimental demonstration of a compact, diffraction-
and Fourier-transform-limited laser beam in the soft x-ray range. The beam 
was emitted by 32.8 nm Optical Field Ionised (OFI) SXRL amplifier seeded 
by a HHG beam. Thanks to the spatial filtering of the seed beam by the 
plasma amplifier, the 32.8 nm laser beam exhibits a regular Gaussian intensity 
profile with a divergence of 0.7 mrad. The wavefront distortions were meas-
ured to be smaller than λ/17 (1.9 nm) which demonstrates that this 32.8 nm 
laser beam is diffraction-limited. The temporal characterization shows that the 
measured coherence time is equal to the duration of the gain life time, i.e. 5.5 
ps, which is the upper limit of the duration of 32.8 nm radiation. This conse-
quently proves that this 32.8 nm seeded laser is Fourier-limited in the spectro-
temporal domain. The laser line exhibits a Gaussian spectral profile with a 
full-width-at-half-maximum (FWHM) of only 3.61 mÅ. 
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2 Experimental set up 

The experimental set-up is schematically illustrated in Figure 1. The experi-
ment was performed using a 10 Hz, multi-terawatt Ti:sapphire laser system 
providing two independent 34 fs laser beams at a central wavelength of 815 
nm. A first laser beam, containing about 10 mJ, was used to generate the seed 
HHG beam inside a 7 mm long gas cell filled with 30 mbar of Ar. We paid 
special attention to the 25th harmonic of the infrared laser which can be 
closely matched to the wavelength of the lasing transition of the SXRL ampli-
fier. A grazing incidence toroidal mirror was implemented to image the output 
of the HHG source with a magnification of 1.5 at the entrance of the amplifier 
cell. The HHG seed spot was measured to be astigmatic with dimensions of 
about 50×100 µm (at 1/e2). A second beam delivers ∼600 mJ on target and 
was used to create the OFI amplifying plasma column which drives the 3d94d 
(1S0)→ 3d94p (1P1) transition of the Kr8+ ion at 32.8 nm (14). The pump 
beam was circularly polarized and focused by a 1 m focal length spherical 
mirror to a spot diameter of 38 µm (at 1/e2) inside a 7.5 mm long gas cell 
filled with Kr.  

 
Fig. 1 Schematic description of the experimental arrangement. 

Under these conditions, the amplifier exhibits remarkable properties, well 
suited for the amplification of a seed pulse. The amplifier has a circular aper-
ture and the gain value does not significantly vary along and across the gain 
column (15). The transverse density gradient is weak enough to prevent the 
seed beam from serious refraction (i.e. deterioration) during amplification. 
Previous simulations and experimental observations indicated that the ampli-
fier has rather sharp edges which is an important criterium to ensure the 
efficient selection of the amplified seed radiation, i.e. spatial filtering of the 
injected seed beam (16). 
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3 Experimental results 

First, the 32.8 nm emission from the amplifier was optimized by varying its 
length, gas density, laser beam polarization, and focussing position. The most 
effective configuration was obtained for a pressure of 30 mbar, a cell length of 
7.5 mm, and circular polarization. Second, the spatial and temporal overlap-
ping between the HHG and SXRL beams was adjusted to produce the largest 
amplification of the seed radiation. The amplification started at a time delay 
between the SXRL plasma creation and HHG injection of 2 ps, reached a 
maximum (×180) at 3 ps, and lasted up to about 8 ps. This direct measure-
ment of the time evolution of the gain of a SXRL amplifier (17) indicates that 
the actual duration of the amplified seeded pulse does not exceed 6 ps. Then, 
using several online diagnostics schematically shown in Figure 1, we charac-
terized the intensity distribution, the wavefront, and the transverse and longi-
tudinal coherence of the amplified 32.8 nm laser beam.  

 
Fig. 2 Spatial profile of the seeded 32.8 nm laser beam. 

The spatial profile of the seeded 32.8 nm laser was measured by placing a 
removable 45°, soft X-ray mirror made of Mo/B4C/Si tri-layers in the beam 
path, which redirected the beam towards a cooled, thin, back-illuminated 
charge-coupled device (CCD) camera. A 300-nm-thick aluminium filter was 
used to block the infrared beams. Figure 2 shows a typical profile of the 
generated seeded laser beam. The intense, monochromatic radiation is emitted 
in the direction of the HHG seed, being confined within a 0.7 mrad cone 
(FWHM). The spatial beam distribution is nearly perfectly Gaussian. Note 
that such a high beam quality has never been observed for other plasma-based 
SXRLs. In general, SXRLs exhibit highly contrasted intensity modulations (or 
speckles) forming a complex and irregular pattern (18), which is a direct 
consequence of low spatial coherence combined with the high temporal 
coherence of the amplified spontaneous emission (ASE) radiation (19). Here 
we take advantage of the fact that the HHG seed is partially coherent to avoid 
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intensity modulations in the beam pattern. In addition, the circular aperture of 
the gas amplifier permitted to tailor the intensity distribution of the 32.8 nm 
radiation, resulting in the Gaussian beam profile.  

 

   
Fig. 3 (a) Measured wavefront and (b) reconstructed source size of the seeded 32.8 
laser beam. 

A crucial parameter to evaluate laser beam quality is the wavefront. The 
wavefront of the seeded 32.8 nm laser was measured using a soft x-ray Hart-
mann sensor with an accuracy better than λ/20 at 32.8 nm. In the Hartmann 
wavefront analysis a beam passes through a hole array and is projected onto a 
CCD camera that detects the beamlet sampled by each hole. The position of 
each individual spot centroid is measured and compared with a reference 
position. This enables the wavefront’s local slope to be measured at a large 
number of points within the beam from which the wavefront can be recon-
structed (20). Earlier investigations showed that neon-like Ar capillary dis-
charge-driven SXRL at 46.9 nm exhibits wavefront distortion of 3×λSXRL, 
which was the only measurement performed for plasma-based SXRL source 
(21) so far. Figure 3(a) shows the reconstruction of the wavefront of the 32.8 
nm seeded laser. The amplitude of the wavefront defects never exceeds 
0.058×λSXRL (root-mean-square) which corresponds to beam wavefront 
distortions less than λ/17 (1.9 nm). According to the Marechal criterion, 
which states that a system is regarded as well corrected if the wavefront 
distortion does not exceed λ/14 (22), the generated seeded laser beam is 
clearly diffraction-limited. Note that the wavefront of the HHG seed beam 
was about λ/3 due to the severe astigmatism introduced by the toroidal mirror. 
The dramatic improvement of the wavefront of the 32.8 nm laser is a direct 
consequence of the spatial filtering by the amplifier. This measurement also 
made possible the reconstruction of the intensity distribution of the 32.8 nm 
laser beam at the exit of the amplifying plasma column which results from the 
convolution of the wavefront shape with the intensity distribution of the beam. 
As shown in Figure 3(b), the source shape is Gaussian with a diameter of 50 
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µm (at 1/e2) which is in reasonable agreement which previous simulations 
predicting that the diameter of the amplifying zone of the plasma is about 
60 µm (16). 

Due to the intrinsically narrow ion line width and the gain narrowing effect, 
SXRLs represent the most monochromatic sources in this spectral range. The 
spectral shape and line width of the 32.8 nm seeded laser has been inferred 
from the experimental measurement of the longitudinal coherence (19) by 
means of a wavefront division interferometer (Fig. 1). The SXRL beam was 
directed to the dihedron pair with a grazing incidence angle. After reflection 
on the dihedrons the incident beam was separated in two parts that converge 
and finally overlap in the far field, yielding interference fringes. As one of the 
dihedrons can be accurately translated in the vertical direction, a controlled 
delay (i.e. path difference) between the two interfering beams can be intro-
duced. By following the decrease in fringe visibility with increasing delay, it 
is possible to reconstruct the spectral profile of the radiation with a resolution 
power better than 2×105. 
 

(a) 
 

(b) 

Fig. 4 (a) Variation of the measured fringe visibility as a function of the path 
difference. A decreasing Gaussian function was used to fit the data. (b) Reconstructed 
profile of the 32.8 nm laser line. 

Figure 4(a) shows the measured fringe visibility as a function of the path 
difference. The experimental data were fitted with a Gaussian decreasing 
function from which the coherence time of 5.5 ps, defined as the path differ-
ence that decreases the maximum visibility by a factor 1/e, was inferred. The 
fact that this coherence time matches the measured life time of the SXRL gain 
medium, clearly demonstrates that the 32.8 nm seeded laser is longitudinally 
fully coherent. Assuming a Gaussian spectral profile, we have inferred a 
SXRL line width of Δν=1.1 x 1011 Hz, corresponding to Δλ = 3.61 mÅ. 
Simulations carried out using the COFIXE code predict an ion temperature of 
Ti=6 eV (23). Under these conditions the Doppler-broadening of the line is 
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equivalent to 6.8 mÅ. Other calculations performed with the PPP code (24) 
showed a negligible effect of Stark broadening. The homogeneous broadening 
due to electron collisions has been calculated within the atomic model de-
scribed in (16), leading to a value of 5 mÅ at 30 mbar. The effect of the 
amplification on the line shape has been calculated using the model described 
by J. Koch et al. (25), and assuming a uniform plasma column. For the ampli-
fication factor equal to the experimental value, the shape of the SXRL line is 
Gaussian with FWHM of 3.2 mÅ, in good agreement with the experimental 
results 

4 Conclusion 

By seeding of a laser created plasma amplifier we have demonstrated that it is 
possible to generate an intense soft x-ray beam having all the fundamental 
properties of common visible/IR/UV lasers. In a near future we anticipate a 
significant improvement of this concept, e.g. by using waveguiding technique 
to increase the length of the amplifier and thus boost up the SXRL output 
energy by at least one order of magnitude (15). Our measurements suggest 
that thanks to the perfect wavefront it should be possible to focus the 32.8 nm 
seeded laser into a near diffraction-limited spot, and thus achieve a soft x-ray 
intensity close to 1015 W.cm 2. The superb spatial beam quality and full 
longitudinal coherence make this source an excellent scientific tool for appli-
cations such as soft x-ray holography, phase contrast imaging, and micros-
copy.  
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Abstract. Spatial characteristics of Ni-like silver x-ray laser using grazing incidence 
pumping (GRIP) schemes were investigated. We succeeded in lasing from a nickel-
like silver plasma in the GRIP geometry using both a double pump laser pulse as well 
as a single-profiled pulse.The transverse profile of the intensity distribution as well as  
the spatial coherence of both variants of  Ni-like Ag x-ray laser were determined by 
far-field measurements and the Young’s double slit interferometry. The x-ray laser 
pumped by a single-profiled pulse showed the output beam with a highly coherent 
part of a reasonable volume containing about 3 % of the total photon number.  

1 Introduction 

X-ray laser is a well-established source of coherent short-wavelength radi-
ation. Recent progress in x-ray laser research has resulted in table-top size x-
ray lasers requiring reduced pump energy of down to level of 1 J [1-4]. The 
table-top x-ray lasers have been tested in various practice-oriented applica-
tions such as nano-scale imaging [5], interferometry [6] and spectroscopy [7]. 
One of the important issues deciding about the progress in X-ray laser appli-
cations is improvement of the spatial quality and increase in the spatial coher-
ence – the features of paramount importance for many applications.  

In this paper, we report on the measurements of the spatial characteristics 
of Ni-like Ag X-ray laser pumped by using 10-Hz 100-TW Ti:Sapphire laser 
system. Recently, strong generation from Ni-like Ag X-ray laser has been 
achieved using both the conventional (traditional) double-pulse GRIP ge-
ometry as well as a variant of the GRIP scheme applying only single-profiled 
pump laser pulse [8]. Investigations of the spatial characteristics of Ni-like Ag 
X-ray laser output beam included spatial distribution of the radiation intensity 
and spatial coherence.  

In sec 2, we briefly compare the double-pulse GRIP scheme with its  
variant using only single profiled pump pulse. The measurements of intensity 
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distribution and spatial coherence of Ni-like Ag x-ray laser are described  
in sections 3 and 4, respectively. A summary of the results are is given in 
section 5. 

2 Conventional GRIP vs. the GRIP geometry applying a single-
profiled pulse  

The GRIP scheme has opened a way to achieve saturated emission from x-ray 
lasers with pumping energy about 1 J [1-4]. The GRIP scheme has enabled an 
easy access to x-ray lasers and promoted new application areas because the 
necessary pumping energy for GRIP scheme could be achieved by commer-
cial Ti:Sapphire laser systems. Since the GRIP geometry applies the transient 
inversion scheme, the conventional GRIP uses two pumping pulses: the pre-
pulse and main heating pulse. The pre-pulse has usually duration of ns or sub 
ns and energy of few 100 mJ. The main pulse is mostly few picoseconds long 
with energy about 1 J. In this version of the GRIP geometry, the main pulse is 
obliquely (at a grazing angle) incident on a slab target to increase absorption 
of the pump energy in the plasma.  

The main advantage of the GRIP scheme is reduction in the pump energy 
necessary to overcome lasing threshold. However, such a GRIP scheme forces 
using a disadvantageous system of two different beam lines. Since GRIP 
scheme conventionally uses a width of the focal line of few tens (30-50) of 
microns, perfect spatial overlapping of two focused beams is not a trivial task. 
In order to reduce the overlapping problem, it was attempted to irradiate the 
target just by obliquely incident single profiled main pulse. In final effect, 
saturation of Ni-like Ag x-ray laser has been achieved by using the new 
variant of GRIP geometry with the profiled pump laser pulse.  

The experiments were performed at the Advanced Photonics Research In-
stitute (APRI) 100 TW laser facility delivering driving pulses with 30-fs pulse 
duration and 3-J laser energy operating at 10 Hz repetition rate. For the 
double-pulse GRIP scheme, the stretched 350-ps laser pulse was divided 
before the pulse compressor. The uncompressed pulse of 0.5 J energy and 
350-ps duration was focused on the target by spherical (f = 50 cm) and cylin-
drical (f= -20 cm) lenses and uased as a pre-pulse. The pre-pulse impinged on 
the target in the direction normal to its surface. The main pumping pulse was 
compressed to a length of 8 ps (full width at the half of maximum – FWHM). 
Such a laser pulse with energy of 1.5 J irradiated the target at an grazing angle 
of 18 degrees. Astigmatism of the focusing spherical mirror with a focal 
length of 75 cm was used to create a 7.2 mm long focal line on the target. The 
width of the line-focused beam was about 30-50 µm. The main pulse was 300 
ps delayed relative to the prepulse. Silver slab target with width of 7 mm was 
used in all experiments. The X-ray radiation was recorded by a flat-field 
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spectrometer (FFS) equipped with a cylindrical collecting mirror and a 
512x2048 pixel CCD camera. The   scattered light was blocked by Zr filters. 
A flat slab target was aligned to make the deflected X-ray laser beam propa-
gating properly along the axis of FFS. For the single-profiled pulse pumping 
scheme, the temporal profile of main pulse was just modified, while the 
geometry and pulse energy of conventional GRIP scheme were kept constant. 
Details of the GRIP x-ray laser using single-profiled pumping pulse are de-
scried in [8].  

The output of the Ni-like Ag X-ray laser as a function the target length 
was measured in both cases, and the results are shown in Fig. 1. Each point of 
the scatter represents an average value and the error bars show deviation of 
the maximum and minimum values used in averaging. The experimental data 
of the X-ray laser measured output vs. the target length were carefully fitted 
using the modified Linford formula which takes into account the saturation 
effect [9]. In the case of double-pulse GRIP, the estimates based on the fitting 
procedure gave a small-signal gain coefficient of 60.4 cm-1 and an effective 
gain length product of 23.1. For the single pulse pumping, a small-signal gain 
coefficient of 76 cm-1 and an effective gain length product of 28.2 were ex-
tracted from the data. The X-ray laser output energy in the saturation regime 
was estimated to be about 1.5 µJ per pulse in both cases. Consequently, both 
GRIP geometries gave deep saturation of Ni-like Ag X-ray laser with excep-
tionally high gain-length product.  

 
Fig. 1 The output of Ni-like Ag x-ray laser using (a) double-pulse GRIP scheme and 
(b) a new GRIP scheme with single profiled pumping pulse. 

Simplification of experimental setup and stable operation by removing 
overlapping problem in GRIP scheme are the main advantages of the new 
pumping geometry. In order to confirm stable operation of the new GRIP 
scheme, the output of x-ray laser beam was monitored while keeping pumping 
conditions constant. The Ag target was refreshed by shifting the target before 
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each shot. Figure 2 shows a level of the output signal of the x-ray laser 
pumped by single profiled pulse. The fluctuation of the x-ray laser output 
taken from two different series of successive shots was around 17 % in root 
mean square. Since the conventional GRIP geometry showed signal fluctu-
ation above 20 %, the new variant of GRIP using single-profiled pulse im-
proved stability of the x-ray laser output. It was ascribed to reduction of the 
overlapping effect. Jitter of timing in the amplification process in the pump 
laser system varying the temporal profile of the pumping pulse seems to be 
the main source of power fluctuation in the single pulse pumping scheme.  

Fig. 2 X-ray output of two series of successive shots in the case of the GRIP scheme 
using single profiled pumping pulses. 

3 Spatial distribution of the output beam of silver x-ray laser 

 
Fig. 3 Far field distribution of the x-ray laser output; (a) double-pulse GRIP and (b) 
single-profiled pumping pulse. 
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The output beam of X-ray lasers usually has irregular spatial intensity distri-
bution caused by amplified spontaneous emission and high longitudinal 
coherence. In order to apply x-ray lasers to imaging techniques, knowledge of 
the beam quality of x-ray laser is of fundamental importance. The far-field 
patterns of Ni-like Ag x-ray lasers applying both pumping geometries were 
recorded. Figure 3 shows the footprints of x-ray laser beam taken at a distance 
of 55 cm behind the target emitting end. In both cases the beam divergence 
was well below 5 mrad. For the case of double-pulse GRIP scheme, the beam 
divergence was about 4 mrad as shown in Fig. 3 (a). The x-ray laser pumped 
in the modified GRIP geometry had a beam divergence about 3 mrad.  

 
Fig. 4 Probability densities of the normalized integral intensity obtained from the 
recorded intensity spatial distributions (solid line) and fitting functions (dotted line) in 
the case of (a) conventional GRIP and (b) single profiled pumping pulse.  

In the further steps of the analysis of spatial properties of x-ray laser beam, 
the number of spatial degree of freedom was calculated from the far-field 
intensity profile of the x-ray laser beams. Probability density function (p) of 
the normalized integral intensity (E) can be expressed by following formula in 
the case of unpolarized light [10]. 

 ,   ( ) (1) 

Here, M is the number of degree of freedom, that means number of statisti-
cally independent radiation modes. Figure 4 shows fitting of the intensity 
histogram with Eq. (1) for the case of (a) double-pulse GRIP scheme and (b) 
GRIP with single-profiled pulse. The fits with Eq. (1) match quite well the 
intensity histogram of far-field patterns shown in Fig. 3. The number of 
independent mode was derived to be 4.1 and 6.7 for single-profiled pulse case 
and the conventional GRIP, respectively. The x-ray laser pumped by the 
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modified GRIP arrangement shows a reduction in number of independent 
modes comparing to that of conventional GRIP. Consequently, x-ray laser 
using a new variant of GRIP with single profiled pulse has improved spatial 
quality of the beam. It is believed, that this improvement is caused by differ-
ent plasma conditions and the gain structure strengthening spatial filtering 
condition in 7-mm long plasma medium.  

4 Spatial coherence of silver x-ray laser 

Young’s double slit interferometer was used to investigate spatial coherence 
of the X-ray laser output. The interference fringes were obtained by insertion 
of a stainless plate with a set of double slits on the propagation axis of the X-
ray laser. Firstly, we examine the spatial coherence of Ni-like Ag x-ray laser 
pumped in the double-pulse GRIP scheme. In this case, a double-slit set 
consisted of three pairs of the slits separated respectively by 60-µm, 100-µm, 
and 150-µm. The slits cut out in a 50-µm thick stainless steel plate by fem-
tosecond laser pulses had 10-µm width and 2-mm length. The slits were 
positioned perpendicularly to the dispersion axis of the flat-field spectrometer. 
The centre of the double-slit separation was positioned on the axis of the X-
ray laser beam 84 mm behind the target. Hence, the beam size (FWHM) at the 
slit plane estimated from the beam divergence was about 330 µm. The inter-
ferogram images from double slit are shown in Fig. 5.  

 
Fig. 5 Young’s double slit interferograms of x-ray laser beam by nominal GRIP 
scheme with different slit separations of (a) 60 µm, (b) 100 µm and (c) 150 µm.  

The spatial coherence of X-ray laser beam can be relatively easily deter-
mined from the visibility of interference fringes obtained in a Young’s double 
slit interference experiment. The visibility of interference fringes is defined as 
V=(Imax-Imin)/(Imax+Imin), where the Imax and Imin are the maximum and the 
adjacent minimum of the interference fringe at the centre of interferogram. 
When both slits are equally illuminated, the modulus of spatial coherence 
factor |µ| is equal to V. Thus, the visibility of the observed interference fringes 
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can be considered as the spatial coherence factor because the slits are simi-
larly illuminated in the experiment. For the circularly symmetric and uniform 
beam, the fringe visibilities for different slit separation can be described by 
the following equation [11]:  

  (2) 

where the J1 is first order Bessel function, dS is the diameter of the equivalent 
incoherent source, Δx is slit separation, λ is wavelength and z is the distance 
from the source to double slit. Figure 6 shows the fringes visibility as a func-
tion of the slit separation in the case of the conventional GRIP scheme. The 
measurement points show the averaged visibility for the given slits separation 
and the error bar indicates the maximum and minimum visibilities for the 
given measurement point. The solid line is the fitting curve using Eq. (2) and 
the nonlinear least-squares method. From the fitting curve, we estimated the 
transverse coherence length LC. The transverse coherence length LC can be 
conventionally defined as the slit separation Δx where the |µ| decreased to 
0.88. This criterion is most strict definition of highly coherent part of a par-
tially coherent beam [11]. A transverse coherence LC of 54 µm was estimated 
from the fitting curve. Since the beam diameter at the slit plane is 330 µm, the 
highly coherent part of the X-ray laser contains about 1.8 % of the total num-
ber of photons in the case of the double-pulse GRIP scheme, assuming that 
the x-ray laser beam has Gaussian profile. 
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Fig. 6 Dependence of fringe visibility on slit separation in the case of nominal GRIP 
scheme. Solid line shows nonlinear least-squares fits to the averaged measured values. 

The same method was used to measure spatial coherence of the modified 
GRIP arrangement as that used in the case of conventional GRIP scheme. 
Here, six different slit separations were used and the slits were positioned 76 
mm behind the target end. The x-ray laser beam has diameter of 230 µm at the 
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slit position resulting from a beam divergence of 3 mrad. Figure 7 shows the 
interferograms obtained with the x-ray laser beam using the single profiled 
pump laser pulse. It shows clear fringes even with a the slit separation of 
160 µm.  

 
Fig. 7 Young’s double slit interferograms of x-ray laser beam by single profiled 
pumping scheme with different slit separations of (a) 50 µm, (b) 90 µm, (c) 110 µm 
and (d) 160 µm.  
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Fig. 8 Dependence of fringe visibility on slit separation in the case of single profiled 
pumping scheme. Solid line shows nonlinear least-squares fits to the averaged 
measured values. 
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Fitting the visibility vs. the slit separation using Eq. (2) was performed also 
in this case. The first three points of small slit distance show behaviour differ-
ent from that of the last three points corresponding to larger slit distance. 
Performing separate fittings for each of the group it was found that the first 
three points indicate worse coherence than the last three points. Considering 
the coherence length can be positioned between the values estimated from 
these two fitting curves, it was found that this has to be in the range between 
44 µm and 54 µm. Taking into account a beam diameter of 230 µm, the highly 
coherent part of the total number of photons is between 2.5 % and 3.8 % in 
the case of the GRIP geometry using single profiled pumping pulse. The x-ray 
laser beam using single profiled pump laser pulse has a better coherence about 
3 % in comparison to that using nominal GRIP showing only about 2 % of 
fully coherent photons. 

The percentage of the coherent photons in the emitted XRL beam was rela-
tively higher than that recently reported for Ni-like Cd X-ray laser using also 
GRIP geometry [12]. This enhancement of coherence of X-ray laser can be 
mainly ascribed to the increased medium length. An Ag target nearly two-
times longer than that used in the experiment reported in [12] was used in our 
experiment. This could improve modal selection of the propagated radiation 
and hence increase coherence of the beam. We think the further improvement 
of spatial coherence of the x-ray laser beam generated by new variant of the 
GRIP geometry can be achieved by modification of propagation conditions 
along the elongated plasma medium that can more efficiently filter the spatial 
modes. As shown in Sec. 3, the x-ray laser beam generated in this arrange-
ment has smaller divergence and contains lower number of independent 
spatial modes than the beam obtained in the conventional double-pulse GRIP 
setup. It corresponds well to better coherence of x-ray laser beam measured in 
this pump geometry.  

5 Summary 

We investigated Characteristics of Ni-like Ag x-ray laser pumped in  both the 
conventional double-pulse GRIP and the GRIP variant with single profiled 
pumping pulse were investigated with stress on the spatial dependences of the 
emitted radiation. Saturated generation from Ni-like Ag x-ray laser was ob-
tained with  small signal gain coefficients of 60.4 cm-1 and 76.0 cm-1 for 
conventional GRIP and single pulse pumping scheme, respectively. In order, 
Far-field distributions and Young’s double slit interferograms were recorded 
to characterize spatial features of the generated from the x-ray laser beams. 
The x-ray laser beam obtained from the X-ray laser pumped by a single pro-
filed laser pulse has better spatial characteristics than the conventional GRIP 
scheme as far as beam divergence, number of modes and coherence. Specifi-
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cally, the x-ray laser beam of the new variant of GRIP geometry contains 3 % 
of highly coherent part among the total radiation that is sufficient to deliver 
within a single shot 109 fully coherent  photons for applications even if few 
Mo:Si multilayer mirrors are used.  
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Abstract. It is now possible to produce a 10 Hz soft x-ray laser beam having very 
high optical qualities. The solution consists in seeding an optical-field-ionized popula-
tion inverted plasma amplifier with the 25th harmonic of an infrared laser. This con-
cept was successfully realized in LOA in 2004 and an extensive investigation of the 
source has been recently performed. Indeed we demonstrate the first diffraction-
limited laser beam in the soft x-ray spectral range. This laser beam at a central wave-
length of 32.8 nm, emitted with a divergence of 0.67 mrad at a repetition rate of 10 
Hz. The beam exhibits a regular Gaussian spatial profile, and wavefront distortions 
smaller than λ/17. A theoretical analysis of these results shows that this high beam 
quality is due to spatial filtering of the seed beam by the plasma amplifier aperture.  

1 Introduction 

Until now, in all the soft x-ray laser (SXRL) schemes operating at saturation, 
population inversion between the levels of the lasing ion is induced by elec-
tron collisional excitation, leading to high gain value at short wavelength [1]. 
The short lifetime of the gain and the absence of high reflectivity soft x-ray 
optics, make the use of this SXRL amplifier in a complete laser cavity impos-
sible. For this reason, SXRL emission generally results from the single-pass 
amplification of spontaneous emission. As a consequence, SXRL radiation is 
characterized by an inhomogeneous beam profile [2], a low spatial coherence 
[3] and important wavefront distortions [4], which limits the use of SXRL for 
applications that require a highly intense, coherent, soft x-ray photon flux in a 
sub-micron spot size. To fully explore the potential of plasma-based SXRL 
sources, improving their spatial beam quality is a crucial bottleneck to be 
overcome. A promising solution to be explored consists in seeding a soft x-
ray plasma amplifier with a High Order Harmonic (HOH) seed beam [5]. This 
Seeded soft x-ray laser (SSXRL) approach is a direct analogy of the “oscilla-
tor-amplifier” concept commonly used for infrared (IR) laser system, applied 
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in the soft x-ray range. Here the HOH beam plays the role of an oscillator 
which is injected and amplified while propagating through a population-
inverted SXRL plasma column. This emerging scheme [6-7] offers a prospect 
for compact SXRL chain combining both the high energy extracted from the 
plasma amplifier as well as the high optical quality of the HOH beam [8-9]. 

We report on the first observation of a diffraction-limited laser beam at 
32.8 nm achieved by seeding an Optical Field Ionised (OFI) SXRL amplifier 
[10] with a HOH beam. The 32.8 nm SSXRL beam exhibits a circular energy 
distribution with a divergence of 0.67 mrad (half angular with at 1/e2) Wave-
front distortions were measured to be smaller than λ/17 (1.9 nm). Numerical 
simulations show that the properties of the measured wavefront and energy 
distribution of the SSXRL result from spatial filtering of the seed beam in the 
amplifying plasma column.  

2 Experimental setup 

The experiment was performed at the Laboratoire d’Optique Appliquée 
(LOA) using a 10 Hz, multi-terawatt Ti:sapphire laser system providing two 
independent 34 fs laser beams at a central wavelength of 815 nm [11]. The 
first IR laser beam, containing about 10 mJ, was used to generate the HOH 
beam inside a 7 mm long gas cell filled with 30 mbar of Ar. The 25th harmonic 
of the IR laser was closely matched to the wavelength of the lasing transition 
of the SXRL amplifier. A grazing incidence toroidal mirror imaged the output 
of the HOH source with a magnification of 1.5 at the entrance of the amplifier 
cell. The second IR beam, circularly polarized, was delivering ∼600 mJ on 
target. This pump beam, focused  to a spot diameter of 38 µm (at 1/e2) inside 
a 7.5 mm long gas cell filled with Kr, was used to create the OFI amplifying 
plasma column which drives the 3d94d (1S0)→ 3d94p (1P1) transition of the 
Kr8+ ion at 32.8 nm [12]. 

3 Far field pattern 

The spatial energy distribution of the SSXRL and HOH beams were measured 
after reflection from a removable 45°, soft X-ray mirror made of B4C/Mo/Si 
tri-layers, by a Charge Coupled Detector (CCD) camera. A 300 nm thin 
aluminium filter was used to block the IR beam. Figure 1(a) shows the energy 
distribution of the seed HOH. The HOH beam exhibits an astigmatic profile 
with horizontal and vertical divergence of 1.32 mrad and 0.48 mrad, respec-
tively, due to a slight misalignment of the toroidal coupling mirror. This HOH 
beam is then injected into the 32.8nm amplifier, set for optimized parameters, 
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i.e. filling pressure of 20 mbar, and cell length of 7.5 mm. The energy distri-
bution resulting from the amplification of the HOH beam into the plasma 
column is dramatically improved as shown in Fig. 1(b). The intense mono-
chromatic radiation is emitted in the direction of the HOH beam, and has a 
divergence of 0.67 ± 0.07 mrad (1/e2). The spatial beam distribution is nearly 
Gaussian. Note that such a high beam quality has never been observed for 
other plasma-based SXRLs. In general, SXRLs exhibit highly contrasted 
intensity modulations (or speckles) forming a complex and irregular pattern 
[13], which is a direct consequence of low spatial coherence combined with 
the high temporal coherence of the amplified spontaneous emission (ASE) 
radiation [2]. Here the amplification of the partially coherent HOH beam 
strongly enhances the spatial coherence and results in a smooth beam pattern. 

 
Fig. 1 Spatial profile of (a) the HHG and (b) the SSXRL beams. 

4 Wavefront measurement 

The wavefront of the SSXRL was measured with a soft x-ray Hartmann 
sensor [14]. In the Hartmann wavefront analysis a beam passes through a hole 
array and is projected onto a CCD camera that detects the beamlet sampled by 
each hole. The position of each individual spot centroïd is measured and 
compared with a reference position. The Hartman technique allows energy 
and phase to be measured simultaneously. The soft x-ray Hartmann sensor 
was made of a 100 microns thick, nickel plate placed at about 20 cm in front 
of a back-illuminated XUV CCD. The Nickel plate contained a matrix of 
51×51 square holes (80 µm×80 µm and separated by 380 µm), over an area of 
15×15 mm2. This diagnostic permits to reconstruct the wavefront with a 
resolution of λ/20 at 32.8 nm [15]. A more accurate analysis of the spatial 
coherence can be obtained by combining intensity and phase measurements to 
get full information on the complex amplitude of the laser field. In the plane 
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of the Hartmann detector, the complex amplitude of the laser field can be 
written as 

  (1) 

In this equation, is the distance between the detector and the entrance of the 
plasma,  and  are the beam divergences in the two directions 

perpendicular to the beam axis, is the laser intensity as reported in Fig. 1 
and  represents the fluctuation of the wavefront; corres-

ponds to a fully coherent, diffraction limited beam. Figure (2a) shows a typical 
example of the values of for the seed HOH beam, measured by the 

Hartmann sensor. The HOH beam exhibits large phase fluctuations, with an 
average distortion of about 0.3×λSXRL  root-mean-square (rms). The wavefront 
fluctuations in the case of the SSXRL beam are shown in Fig. 2b. In compari-
son to the HOH case (Fig. 2a), the amplitude of the wavefront fluctuations of 
the SSXRL are much smaller, with a rms value of only 0.058×λSXRL, which 
corresponds to less than λ/17 (1.9 nm). According to the Marechal criterion, 
which states that a system is regarded as well corrected if the wavefront distor-
tion does not exceed λ/14 [16], the generated SSXRL can be considered as a 
fully coherent diffraction-limited beam, which has never been demonstrated so 
far. Earlier works showed that neon-like Ar capillary discharge-driven SXRL at 
46.9 nm exhibits wavefront distortion of 3×λSXRL, which is, to our date, the only 
measurement performed for plasma-based SXRL source [17] . 

 
Fig. 2 Measured wavefront of (a) the HHG beam, and. (b) the seeded EUV laser at 
32.8 nm. 
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5 Reconstructed sources 

A simple theoretical analysis of the spatial coupling of the seed HOH beam 
into the plasma amplifier allows understanding how such a high beam quality 
can be achieved. As the intensity and the phase of the beams were measured 
using the Hartman sensor, the values of the complex amplitude of the electric 
field, Eq. (1), are known in the plane of the detector at each small hole posi-
tion. Using a minimization fit, these values are projected on a HG basis 
(18), to make possible the reconstruction of the complex amplitude of either 
the HOH beam or the SSXRL one anywhere on the path of the beam.  

The results of this analysis are presented in Figs 3. Figure 3(a) shows the 
HOH beam energy distribution reconstructed at the entrance of the amplifying 
plasma column, which is found to be oval with dimensions of 55×116 µm2 (at 
1/e2). The SSXRL energy distribution at the exit of the plasma is shown in 
Fig. 3b. It has a more symmetrical shape with a surface of 58×77 µm2 (at 
1/e2). These beam reconstructions indicate that, in terms of energy, the cou-
pling between the HHG beam and the amplifier is well optimized as 60% of 
the incoming energy is amplified by the plasma. Thus the spatial filtering is 
quite efficient because the main part of the phase distortion comes from the 
outer part of the HHG beam. 

 
Fig. 3 (a) Reconstructed profile of the HHG beam at the entrance of the amplifying 
plasma, and (b) reconstructed source size of the SSXRL beam. 

6 Spatial filtering simulation 

To analyze the importance of spatial filtering in the reduction of the wavefront 
distortions we used a simplified model in which the plasma is considered as a 
perfect amplifier, where the amplified output signal is a coherent reproduction 
of the input HOH beam. The plasma is assumed to be a cylinder of length 

=7.5 mm and of radius . The value for the Rayleigh length of the HHG 
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beam is one order of magnitude larger than , so that diffraction effect inside 
the plasma can be safely neglected. Therefore the complex amplitude for the 
SSXRL, at the exit of the plasma, takes the simple form  

 ESSXRL x, y, z = L( ) = GEH x, y, z = 0( )H R − x2 + y2( ) , (2) 

Where  is the amplifying factor,  is the heaviside step function and 

 is the complex amplitude defined in Eq. (1) for the HHG beam case. In 
Eq. (2), due to the large value of and also to absorption by non-ionized gas, 
the amplitude of the field outside the plasma has been set to zero. 

We see from Eq. (2) that, besides a constant factor, the influence of the 
plasma amplifier on the HHG beam is identical to the effect of a circular 
diaphragm.  was determined from Eq. (4), and projected 
again on the HG basis, in order to determine the complex amplitude of 

 in the plane of the Hartmann detector. These calculations 
were performed for plasma radius ranging from 15 µm up to 1000 µm. Figure 
4 shows the distribution of energy as determined from  for 
4 values of the plasma radius a) R= 100 µm, b) R= 50, c) R = 30 and d) R = 
20 µm. As observed in Figure 4, the energy distribution of the SSXRL is 
strongly modified for plasma radius smaller than 100 µm. For the larger 
radius Fig. 4.a, the HOH beam size at the entrance of the plasma (Fig. 3a) is 
smaller than the plasma size, and the amplified beam shape is not modified. 
By decreasing the plasma radius down to 25 µm, the beam evolves from 
astigmatic to a perfect circular beam, as observed experimentally. For a 
plasma of 30 µm (Fig. 4c), the divergence of the SSXRL beam is of 0.46 
mrad ×0.57 mrad, in reasonable agreement with our experimental measure-
ments 0.67 mrad (Fig. 1b). For a plasma radius smaller than 25 µm (Fig. 4d), 
the divergence of the SSXRL beam increases due to diffraction.  

 
Fig. 4 2D reconstruction of the far-field pattern of the SSXRL beam by spatial 
filtering of the HHG beam trough a plasma aperture with variable radius: (a) 100 µm, 
(b) 50 µm, (c) 30 µm, (d) 20 µm. 
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The variation of wavefront distortion as a function of the plasma radius is 
plotted in Fig. 5. It shows that for our experimental conditions, the wavefront 
distortions of the SSXRL beam are significantly reduced for a plasma radius 
smaller than 60 µm and that the diffraction limit (λ/14) is reached when the 
amplifying plasma radius is smaller than 37 µm. According to these calcula-
tions our measurements of the wave front suggest that the HOH beam was 
filtered by a 30 µm radius plasma column; this value is in good agreement 
with the ones determined from the divergence of the beam and from the 
energy distribution (Fig. 3a). The agreement between experimental observa-
tions and this simple analysis implies that the plasma amplifier has a very low 
level of transverse dispersion, much lower than the dispersion of the intensity 
of the IR pump beam. This is due to the highly non-linear character of the OFI 
process, in which the lasing ion Kr8+ can be produced without significant 
changes of the plasma properties, while allowing nearly one order of magni-
tude variation for the IR intensity. 

 
Fig. 5 Calculated wavefront of the of the SSXRL beam as a function of the plasma 
radius. 

7 Conclusion 

In conclusion, by seeding a laser created plasma amplifier we have demon-
strated that it is possible to generate an intense soft x-ray beam having all the 
optical properties of common visible/IR/UV lasers. Our measurements sug-
gest that thanks to the perfect wavefront it should be possible to focus the 
SSXRL beam into a near diffraction-limited spot, and thus achieve a soft x-
ray intensity close to 1015 W.cm-2. In a near future we anticipate a significant 
improvement of this concept, e.g. by using waveguiding technique to increase 
the length of the amplifier and thus boost up the output energy by at least one 
order of magnitude [19]. The excellent spatial beam quality, coupled to a high 
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longitudinal coherence make this source an excellent scientific tool  
for applications such as soft x-ray holography, phase contrast imaging, and  
microscopy. 
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Abstract. We have developed a new driver laser system with repetition rate of 0.1 Hz 
for the double target x-ray laser at Japan Atomic Energy Agency. We named the new 
driver laser TOPAZ. TOPAZ delivers two beams with energy of > 5 J and duration of 
~ ps. Ni-like Mo and Ag lasers at wavelength of 18.9 nm and 13.9 nm respectively 
have been successfully generated using TOPAZ. 

1 Introduction 

At Japan Atomic Energy Agency (JAEA), high quality x-ray laser (XRL) at 
the wavelength of 13.9 nm has been developed by means of the double target 
scheme [1]. The Ni-like silver laser is spatially full-coherent with diffraction 
limited beam divergence, 0.2 mrad. Using the double target XRL we already 
started a various of application studies such as holography, speckle measure 
measurement of condensed matter [2], interaction with cluster [3], XRL 
induced fluorescence [4], and so on. Because present driver system at JAEA 
adopts a Nd:glass rod amplifier as the power amplifier [5], generation of the 
x-ray laser is limited to be every 20 minutes due to the cooling time of the rod 
glass. In order to make more practical application studies, highly repeatable 
driver laser system is necessary. One of the candidates for the high-repetition 
driver laser is Ti:sapphire laser. By means of the gracing incident pumping 
scheme (GRIP) [6], 10-Hz XRLs have already been demonstrated [7-9]. The 
other approach is developing a new driver laser which can provide > 5 J and 
picoseconds pulse. Although GRIP using Ti:sapphire laser has an advantage 
in repetition rate, the XRL output energy is a few µJ at maximum and it is 
difficult to produce shorter wavelength XRL than 10 nm. Considering future 
extension to shorter wavelength XRL and higher energy XRL pulse, we 
decide to develop CPA laser with zigzag slab Nd:glass amplifiers. A name of 
the new driver system is “TOPAZ” (Twin OPtical Amplifiers using Zigzag 
slab). In this paper, a design of TOPAZ and  results of XRL generation.  
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2 System Configuration of TOPAZ 

TOPAZ bases on the CPA laser with zigzag slab Nd:glass amplifiers, which 
consists of the oscillator, pulse stretcher, OPCPA preamplifier, prepulse 
generator, zigzag slab Nd:glass power amplifiers, pulse compressor, and 
optics for producing a line focus on the target. Because two beam lines are 
necessary for the double target XRL, the laser light is divided into two beams 
after the OPCPA and following components are set up independently on each 
other.  

The oscillator is a mode-locked Ti:sapphire laser (Spectra-Physics; TSU-
NAMI) pumped by 10-W diode-pumped solid state laser (Spectra-Physics; 
Millenia). The centre wavelength is 1053 nm and the spectral bandwidth is  
20 nm in the full width at the half maximum (FWHM). The oscillation fre-
quency is 80 MHz with typical power of 300 mW (~ 4 J / pulse). The pulse 
stretcher consists of a diffraction grating with 1740 grooves/mm, a spherical 
mirror with focal length of 1500 mm, flat mirror, and staring mirrors. A chirp 
of 250 ps/nm is generated by 4-path stretcher. After the stretcher, spectral 
bandwidth is limited to be 8 nm by the optics size. Output power is 100 mW 
(~ 1 nJ/pulse).  

The stretched pulse is amplified by OPCPA. The pump source is 532-nm 
light from Q-switched YAG laser with seeder (Continuum; Powerlite Preci-
sion II) with 8-ns duration and 700-mJ energy. Total gain over 106 is obtained 
by using four BBO crystals at the pump intensity of 100 MW/cm2. The output 
energy from the OPCPA is more than 10 mJ with the spectral bandwidth of 8 
nm. A root mean square of energy fluctuation is 7.6%. The contrast ratio of 
the amplified laser pulse to the background is better then 104, shown in Fig. 1. 
Here the repetition rate is 10 Hz.  

 
Fig. 1 Contrast of the amplified pulse by OPCPA. 
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After the OPCPA the laser pulse is divided into two beam lines for the 
double target scheme. Then each laser light is split into two pulses; one be-
comes prepulse and the other main pulse. Additional negative chirp is applied 
for the prepulse component by using grating pair in the compressor configura-
tion. Pulse separation between the prepulse and main pulse is adjusted by a 
delay line in the mainpulse path. Then two pulses are combined with a beam 
splitter. Here the prepulse conditions, i.e. separation and intensity, of each 
beam line can be decided independently. 

The main power amplifier consists of two Nd:glass zigzag slab amplifiers. 
The laser glass is a silica-phosphate with 1.0 wt.% Nd (Schott; APG-1). The 
first amplifier is used to amplify the laser light up to ~1 J with beam size of 10 
x 10 mm2 by using a laser glass of 15 x 17 mm2 in cross-section and 99 mm in 
length. The laser glass is pumped by eight Xe flash lamps (four lamps on each 
side) from the side faces. The first amplifier is put into an image-relay cavity 
consisting of spherical lens pair and flat end mirrors. After the laser light is 
amplified up to ~ 1 J by multi-pass amplification in the cavity, it is extracted 
by means of polarization control using a pockels cell and a polarizer. Then the 
laser light is expanded to be 90 x 10 mm2 by cylindrical lenses and goes to the 
second zigzag slab amplifier using larger laser glass of 110 x 17 mm2 in cross-
section and 205 mm in length. Here twenty four Xe flash lamps (twelve lamps 
on each side) are used for pumping. The stored energy density estimated from 
the small signal gain for each amplifier is 0.3 J/cm3. Details of these amplifi-
ers are described in Ref. 10. Figure 2 shows a preliminary result of amplifica-
tion at 0.1-Hz repetition rate for 30 contiguous shots. The mean energy is 10.7 
J with fluctuation of ~ 7% in the root mean square. Then the amplified laser 
light is reshaped by cylindrical lenses to be 80 x 80 mm2 while going to the 
pulse compressor. The pulse compressor consists of three diffraction gratings 
with 1740 grooves/mm and flat mirrors set in a vacuum chamber [3]. 

 
Fig. 2 Energy output and stability of TOPAZ. 
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Fig. 3 Main pulse shape after compression. 

Figure 3 shows the temporal shape of the compressed main pulse measured 
by a streak camera. Considering the instrumental resolution, the pulse dur-
ation is 3.5 ps at this time. It is noted that shorter duration, around 1-ps, can be 
possible by tuning the pulse compressor. Then the compressed laser lights are 
focused on the targets in a line shape by means of off-axis parabolic mirrors 
[3]. Throughput of the compressor and line focusing system is about 70%, 
therefore on-target laser energy is ~ 7.4 J. 

3 XRL generation using TOPAZ 

Using TOPAZ, we demonstrated XRL generation with Ni-like Mo (λ = 18.9 
nm) and Ni-like Ag (λ = 13.9 nm). Pulse duration of the main pulse was 10 ps 
and 3 ps for Ni-like Mo and Ni-like Ag respectively. For the both case, pre-
pulse of 400-ps duration was set at 2.5 ns before the main pulse. A lasing 
spectrum of the Ni-like Mo laser and a far field pattern of Ni-like Ag laser 
were clearly observed shown in Figs. 4. The XRL generation strongly de-
pended on the prepulse condition. It should be noted that in case of the irradi-
ation without prepulse, the XRL couldn’t be observed. The optimization of 
the prepulse condition for XRL generation is still going on. 

4 Summary 

We developed new driver laser system, TOPAZ, for double target XRL at 
repetition rate of 0.1 Hz. TOPAZ provided high contrast laser light with 
energy of 7.4 J and duration of 3.5 ps. A prepulse of a few hundreds ps is 
added before the main pulse. Separation between the main pulse and the 
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prepulse can be adjusted. Using TOPAZ, Ni-like Mo laser at the wavelength 
of 18.9 nm and Ni-like Ag laser at the 13.9 nm are successfully observed. 
Optimization of irradiation condition, especially prepulse condition, for the 
single and double target XRL generation is continued.  

 
Fig. 4 Spectrum of Ni-like Mo XRL and far field pattern of Ni-like Ag XRL obtained 
by using TOPAZ. 
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Part 4 – Optical-Field-Ionised (OFI) X-Ray Lasers 



Toward Ultraintense Compact RBS Pump for 
Recombination 3.4 nm Laser via OFI 
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Abstract. In our presentation we overview progress we made in developing a new 
ultrashort and ultraintensive laser system based on Raman backscattering (RBS) 
amplifier /compressor  from time of 10th XRL Conference in Berlin to present time of 
11th XRL Conference in Belfast. One of the main objectives of RBS laser system 
development is to use it for pumping of recombination X-ray laser in transition to 
ground state of CVI ions at 3.4 nm. Using elaborate computer code the processes of 
Optical Field Ionization, electron energy distribution, and recombination were calcu-
lated. It was shown that in very earlier stage of recombination, when electron energy 
distribution is strongly non-Maxwellian, high gain in transition from the first excited 
level n=2 to ground level m=1 can be generated. Adding large amount of hydrogen 
gas into initial gas containing carbon atoms (e.g. methane, CH4) the calculated gain 
has reached values up to 150 – 200 cm-2  Taking into account this very encouraging 
result, we have proceed with arrangement of experimental setup. We will present the 
observation of plasma channels and measurements of electron density distribution 
required for generation of gain at 3.4 nm.  

1 Introduction 
The soft X-ray (SXL)  and XUV lasers, due to their presently compactness, 
excellent beam quality and very reliable operation in wavelength range of 10 
– 50 nm becomes practical tools for high resolution microscopy, micro-
holography, very high plasma density measurements, applications to semi-
conductor surface studies, and nano-lithography[1-4]. A key element here is 
the cost and availability of these devices, and intensive efforts was made to 
develop such compact soft x-ray lasers that their suitability for applications in 
academic and industrial laboratories became reality. 

However right now, in our opinion (opinion also expressed at this confer-
ence), the crucial issue is development of a compact, repetition rate ≥ 1Hz X-
ray laser in “water window’. This and applications of present SXLs should be 
“two legs” on which X-ray laser field would move towards wider recognition 
and broader implementations worldwide. We believe that now we have very 
good chances in  succeeding of development recombination 3.4 nm laser. 

Our recent computer modeling [5-7] provides us with good “receipt” about 
generating high gain in 2-1 transitions in CVI ions. We have now also appro-
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priate laser for fast Optical Field Ionization(OFI) of carbon ions. This laser 
(~15 TW, 100 fsec Ti/Sapphire laser) can provide required intensity, accord-
ing to results of calculations, of ~ 1019 Watt/cm2 at the fundamental (0.8µm) 
and second harmonic (0.4µm) wavelengths. This Ti;Sapphire laser will be 
replaced in future by presently being developed at Princeton more powerful 
and more compact laser system base on Raman Backscattering (RBS) ampli-
fication and compression in plasma.  

Beside X-ray laser development, ultrashort and ultraintensive pulse lasers 
become important for an increasingly large range of applications. The RBS 
amplification and compression for creation of ultrahigh intensity laser pulses 
may provide an alternative to the Chirped Pulse Amplification (CPA) method, 
which for two decades enabled tremendous progress in the generation of such 
pulses. The new RBS technique should be especially important for the devel-
opment of 20-30 femtosecond pulses with intensities reaching 1020 W/cm2 
[8,9] and later 1021 W/cm2 in quite compact, university size, systems. We also 
expect that the outcome from this effort will show a path towards RBS laser 
operating at intensities of 1024-1025 W/cm2 [10,11].  

In next Section 2 we describe our recent (i.e. after Inter. X-Ray Laser Con-
ference in Berlin, 2006) results on RBS amplification and compression, 
following by Section 3 on the most important results of calculations for de-
velopment recombination 3.4nm laser and status of experimental setup. 

2 Single and Double Pass Raman Backscattering Amplifier and 
Compressor 

Compression of high laser energies through CPA [12] requires a large aper-
ture diffraction grating, to avoid laser-induced damage. The above limits on 
CPA remain true, notwithstanding recent improvements through nonlinear 
optical techniques that have extended the range of frequencies, powers, in-
tensities and pulse durations [13-15]. However, both CPA and derivative 
techniques [16] still rely upon time-stretching and time-recompressing of a 
short pulse. Hence, higher laser pulse energies can only be contemplated 
through larger diffraction gratings [17]. Plasma is clearly the medium of 
choice for laser pulses of extremely high power densities, and this is the basis 
of the ultraintense lasers we are in process of developing. 

 
a. Enhancing the amplification and energy efficiency of the Raman Back-
scattering Amplifier and Compressor. Raman Backscattering Amplifier and 
Compressor scheme is based on the resonant interaction of two counter-
propagating electro-magnetic waves, known as pump and seed, to convert 
energy stored in the long pump pulse to the short seed pulse. More specifi-
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cally, in plasma the interaction of pump and seed, with frequencies of ωpump 
and ωseed, respectively, excites a longitudinal plasma wave (Langmuir wave), 
whose frequency ωpe is determined by the plasma density. Under the resonant 
condition, ωpump = ωseed + ωpe, the plasma-mediated three wave interactions 
scatter energy from the pump to the seed. The output pulse undergoes simul-
taneous amplification and compression, and since plasma as the gain medium 
is impervious to optical damage, the short pulse can grow to extraordinary 
power.  

We have demonstrated [8, 9] that by increasing the plasma amplification 
bandwidth and more efficient utilizations of the pump energy with a double 
pass design, the performance of Raman Backscattering Amplifier and Com-
pressor can be significantly enhanced and the efficiency of energy transfer 
from pump pulse to amplified pulse can be very much improved. Figure 1 
shows the experimental setup. We started from the first pass of amplification 
(removing dichroic mirrors M1 and M2 from the setup). The long pumping 
pulse (central wavelength 803nm, bandwidth of ~12 nm and pulse duration of 
~ 20ps) enters the 2 mm long plasma channel from the right. The plasma 
channel is preformed by ionizing an ethane gas jet using a prepulse of 
1064nm wavelength, ~6ns pulse duration and ~500mJ pulse energy. The 
pumping pulse interacts with the short seed pulse (central wavelength 878nm, 
with a bandwidth of ~9nm and pulse duration of ~ 500 fsec), which is injected 
from the left to the plasma channel.  

The temporal overlap between the pump and the seed was initially roughly 
achieved through the pump and the seed cross signal in a second-harmonic-
generation (SHG) crystal and then fine-tuned with the pump delay stage by 
looking for the maximum amplification during the experiment. The spatial 
overlap was first obtained by using diagnostic and imaging systems which 
consists of two He-Ne beams, alignment optics and a CCD camera. We then 
adjusted the pump reflecting mirror M3 to tilt the injection of the pump in 
respect to the axis of the plasma channel. The plasma density profile had a 
plateau on its axis with increasing density along the radial direction due to 
expansion the plasma channel [8, 9]. Therefore, a plasma density gradient was 
introduced along the pump seed interaction path by letting the beam go 
slightly “off axis”. Taking into account that as the laser pulse propagates 
through the plasma with off-axis geometry, its direction will be modified by 
the plasma gradient due to refraction, in the experiment we gradually adjusted 
and searched for the optimal pump direction and path in the plasma channel. 
The seed beam direction and path was adjusted accordingly (with seed reflect-
ing mirror M4) to ensure its best overlap with the pump for the optimal RBS 
amplification. The optimal RBS amplification was indicated by the maximum 
gain and the widest amplified seed spectrum, therefore the shortest seed pulse 
width. 
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Fig. 1 Schematic diagram of the experimental set-up. Dichroic mirror M1 has high 
reflectivity at 878nm (reflecting seed) and high transmission at 803 and 1064nm. 
Dichroic mirror M2 has high reflectivity at 803nm (reflecting pump) and high 
transmission at 803 and 1064nm. M3, M5 and M4 are reflecting mirrors for pump, 
prepulse and seed, respectively. L1 and L2 are the focusing lens and BS1 and BS2 are 
beam splitters.  

Introducing a plasma density gradient along the path of pump and seed 
interaction imparts a larger amplification bandwidth for RBS. As the ampli-
tude of the input seed grows during propagation in plasma, its bandwidth also 
increases and large bandwidth of the seed pulses result in breaking down of 
the resonant condition. Increased bandwidth of the plasma along the path of 
the interaction can enhance coupling between the pump and seed and leads to 
increased output seed energy. It is also noticed that the pump pulse was 
chirped, which comes from the procedure of lengthening the pump duration 
from its maximum compression (100fs, minimum chirp), to the desired pulse 
length of ~20ps. A chirped pump requires different resonant conditions along 
the plasma channel for different frequency component, and hence a properly 
introduced plasma density gradient can compensate for the pump chirp and 
enhance the RBS amplification. 

After obtaining the maximum amplification for the first pass, we proceeded 
to the second pass by inserting a dichroic mirror (M2) of high reflectivity at 
803 nm and high transmission at 878 and 1064 nm between M4 and L2. Sym-
metrically, another dichroic mirror (M1) of high reflectivity at 878 nm and 
high transmission at 803 and 1064 nm was inserted between M3 and L1. 
Setting up a second pass of RBS gain was based the observation that even for 
large amplification and compression in the first pass, only a small fraction of 
the total pump energy is being used. About 80 – 85% of the initial pump 
energy has passed through. Therefore a second round of amplification from 
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reflecting the “unused” portion of the pump energy and the already amplified 
seed and having them interact again in the same plasma further improves the 
pumping efficiency. In the second pass, the temporal synchronization between 
pump and seed was adjusted by the horizontal position of the dichroic mirror 
M2; and the spatial overlap was obtained with the assistance of the diagnostic 
and imaging systems. 

Fig. 2 shows the output energy of the amplified seed in the first pass 
(squares points) and in the second pass (circle points) versus the temporal 
delay of the pump pulse. 0 delay means that pump and seed overlap through-
out the whole plasma length. For both positive and negative delays, since the 
pump and the seed pass part of the plasma without interacting with each other, 
the gain drops down. The input pump energy in the first pass was ~ 87mJ and 
the input seed energy was ~16µJ. Taking into account plasma transmission of 
the pump beam (including pump energy transfer to the seed), and losses of the 
pump on optical surfaces while returning to the plasma for the second interac-
tion, the input pump energy in the second pass was estimated only ~56mJ. 
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Fig. 2 Energy gain in the first (squares) and second pass (circles) with the input seed 
energy ~16µJ. The pump energy in the first pass was ~87 mJ, and in the second pass 
was ~56 mJ, which takes into account the pump losses while returning to the plasma 
for the second pass. The solid lines are curve fitting results to guide the eye. 

With the maximum output energy shown in Fig. 2 ~5.6mJ from the second 
pass, and ~3.3mJ from the first pass, we measured a factor of 1.7 in increase 
of the pulse energy after the second pass. Since the pump energy in the second 
pass was slightly less than in the first pass, a new parameter which we called 
the “effective” gain length Leff was introduced to better clarify the amplifica-
tion process: Leff  = L × Ppump, where L is the plasma length and Ppump is the 
pump power per square of beam diameter . Because pump pulse duration is 
the same for both passes and in the first approximation we can assume that 
also pump beam diameter is the same for the first and second pass, hence we 
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can replace Ppump  by pump energy Epump in Leff : Leff1 = 2mm × 87mJ and Leff2 
= 2mm × 56mJ. The ratio of the accumulated effective gain length after the 
second pass with that of the first pass (Lefff1 + Leff2) / Lefff1  = 1.6, is not far 
from the measured energy output  ratio of 1.7, indicating an almost linear 
grow of the output energy with the effective gain length. 

Fig. 3 shows the measured output pulse width τ versus the output energy E. 
A least mean square error curve fitting of Eaτ  = const indicated that a ≈1, 
which is consistent with theoretical prediction [10] 

  (1) 

Here gM is the maximum vector potential of the amplified pulse, and gM∝ 
(E/τ)1/2. Using this relationship, we estimated the output pulse width after the 
second pass to be ~50fs based on the obtained second pass energy of ~ 5.6mJ. 

 
 
 
 
 
 
 
 
 

Fig. 3 The relationship between the measured output pulse width and the output 
energy, with the input seed energy ~16µJ.  

b. Extending the region of resonance. With the gain increase from the 
second pass, the energy conversion efficiency from the pump to the seed 
reaches ~6.4%, a factor of more than 6 improvement compared to the best of 
our earlier result[18] .To further improve the efficiency and performance of 
the system, we were searching for the optimal operating conditions. Fig. 4 
shows the amplified seed energy vs. the tilting angle of the pump beam in 
both x (left panel) and y (right panel) directions in the first pass, with pump 
energy ~100mJ and input seed energy ~16µJ. The best tilting angles were 
found to be ~5-6 degrees for x and y directions. It is interesting to note that 
these angles match the conditions in the Grazing-Incident Pumping scheme 
for soft x-ray lasers[19], where sin2(θ) = ne/nc, θ is the grazing incident angle, 
ne is the electron density and nc is the critical plasma density. 
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Fig. 4 The relationship between the tilting angle of the pump beam in both x(left)  
and y(right) directions in the first pass, , pump energy ~100mJ and input seed  
energy ~16µJ.  

We should also notice that all our previous results were obtained in a 
~2mm plasma. As theory indicated, for a certain pump intensity and wave-
length, the optimal plasma gain length is limited by instabilities such as Ra-
man Forward Scattering and Modulational instability. Under the condition 
that the plasma wave breaks near its first maximum, the optimal plasma 
length is given by [10] 

  (2) 

Here zM and Λ are the location of the first maximum in the amplified pulse 
and the number of exponentiations in the instability. For pumping intensity ~ 
2 × 1014 W/cm2 and pump wavelength λ = 800nm (these are typical param-
eters used in the experiment), Lamp ~ 3-6mm [10]. Recently, we demonstrated 
that a ~4mm plasma channel with the desired on-axis and radial density can 
be generated with 2 prepulses (Fig.5, also [9]), which should increase the gain 
length for RBS amplifier to further improve amplification and energy conver-
sion efficiency. 

 
c. To reach intensity of 1020 W/cm2 in focus. In Fig.5 is shown a new setup 
for development RBS amplifier & compressor to reach intensity of 1020 
W/cm2 [9]. We will use newly installed 2 J Ti/Sapphire amplifier (~1.5 J after 
compressor) and a plasma channel that is 4 mm long and ~0.25 mm diameter 
for propagation the pump and seed with beam diameters ~0.20 mm, hence 
much larger than being use in recent experiments. Our extremely good recent 
results for intensity amplification and pulse compression [8], which are al-
ready close to the conditions required for generation very high intensity in 
focus, indicate that with more than order of magnitude higher pump energy 
our near future goal should be obtainable.  
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Fig. 5 Schematic and photo of a new setup for RBS laser with focus intensity of  
1020 W/cm2  

To further improve the efficiency and performance of the system, we have 
concentrated our effort on generating good, 4 mm plasma channel [9]. In 
order to increase the plasma channel length from 2mm to 4mm in our new 
setup, the Rayleigh length of the ionization prepulse was increased by at least 
a factor of 2, and the prepulse energy was doubled to keep the intensity at the 
same level.  

Additionally, in generating longer plasma, the temporal shape and spatial 
distribution of the prepulse might cause instabilities in the ionization process 
and affect the formation and longitudinal uniformity of the plasma channel. 
Therefore, our solution to this problem was to use two ionization pulses (two 
prepulses, prepulse1 and prepulse2). The foci of the two prepulse beams were 
adjusted and slightly separated (by ~0.5mm) along the axis of the plasma 
channel.  

Fig. 6(a) shows the interferogram and Fig. 6(b) shows a 2-dimentional den-
sity profile of the plasma channel formed by two prepulses. The interferogram 
and the plasma density profile were obtained using a Mach-Zehnder interfer-
ometer. The two prepulses were both generated by two Nd:YAG lasers. 
Prepulse1 was ~ 10 ns with a focused spot size diameter  ~ 65µm and  
~300mJ beam energy and prepulse2 was ~ 6 ns also with a focused spot size 



Toward Ultraintense Compact RBS Pump for Recombination 177 

diameter ~ 65µm and ~700mJ beam energy. The plasma was probed at a 
delay of ~22ns after prepulse1 and at a delay of ~16ns after prepulse2. It can 
be seen from Figs.6(a,b) that the plasma channel has a length of ~4mm with 
desired on-axis electron density and good its radial distribution for channeling 
laser  beams. Obtained very good 4 mm plasma channel is very important 
result not only for our near future experiment but also for all our future ex-
periments. Also very good plasma channel and relatively large diameters of 
the pump and seed will be very beneficial to obtain wave front  amplified 
pulses close to diffraction limit ( for experiment in [8] we measured amplified 
pulses to be near 2 – 2.5 diffraction limit even for much less favorable condi-
tions for pulses propagation in plasma). 
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Fig. 6 Interferogram (a) and 2-dimentional density profile (b) of the ~ 4mm plasma 
channel for SRBS amplification (note: very good plasma uniformity along axis with 
appropriate density radial gradients  for channeling of laser beams). 

3  X-Ray Laser: Computer “Prescription” and Experimental 
Arrangement for  Gain Generation in “Water Window” at 3.4nm  

The main attraction of generating lasing in the transition to ground state of 
ions is its high quantum efficiency and favorable scaling to shorter wave-
lengths of the gain. It is possible to achieve lasing within the “water window” 
using relatively moderate energy (1 -2 J/pulse) lasers as pumps at repetition 
rate ≥ 1Hz. Our calculations [5-7]  have shown the feasibility of achieving 
high gain with a recombination scheme in the  2→1 transition of CVI using 
ultrashort laser pulses (below100 fsec)  with peak intensity in order of  Ip ~ 
1019 Watt/cm2. The ultrashort pulses are required in order to create strongly 
non-equilibrium plasma (strongly non-Maxwellian electron energy distribu-
tion) and generate minimum heat of the plasma during process of ionization, 
while atoms in lasing plasma column are totally stripped of electrons. These 
are crucial conditions for creation population inversion (hence a gain) in 
transition to ground states of hydrogen-like ions in general, and for 2-1 transi-
tion in CVI ions, in particular.  

(
b) 

(
a) 
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Presently the best way to satisfy above mentioned conditions is to use opti-
cal-field-ionization (OFI) [20-22] by means of ultraintense and ultrashort laser 
pulses. After the ions are fully stripped of their electrons they recombine by 
three-body recombination. The rate of such recombination is proportional to 
Ne

2 and n4 (Ne is electron density, and n is the principal quantum number of 
the ion state). Therefore the  transition from C6+ to H-like CVI occurs pri-
marily to the states with high n. Collisional transitions to level n = 2 occurs 
faster than to ground level n = 1, creating population inversion between levels 
n = 2 and n = 1. 

 
a. Computer modeling results. We have developed an elaborate numerical 
model to characterize recombination gain in the 2 – 1 transition of C VI ions 
at 3.4 nm [7]. Recombination gain relies on having fully stripped C6+ ions in 
relatively cold plasma. The ionization mechanism that is used to achieve these 
fully stripped ions is tunneling ionization by ultrashort, ultraintense (with 
intensities in the range of 5x1018 – 1019 W/cm2) laser pulses. Due to the short 
pulse duration, minimal heating is produced during the ionization. However, 
when calculating the average energy that is absorbed during the ionization we 
found that the absorbed energy still corresponds to an electron temperature 
that would not allow for significant population inversion in the transition to 
ground state. Only by taking into account the actual phase-space distribution 
function of the plasma, including effect from the non-Maxwellian electrons 
distribution function after ionization, high gain is indeed feasible for the 2 – 1 
transition[6].We have also shown that the gain can be enhanced and become 
less stringently-dependent on exactly matching the values of the experimental 
parameters, if quite large amount of hydrogen gas is added into the initial gas 
containing carbon atoms (e.g. methane, CH4). In calculations hydrogen atoms 
density was as high as 95% of total gas density of potentially lasing medium 
for final electron density ~  1020/cm3. Although diluting carbon density (gain 
G is proportional to the density of CVI ions) has negative effect on max gain 
for given plasma electron density, which is limited approximately to 1020/cm3 
for lasing to ground state of CVI ions, nevertheless lower  plasma temperature 
with such hydrogen concentration has much more positive effect on recombi-
nation rates, hence on gain. 

The recombination was calculated by solving the rate equations, taking into 
account all the relevant atomic (ionic) processes. The values of the rate co-
efficients in the rate equations were obtained by integrating the cross-sections 
over the actual non-Maxwellian, time-dependent, electron distribution func-
tion that was obtained from the Fokker-Planck equations (Fig. 7). The results 
for gain G (in cm-1) for CVI 2 – 1 transition for 2 different diameters of pump-
ing laser beam (50 fsec,1019 W/cm2 ) versus 3.4nm beam diameter as a func-
tion of time were obtained[7].The gains as high as G ≈150-200 cm-1 were 
calculated. From the experimental point of view, probably the most positive 
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result is the one with 15 µm pumping beam diameter, for which the gain about 
80cm-1 is expected in up to 2.5 µm of X-ray beam diameter and lasting for 
~0.6 psec.  
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Fig. 7 Non-Maxwellian electron energy distribution function compared with 
Maxwellian distribution function for the same total energy for electrons. These 
distribution functions were calculated for the end of ionization time. Most of the 
electrons are concentrated in the lower energy region and participate in three-body 
recombination, whereas contribution of highly energetic electrons to recombination 
process is negligible. 

b. Experimental Arrangement and Creation Plasma Channels. Our setup 
for development 3.4 nm laser is already constructed and we start using it for 
plasma channel creation (Fig, 8) and its density measurements relevant to gain 
generation in CVI ions. The experimental setup is shown in Fig. 9. In this 
setup we have relied on H. Milchberg and his group’s pioneering works on 
“plasma fibers” for guiding high intensity laser beams through the plasma 
[23-26]. They have shown that combining axicon, which provides Bessel 
function type of elongated focus, with spherical lens can provides excellent 
plasma channel for X-ray laser development [27]. 
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Ti/Sapphire laser 
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Abstract. We experimentally demonstrate that the plasma waveguide can be effi-
ciently produced in a pure Xe, Kr, and Ar cluster jet operated at a high backing 
pressure with axicon ignitor-heater scheme. The lasing photon number of Ni-like Kr 
laser at 32.8 nm generated in waveguide is dramatically enhanced by about three 
orders of magnitude in comparison to that without plasma waveguide, resulting in a 
photon number of 8×1010 and an energy conversion efficiency of 2×10-6 with a pump 
pulse of just 235 mJ. Due to the high atom density and long gain length provided by 
the plasma waveguide, Ne-like Ar laser at 46.9 nm is achieved in OFI plasma channel 
at the first time and simultaneous lasing in two ion species is also generated in a 10-
mm gas jet with Kr and Ar mixtures. With sufficient x-ray photons, we show that x-
ray digital holographic microscopy can be achieved in single-shot measurement 
providing a spatial resolution of < 500 nm and a temporal resolution of < 10 ps. 

1 Introduction 

Since the first collisionally excited optical-field-ionization (OFI) x-ray laser 
was demonstrated by Lemoff et al. for the 5d-5p transition of Pd-like xenon at 
41.8 nm [1], OFI collisional-excitation x-ray lasers pumped by femtosecond 
high-repetition-rate lasers have been shown to be a promising scheme that 
meets the requirements of practical applications. Saturated lasing of the same 
spectral line with an output of 5×109 photons/pulse using 330 mJ pump pulses 
was achieved by Sebban et al. [2]. Later, strong lasing at 32.8 nm for the 4d-
4p transition of Ni-like krypton with 3×109 photons/ pulse has also been 
demonstrated using 760 mJ pump pulse by the same group [3]. All these 
results were achieved by focusing an intense, circularly polarized laser pulse 
into a gas cell filled with pure xenon or krypton. In view of the versatility of 
gas jets, our group demonstrated nearly saturated x-ray lasing in xenon and 
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krypton clustered gas jets with outputs of 2×1010 x-ray photons/pulse and 
1×109 photons/ pulse, respectively [4,5].  

In OFI x-ray lasers, longitudinal pumping is the preferred choice to meet the 
requirements of high-intensity pumping and travelling-wave pumping. A seri-
ous problem for longitudinally pumped gas-target x-ray lasers is the limited 
gain length caused by ionization-induced refraction [2,4]. Implementation of a 
waveguide to maintain a small beam size over a long distance is the best solu-
tion to increase the length of gain region for the x-ray lasing. Recently, en-
hancement of OFI x-ray lasing in preformed plasma waveguides driven by 
discharge was reported. The gain media were a capillary tube filled with xenon 
and buffer gas [6] or a multi-mode capillary waveguide [7]. Up to 1.5×1011 
photons/ pulse was produced by using a pump energy of 1 J. Here we report the 
demonstration 400-fold enhancement of the OFI krypton 32.8-nm laser in a gas 
jet by an optically preformed plasma waveguide. The large gain-length product 
also resulted in lasing at an additional line around 33.5 nm. Optically preformed 
plasma waveguide in a gas jet [8–10] is most favorable among all the guiding 
methods reported because it allows guiding of the pump pulse and the lasing x-
ray pulse simultaneously and damage-free long-term highrepetition-rate oper-
ation for practical applications. With the assistance of plasma waveguide, the 
high-threshold low-gain transition in Ne-like Ar ions at 46.9 nm is also 
achieved in OFI plasma channel at the first time, demonstrating the capability 
of guiding the pump beam at high intensity in the waveguide. Besides, taking 
advantage of the high atom density and large gain length provided by the 
plasma waveguide, simultaneous lasing at 32.8 and 46.9 nm in two ion species 
is generated in a 10-mm gas jet with Kr and Ar mixtures. 

The difficulty in the development of x-ray imaging has been the light-
source requirements. Bright, fully coherent illumination is necessary, which 
generally has meant the use of large-scale, limited-access facilities such as 
third-generation synchrotron radiation sources [11], or x-ray free electron 
lasers [12]. In this paper, we also report the demonstration of flash digital 
Fourier holographic microscopy with single exposure pulse from a tabletop 
optical-field-ionization Ni-like Kr x-ray laser at 32.8 nm [13]. An imaging x-
ray concave mirror is added between CCD and sample to overcome the limit 
of the pixel size of CCD and increase the effective numerical aperture of the 
imaging system simultaneously. The amplitude and phase contrast images of 
sample are obtained by numerically solving Fresnel integral for a certain 
propagation distance via 2D fast Fourier transforms. For a 1024 × 1024 
hologram, the reconstruction process takes only 1 second in a fast PC. In 
addition to the capability of high-speed imaging and post-processing, this 
technique also provides the way, like optical microscope, to study large ob-
jects and their details with adjustable field of view. By translating the object 
away from or toward the x-ray concave mirror, one can observe the sample in 
large scale and then zoom in to a small region of interest. 



High Brightness Optical-Field-Ionization X-Ray Lasers 185 

2 Experimental Setup  

The experimental setup was similar to that described in [13]. A 10-TW, 45-fs, 
810-nm, and 10-Hz Ti:sapphire laser system based on the chirped-pulse 
amplification technique was used in this experiment. The pump pulse was 
focused by an off-axis parabolic mirror of 30-cm focal length onto a cluster 
jet. The focal spot size of the pump pulse was 10-µm diameter in full width at 
half maximum (FWHM) with 85% energy enclosed in a Gaussian-fit profile. 
A quarter-wave plate was used to change the pump polarization. The clustered 
gas jet used for this experiment is produced from a slit nozzle and a pulsed 
valve. The gas-jet profile has a flat-top region of 8 mm length and a boundary 
of 500 µm length at both edges along the long axis. The preformed plasma 
waveguide was produced in pure krypton gases or the mixture of krypton and 
hydrogen gases with the axicon ignitor-heater scheme. The ignitor was a 
compressed 45 fs pulse, and the heater was the uncompressed beam with a 
pulse duration of 160 ps. They were focused by an axicon of 30◦ base angle to 
a line focus of >10-mm length. The longitudinal intensity distribution of the 
line focus can be approximately controlled by a beam expander installed 
before the axicon. A relay-imaging system was used to measure the injection 
beam profile at the end of the plasma waveguide to verify the guiding of the 
injection beam. The on-axis diagnostic was a flat-field spectrometer (FFS) 
made of an aperiodic grazing-incidence grating with an average groove den-
sity of 1200/mm and a back-illuminated 16-bit soft x-ray CCD camera. Mach-
Zehnder interferometry with a probe pulse passing transversely through the 
cluster jet was use to monitor the beam propagation and waveguide formation. 

 
Fig. 1. Schematic diagrams of the experimental setup of soft x-ray digital 
holographic microscopy. 
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The experimental setup of x-ray digital holographic microscopy is shown in 
Fig. 1. A 0.25-µm-thick aluminum filter was used to eliminate the copropa-
gating driving laser light. The x-ray holographic microscopy consisted of 
three Mo/B4C/Si multilayer mirrors with a reflectivity of 19% at 32.8 nm and 
a 16-bit back-illuminated x-ray CCD camera. The first x-ray concave mirror 
of 30-cm focal length was used to collect and focus the 32.8-nm beam and the 
second x-ray concave mirror of 20-cm focal length was used as an imaging 
lens. The 45° flat mirror was used to redirect the x-ray beam to the x-ray CCD 
camera. The holograms were recorded by the x-ray CCD camera with a 1024 
× 1024 array of 13-µm pixels. The sample was placed between the two x-ray 
concave mirrors and the inherent magnification of this imaging system was 
7.6. An AFM cantilever and a carbon-foil mesh were served as the test objects. 
The physical characteristics of the AFM cantilever are as follows: cantilever 
length 125 µm, width 30 µm, thickness 4 µm, tip height 10‐15 µm. The 
carbon foil is a square mesh made of a two-dimensional array of 7 µm × 7 µm 
holes and 2-µm bars with 20-nm thickness. The objects were mounted on a 
motorized translation stage moving parallel to x-ray beam propagation. 

 
Fig. 2. Interferograms of the plasma taken at 10 ps after the pump pulse passed 
through the gas jet. (a) Using only the pump pulse with a focal position at 2.75 mm 
behind the entrance of the gas jet. Krypton atom density = 8×1017 cm-3. (b) Using 
only the pump pulse with a focal position at 500 µm behind the entrance of the gas 
jet. Krypton atom density =  1.6×1019 cm-3. (c) Using only a 45-mJ ignitor pulse . (d) 
Using only heater pulse. (e) Using a 45-mJ ignitor pulse and a 225-mJ heater pulse 
200 ps after. There is no pump pulse and the interferogram is taken at 2.5 ns plus 10 
ps after the heater pulse. (f) Using the pump pulse guided by the waveguide shown in 
(e). Krypton atom density =  1.6×1019 cm-3.  
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3 Results and Discussion 

3.1 OFI laser driven in plasma waveguide 

In order to increase the lasing signal by increasing the atom density and 
extend the length of the gain region simultaneously, a plasma waveguide was 
implemented to overcome the adverse effect of ionization-induced refraction. 
The optically preformed plasma waveguide was produced by using the axi-
con-ignitor-heater scheme [10]. A short intense ignitor pulse ionizes the 
neutral gas by multiphoton ionization to provide seed electrons. After several 
hundred picoseconds, a succeeding long, high energy heater pulse heats up the 
plasma efficiently via inverse bremsstrahlung heating and further ionizes the 
gas by electron collision. After an adequate delay the plasma electron density 
in the encircling outer region becomes larger than the on-axis density and 
thereby a plasma waveguide capable of guiding a laser pulse is produced. 
Figure 2(a) shows the interfeorgram taken at 10 ps after the pump pulse has 
passed through the 10-mm Kr gas jet without preformed plasma waveguide. 
The maximum x-ray lasing of Ni-like krypton at 32.8 nm was observed at an 
atom density of 8×1017 cm-3 and a pump focal position of 2.75 mm behind the 
entrance of the gas jet as the optimal balance between pump beam conver-
gence and ionization-induced refraction was achieved to produces the longest 
gain region and the shortest x-ray reabsorption region. The number of photons 
at the 32.8-nm lasing line was 2×108 which is 5 times lower that that produced 
from a 5-mm gas jet due to a longer absorption length. Figure 2(b) shows the 
interferogram of the plasma taken at the same condition as in Fig. 2(a) except 
that the krypton atom density is raised to 1.6×1019cm-3 and the pump focal 
position was moved to 500 µm behind the entrance of the gas jet. Severe 
ionization-induced refraction drastically reduces the length of the gain region, 
and thus no x-ray lasing is observed at this condition. The plasma produced by 
only ignitor or heater pulse is shown in Fig. 2(c) and 2(d), respectively. It was 
found that plasma waveguide cannot be generated if only the ignitor or the 
heater was used. The guiding capability of the plasma waveguide was verified 
by imaging the beam size of the probe beam at the entrance and the exit of the 
plasma waveguide. Instead, a uniform plasma waveguide extended to ~9 mm 
at a 40-µm diameter was observed when both ignitor and heater were de-
ployed as shown in Fig. 2(e). The interferogram of the plasma waveguide 
taken at 10 ps after the pump pulse has passed through the gas jet is shown in 
Fig. 2(f). The 235-mJ pump pulse was circularly polarized with a focal posi-
tion of 500 µm behind the entrance of the gas jet and a delay of 2.5 ns after 
the heater. The guided beam size was measured to be <15 µm (FWHM) with 
more than 50% of the energy in the vacuum focal spot transmitting through 
the preformed waveguide. With the plasma waveguide the x-ray lasing photon 
number is dramatically enhanced by a factor of 400 compared to that with 
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only the pump pulse at the optimal condition. The output reached 8×1010 
photon/pulse with 10% fluctuation and the x-ray beam divergence was de-
creased to 5.6 mrad in FWHM with 20% fluctuation. The beam divergence 
was close to the aspect ratio of the waveguide. There was no lasing signal 
with only the waveguide forming pulses. The increase of on-axis plasma 
electron density and the strong x-ray lasing observed when the pump pulse is 
turned on reveals that the x-ray lasing results from optical-field ionization of 
the gas driven by the pump laser pulse. The spectrum and angular distribution 
of Ni-like Kr laser generated in the plasma waveguide are shown in Fig. 3(b). 
It is interesting to note that another lasing line at around 33.5 nm was also 
observed in the case of pure krypton plasma waveguide with an output of 
4.4×108 photon/pulse. It was found that the output of the 33.5-nm lasing line 
is always about two orders of magnitude smaller than that of the 32.8 nm 

 
Fig. 3.  X-ray spectra for  an atom density of (a) NXe = 4×1019 cm−3, (b) NKr = 1.6×
1019 cm−3, and(c) NAr = 2.7×1019 cm−3. The heater energies were 180, 225, and 325 
mJ, and the heater-pump delays were 5.5, 2.5, and 1.5 ns, respectively. The ignitor 
energy was 45 mJ and the ignitor-heater separation was 200 ps. Insets show the 
angular distributions of the 41.8 nm Xe8+, 32.8 nm Kr8+, and 46.9 nm Ar8+ lasing 
lines, respectively. 
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lasing line for various atom densities, pump polarizations, pump energies, and 
heater energies. This seems to indicate that the 33.5-nm lasing line comes 
from a transition from the same upper level to another satellite lower level 
close to that of the primary lower level. It may be attributed to the 3d94d 1S0 
‐3d9 4p 3D1 transition. The first time observation of this satellite lasing line 
verifies a high gain length of such an x-ray laser scheme. 

Under the same configuration of the pump and waveguide-forming pulses, 
high-threshold OFI collisional excitation Ne-like Ar laser at 46.9 nm was also 
achieved for the first time as shown in Fig. 3(c). The output photon of Ar laser 
was 3.4×109, and the beam divergence was 2.5 mrad at an atom density of 
2.7×1019 cm-3. This result suggests the presence of plasma waveguide is 
beneficial to x-ray laser generations required high pumping intensity. In 
addition to the lasing transition at 46.9 nm in Ne-like Ar ions, two other lasing 
lines at 45.1 and 46.5 nm were also observed and designated as 3d 1P1‐3p 1P1 
and 3d 1P1‐3p 3P1 line respectively. These two lasing lines are predicted to 
have lasing gains when self-photo-pumping mechanism is considered [14]. 
This shows even low-gain lasing lines can be amplified significantly in a 
plasma waveguide which provides a longer gain length. Similarly strong 
lasing for Xe8+ ions at 41.8 nm was also achieved as shown in Fig. 3(a). The 
output photon of Pd-like Xe laser was 2.7×109, and the beam divergence was 
4.5 mrad at an atom density of  5.1×1018 cm-3. With a mixed-gas (Kr:Ar = 1:1) 
plasma waveguide x-ray lasing in Ni-like Kr at 32.8 nm and Ne-like Ar at 
46.9 nm were obtained simultaneously under adequate conditions. The output 
photon number for Kr and Ar x-ray lasers was about 8×108 each. Simulta-
neous x-ray lasing in multiple ion species may become a power tool in plasma 
nonlinear optics. 

3.2 X-ray digital holographic microscopy 

As shown in Fig. 1, the imaging x-ray mirror produces a magnified image of 
the testing object, and the inherent magnification of the imaging system was 
7.6 on CCD. By translating the specimen further toward the imaging mirror, 
the image plane will locate behind CCD to form a larger magnified object and 
a smaller field of view. The image recorded on CCD can be regarded as the 
hologram produced by the magnified object and the transmitted x-ray beam. 
In order to record sub-micron holographic images with a single picosecond x-
ray exposure, the specimen was illuminated with a focused x-ray laser beam 
for producing stronger scattering signal and thus high-contrast holograms. 
Since two concave x-ray mirrors were arranged in a confocal geometry, the 
untouched beam was collected and collimated by the imaging mirror to form 
the reference beam on CCD. With such arrangement, the digital reference 
beam can be assumed as a plane wave without the need to know the exact 
parabolic phase function of the divergent reference beam. Image reconstruc-
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tion was based on Fresnel-Kirchhoff diffraction integral of the recorded 
hologram with a propagation distance to the magnified image plane (focusing 
plane). A simple double fast Fourier transform algorithm treating the diffrac-
tion integral as the convolution function was written in MATLAB to simulate 
the amplitude and phase contrast images in 1 second. Figure 4(a) shows the 
single-shot AFM cantilever hologram recorded by x-ray CCD with a system 
magnification of 29.7. The spatial non-uniformity of the flash hologram is 
attributed to large speckles of the x-ray laser beam. With a proper choice of 
the focusing distance between the hologram and reconstruction image plane, 
the amplitude image of the AFM cantilever is obtained and shown in Fig. 4(b). 
A line scan across the AFM cantilever of 4-µm thickness is labeled in dashed 
line and plotted in Fig. 5(c). It is shown that the measured thickness of the 
cantilever fits the manufacture’s specification well but the boundary sharpness 
of both sides is quite different due to 7.5-µm optical path difference resulting 
from the various widths of the cantilever. By changing the reconstruction 
distance, we can perform numerical focusing on the other side of the canti-
lever and bring the side with shape edge out of focus. This indicates digital 
holography enables microscope to numerically focus on 3D objects without 
mechanical movements while attains the same resolution as obtained from 
direct imaging using the same imaging optics. The lateral resolution of x-ray 
DHM is determined by measuring the edge response of the AFM tip. An 
intensity profile of the tip image is shown in Fig. 4(d). The spatial resolution 
of the reconstruction image derived from the edge responses of AFM tip is ∼ 
480 nm which also agrees well with that attained from the lineout of the AFM 

 
Fig. 4. X-ray hologram (a) and reconstructed amplitude image (b) of the AFM cantile-
ver with a system magnification of 29.7×. (c) shows the line scan of the cantilever 
thickness at the dashed line shown in (b). (d) shows the intensity profile of the AFM tip 
at the solid line shown in (b).  
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cantilever. The spatial resolution of x-ray DHM is limited by the numerical 
aperture (NA) of imaging optics and the wavelength of the illumination 
source. The NA in our system was around 0.05, corresponding to a spatial 
resolution of 400 nm in theory. The discrepancy may come from the aberra-
tion of imaging optics due to off-axis incidence of 32.8-nm laser on the x-ray 
concave mirror. In addition to single-shot measurement, we also performed x-
ray DHM by accumulating data from 10 laser shots. Although multiple expo-
sures can produce more uniform and better contrast holograms, but the resolu-
tion of the reconstructed image decreases as a result of the mechanical 
vibrations. 

Figure 5 shows the reconstructed intensity images of a 20-nm carbon-foil 
mesh with various system magnifications. As can be seen, x-ray DHM dem-
onstrates the flexibility for observing specimen in a large field of view and 
studying the details of the sample at high resolutions without complicate 
alignments and movements. The broken and bending  mesh bars on the carbon 
foil caused by the sample cutting process are clearly seen in the reconstructed 
images and show good agreements with the observation using optical micro-
scope shown in Fig. 5(d). The main advantage of the holography is the pres-
ervation of full phase information of the testing object within the two-
dimensional hologram. The phase contrast image of the carbon foil at a mag-
nification of 54.6 is shown in Fig. 5(f). The non-uniformity of the phase 
pattern mainly comes from the distortion (bending) of the sample as some 
parts of the image are not in focus. The retrieved phase difference caused by 
the carbon mesh is 0.8–1.2 rad, corresponding to the thickness of 19–28 nm 
by taking account of the refractive index of the carbon foil at 32.8 nm. This is 
close to the manufacture data of 20 nm. 

 
Fig. 5. Reconstructed intensity images of the carbon foil with magnifications of 
17.9(a), 28.7(b), and 54.6(c), respectively. The scale bar in each figure is 20 µm. The 
optical microscope image of the carbon foil is shown in (d). (e) shows the recon-
structed phase image of the carbon foil with a magnification of 54.6.  
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Abstract. We present in this paper the first measurement of the spectral profile of a 
seeded soft x-ray laser. Using a varying path difference interferometer the temporal 
coherence of a seeded OFI x-ray laser has been experimentally determined, leading to 
a coherence length of 5ps of the order of the gain lifetime.  The measured bandwidth 
is of order 3.4 mÅ which is in good agreement with the prediction of a theoretical 
model presented here. 

1 Introduction  

The principle of seeding a soft x-ray laser by a high order harmonic pulse has 
recently been demonstrated in both OFI [1] and [2] (with solid targets) soft x-
ray lasers. The promises of this scheme are progressively confirmed by 
different works investigating the amplification factors, the divergence and 
most of all, the full spatial coherence[2][8] of the beam and its wavefront [8]. 
Another promising aspect of seeding a soft x-ray laser is the potential to 
obtain pulses reaching exactly the Fourier limit. The XUV pulse duration will 
then be determined by the amplifier bandwidth. This bandwidth also controls 
the coupling efficiency between the seed and the amplifier. The knowledge of 
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this parameter is therefore of great interest. Soft x-ray laser linewidth meas-
urement is a difficult task because very high spectral resolutions are required. 
Interferometric methods are a promising way to achieve this goal. They rely 
on the measurement of the source coherence time which is inversely propor-
tional to the source linewidth. We present in this paper the first experimental 
measurement of the linewidth of a seeded soft x-ray laser emitting at λ 
=32.8nm. The x-ray laser amplifier was generated using the OFI scheme. The 
temporal coherence was measured using an achromatic varying path 
difference interferometer. The linewidth is deduced from this measurement.  
Effect of the amplification length on the linewidth has been investigated and 
compared to the prediction of a simulation.  

2 Experimental device 

The soft x-ray laser amplifier considered here is a Ni-like Kr OFI soft x-ray 
laser (λ = 32.8nm). The experimental arrangement is similar to the setup 
described in the reference [1]. The main part of the energy of the LOA 2 J Ti-
Saph laser is compressed at 30 fs and circularly polarized before being focus-
sed by a f=1 m spherical mirror in a gas cell filled with krypton. A small 
fraction of the laser energy is dedicated to the generation of High Order 
Harmonic (HOH) in argon.  The HOH beam is focussed at the entrance of the 
OFI gas cell by a toroidal grazing incidence mirror. When the harmonic and 
OFI amplifier are spatially, temporally and spectrally overlapped, a dramatic 
reduction of the divergence of the x-ray laser beam is observed on a far field 
XUV camera. This better collimation of the beam is associated to the full 
spatial coherence of the amplified harmonic. Besides, this phenomenon is also 
associated to a strong increase of the x-ray laser line level on the spectrometer 
due to a better collection of the laser output energy. 

During the experimental campaign we worked with a constant harmonic 
seed energy. The amplification factor of the seeded laser is defined as the ratio 
of the seeded x-ray laser output energy devided by the harmonic energy. This 
factor has been optimised for a Krypton pressure of 30 mbar, a delay between 
the main IR laser and the HOH seed of 3ps, and a cell length of 7.5 mm.  In 
these conditions the maximum amplification factor is of 180. In the following 
parts, results presented were obtained with this set of experimental conditions. 



Temporal Coherence and Spectral Linewidth of a Seeded Soft X-Ray 195 

 
Fig. 1 (a) Schematic overview of the XUV interferometer used for longitudinal 
coherence measurement. (b) One of the dihedrons can be translated vertically(z) to 
introduce a controlled path difference between the two X-ray laser interfering half-
beams, without changing the geometry of their transverse superposition. 

 
Fig. 2 Visibility of the interference fringes as a function of path difference for an 
amplifying length of 7.5 mm.  The black dotted curve represents a Gaussian fit of  
the experimental data.  The insert shows the reconstructed spectral profile deduced 
from the fit. 
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The seeded laser beam propagates towards a variable path difference 
interferometer. A detailed presentation of its principle can be found in [3] and 
in [4].  This device, represented in Figure 1, is composed of two dihedrons, 
tilted towards each other with a small angle. The incoming beam is separated 
in two beamlets that converge after reflection on the dihedrons. In their 
overlapping region, interference fringes can be recorded using a XUV CCD 
camera.  One of the dihedrons can be translated vertically in order to 
introduce a path difference between the interfering beams. The geometry of 
the dihedrons (Figure 3b) ensures a constant lateral overlapping geometry, 
and thus constant spatial coherence conditions when changing the delay.  By 
following the evolution of the fringe visibility as a function of the delay, it is 
possible to reconstruct the spectral profile of the incoming radiation through a 
Fourier transform.  

3 Results  

An experimental visibility scan obtained for a cell length of L=7.5 mm is 
presented in Figure 2. The experimental data have been fitted by a Gaussian 
function from which a coherence time of 5.4± 0.3ps was inferred. Assuming, 
as a first approximation, a Gaussian spectral profile, these would lead to a 
spectral width of Δλ = 3.4± 0.2 mÅ. It has been also observed that the value 
of the coherence length and hence of the spectral line width does not change 
significantly when the amplifier length is changed from 3.5 mm to 7mm. The 
spectral width values for L=3.5 mm, L=5 mm and L=7.5 mm are plotted in 
Figure 3. Below 3.5mm the signal was too weak to perform any accurate 
measurement.  

4 Discussion  

A modelling of the spectral profile of the seeded x-ray laser as a function of 
amplifying length has been performed.  The spectral shape of the harmonics 
has been modelled by a Gaussian shape with a width equal to the experi-
mental value measured on a transmission spectrometer. The gain of the OFI 
amplifier has been set to 70 cm-1 

close to the experimental value obtained in 
[5]. The homogeneous broadening of the x-ray laser amplifier bandwidth has 
been calculated with a collisional-radiative model that takes into account the 
non-maxwellian nature of the electron energy distribution [5]. The calculated 
homogeneous linewidth is of 5mÅ. We have also introduced an inhomogene-
ous contribution mainly dominated by the Doppler effect. Simulations with 
the PPP [6] code have shown that the ionic Stark effect can be neglected. The 
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Doppler broadening arise from the rapid heating of the ions (few hundreds of 
fs) that follows the ionization by the optical field. Theoretical works have 
indeed shown that the OFI plasma is produced in a state where important ion 
correlations exist [9]. The plasma relaxes rapidly in an uncorrelated form with 
a characteristic time equal to the plasma period.  For a gas pressure of 30 
mbar the temperature reached by the ions after this relaxation is of 6 eV. 
Finally the ratio between the HOH intensity and saturation intensity has been 
set so that the theoretical amplification factor is equal to the experimental 
factor. Gain narrowing and saturation re-broadening have been taken into 
account following J. Koch et al. [7].  

Numerical results from this simulation are displayed in figure 3. The black 
line represents the linewidth as a function of the amplifier length. Black 
squares represent experimental data. For an amplification length of 7.5 mm, a 
theoretical linewidth of 3.6 mA

˙
in good agreement with experiment. Good 

agreement is also found for other amplification lengths. The simulation shows 
that the bandwidth decreases very slowly with the plasma length L when the 
saturation is reached, that is for L greater than 3mm. This behaviour is consis-
tent with the experimental observations.  

 
Fig. 3 Spectral linewidth (FWHM) as a function of the plasma amplifier length. The 
black line represents the evolution calculated with conditions described in the text. 
The experimental values are represented by the black squares.  
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5 Conclusion  

We measured for the first time the coherence time of a seeded soft x-ray laser. 
The spectral profile reconstructed from the experimental values is a Gaussian 
function and the linewidth is of Δλ =3.4 ± 0.2 mÅ for an amplifier length of 
7.5 mm. If the pulse is assumed to be Fourier-limited, this spectral profile 
would correspond to a Gaussian shape pulse with a duration (at half maxi-
mum) of 4.8ps. This long duration results from the very narrow linewidth of 
the OFI amplifier. Shorter pulse duration might be expected from solid target 
plasma amplifiers due to higher ion temperature.  
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Abstract. An investigation of the scaling of ATI ionisation and cascade re-

combination is used to identify possible conditions for generating population

inversion and gain on the Lyman ! transition of hydrogeic ions.

1 Introduction

It has been proposed earlier that Lyman ! transitions of hydrogen-like ions

may be suitable candidates for relatively short wavelength laser action by

using cold electrons released during tunnelling ionisation by linearly po-

larised light. To minimise the electron temperature, and thereby maximise

populations in a recombination cascade, a background environment of hy-

drogen is used with the lasant at low concentration. Following ionisation,

the electron distribution is relaxed to an approximate Maxwellian by inverse

bremsstrahlung, electron-electron relaxation and three body recombination.

Using relatively simple models, we investigate the atomic number

scaling of the necessary primary experimental variables required to obtain

population inversion. This identifies typical values for laser intensity, elec-

tron density and lasant concentration, and thus conditions under which gain

might be generated.

We confirm these conclusions by the use of more detailed numerical

simulations in carbon, where several different physical phenomena involved

can be modelled consistently. A number of deficiencies of the model are

identified and their potential effects discussed. We note that the carbon sys-

tem has also recently been investigated by Avitzour and Suckewer [1]
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2 Tunnel Ionisation Scaling

Using the Ammosov, Delone, Krainov [2] formula for the probability of ion-

isation of a hydrogenic ion of charge Z under a strong laser field, an estimate

of the ionisation probability in a linearly polarised field of intensity I0 is

given by

p = 1.05×1013 Z2 !−1/2 s−1 (1)

where

! =
2

3
Z3

Eat

E0
≈ 1.25×108 Z3 I−1/20 (2)

where Eat is the atomic and E0 the peak electric fields. Hence the intensity

required for full ionisation in a time of ≈50 fs of ions of atomic number

Z ∼ 6 is about

I0 ≈ 1.4×1014 Z6 Wcm−2 (3)

and typically ! ≈ 10.

The corresponding peak electron quiver energy (twice the pondero-

motive energy) is

"q ≈ 1.87×10−13 # 2 I20 ≈ 26.1# 2 Z6 eV (4)

where # is the laser wavelength in µm. The average free electron energy is

"q/!

This simple high field, tunnelling model is valid only if the Keldysh

parameter [3]

$ =

√

Vi

"q
≈ 0.52 #−1 Z−2 << 1 (5)

3 Recombination Scaling

To generate a population inversion we require the upper states of the ion to be

populated by a recombination cascade, in which electrons diffuse through the

upper states in response to both excitation and de-excitation collisions. On

balance however the latter dominate so that the electrons move progressively

into the lower states. This process maintains a near Boltzmann distribution

of the populations in the upper states. However as the electron energy gap

increases towards lower states, excitation rates can no longer approximately

balance de-excitation to maintain approximate equilibrium, and the electrons

fall towards the ground state. The level at which this transition occurs is
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known as the ‘bottleneck’. Clearly the collision rate across the bottleneck

determines the cascade population rate, and hence the recombination rate of

the upper laser state, n= 2 [4].

In contrast since radiative transitions are strongest for large energy

transitions, the ground state, n = 1, is preferentially populated by direct ra-

diative radiation and to a lesser extent by radiative decay from the upper

excited states.

Under plasma conditions of electron density ne and temperature Te the

two rates scale as

Cascade rate ∼ n
2
e Z

3
T
−9/2
e

Radiative rate ∼ ne Z
2
T
−1/2
e

Clearly there is a limiting condition for the cascade rate to exceed the

radiative, i.e. for the population rate of the upper state to exceed that of the

lower, and hence for an inversion to form. Therefore for inversion we require

Te < Tlim(ne) (6)

The form of the collision rates implies a characteristic scaling with Z

within which the recombination process is self-similar [4], namely

ne ∼ Z
7 and Te ∼ Z

2 (7)

Thus for a given temperature Te ∼ Z
2 the limiting electron density scales

nelim ∼ Z
7, plotted subsequently in fig.2. Hence we observe that the required

density to generate inversion requires high electron density for high atomic

number ions. Typically for carbon, Z = 6, we require ne ∼ 10
20 cm−3.

At such high density, depression of the ionisation level [5] becomes

important.

nlim ≈ 1.1×104 Z1/2 n−1/6
i

(8)

where ni is the ion density. Since this model implies the development of a

cascade equilibrium amongst the high lying states, these scalings are strictly

only valid if the depression is weak, i.e. nlim is sufficiently large. In fact

for the cases considered here nlim ≈ 13 and ionisation depression leads to a

small deviation from the perfect scaling.
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Figure 1. Plot of the electron distribution compared with that of a Maxwellian with

the mode temperature and one with the same mean energy.

4 Electron distribution following ionisation

Whilst the laser beam is irradiating the gas, ionisation progressively strips

the ions releasing electrons with a distribution strongly peaked about near

zero energy. However different stages of ionisation give rise to electrons of

markedly differing mean energies, depending on the ionisation stage. Thus

the distribution is formed with a high energy tail, which will be exacerbated

by re-scattering. Once released the electrons will gain additional energy dur-

ing collisions with ions (inverse bremsstrahlung). Since the electron quiver

speed is much larger than the thermal, all electrons will have approximately

the same absorption coefficient. Furthermore the distribution due to inverse

bremsstrahlung alone will have an approximately Maxwellian form.

Thus we find that at the conclusion of the laser pulse, the elec-

tron distribution is approximately Maxwellian, but with a substantial non-

Maxwellian tail at high energy. The slow electrons may be accurately de-

scribed by a Maxwellian with temperature defined by the mode (peak) of the

distribution. The mode temperature is much less than that given by the mean

electron energy (fig.1).
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Figure 2. Plots of the mode temperature as a function of electron density for dif-

ferent carbon concentrations. Also plotted is the inversion limit. Pulse time-to-peak

and half width 50fs and intensity 6.5×1018 W cm−2

The cascade recombination rate is dominated by the slow electrons

and therefore by the mode temperature.

The mode temperature for a pure carbon plasma is much too large

for any population inversion to be generated. It is therefore appropriate to

dilute the carbon with hydrogen to reduce the ATI energy, and thereby the

mode temperature. To achieve ionisation low carbon concentrations of less

3.5 × 10−2 are necessary. The required electron density is provided by a

suitably large hydrogen density.

Fig. 2 shows a nearly linearly scaling of the mode temperature with

electron density. This is primarily due to strong field inverse bremsstrahlung

absorption with a small contribution from electron-electron relaxation. The

basic ATI contribution is associated with the temperature at low density.

Thus we may write

Te ≈ (A+B(c) ni) ≈ a Z
6 +b(c) Z13 (9)

The terms respectively represent the ATI and inverse bremsstrahlung compo-

nent. Note the latter is dependent on lasant concentration c through the term
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Z2 in the inverse bremsstrahlung coefficient. This useful relation allows the

matching of the mode temperature to that required by recombination if in-

version is to be generated.

5 Development of the population inversion

Numerical simulation of the full recombination mode accompanied by ATI

tunnelling ionisation (without re-scattering), inverse bremsstrahlung and

electron-electron relaxation is accomplished using a Fokker-Planck model

[6, 7].

These calculations showed that for electrons with an initially

Maxwellian distribution defined by the mode temperature in a pure carbon

plasma

1. Ionisation depression decreased the populations of the higher levels,

n = 3 and 4, more strongly than lower levels as their equilibrium

(Saha) populations were decreased by the reduction of the ionisation

energy. The reduced population inversion of the levels n = 1 and 2

was little changed.

2. Three body re-heat, whereby the recombining electrons heats the spec-

tator electron, leads to a relatively small temperature rise as the recom-

bination of high lying levels only is involved with collisional energy

exchange. As a consequence, only the populations of high lying levels

were markedly changed, being reduced by the temperature increase.

In this case the population inversion was little changed.

3. Electron relaxation played little or no role.

These calculations confirmed that the simple scaling model of Pert [4]

could be used with reasonable accuracy to predict the conditions for the onset

of inversion if the temperature following ionisation were known.

6 ATI ionisation and recombination

The inclusion of the electron distribution following simple tunnel ionisation

is modelled using the model and showed results in line with the preceding

discussion.



The Scaling of Recombination Following Tunnel Ionisation 207 

0 0.2 0.4 0.6 0.8 1
Time (ps)

0

0.0001

0.0002

0.0003

0.0004

0.0005
R

ed
u

ce
d

 p
o

p
u

la
ti

o
n

 f
ra

ct
io

n
n=1
n=2
n=3
n=4

Figure 3. Plots of the reduced population fraction of the levels n= 1−4 following

ionisation. Pulse time-to-peak and half width 50fs and intensity 6.5×1018 W cm−2

Fig.3 shows the development of the populations of the levels

n= 1−4 following ionisation by a laser pulse of 0.25µm wavelength and

6.5×1018 Wcm−2 intensity in a Gaussian pulse of 50fs duration (half-

width). The gas was a mixture of 95% hydrogen and 5% carbon. A number

of interesting features can be seen.

• A small population inversion is rapidly formed once the laser pulse

is fully switched off at 100fs. reaching a maximum of about 0.0001

reduced population fraction after about a further 300fs and lasting for

a further 300fs. This occurs at a slightly higher carbon fraction than

predicted by the simple model based on the mode temperature.

• There is very little population growth until the the laser is finally

switched off as the upper states are rapidly re-ionised by photo-

ionisation.

• After an initial growth the populations of the higher excited states,

n= 3 and 4, reach a maximum and then decrease. This is ascribed to

the increasing mode temperature associated with electron re-heat. The

effect on the lower levels, n= 1 and 2, however is small.
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In principle we may calculate the gain using this value of the popu-

lation inversion. However to do so would require an accurate value of the

line width. This is unlikely to be known unless the nature of the gas used

is specified due to the Coulomb explosion of the carbon ions if the carbon

is initially in molecular form, e.g methane, and the Stark broadening at the

high electron density.

7 Limitations of the model

The conditions under which population and inversions and gain can be

achieved in carbon are quite severe and it is therefore important to exam-

ine the limitations of the relatively simple model we have used. These stem

from the nature of both the ionisation process and the state of the plasma.

The tunnelling model. The applicability of the tunnelling model is estab-

lished by the condition that the Keldysh parameter, ! eqn.(5), is small. For

the higher stages of carbon this condition is well established. However at

the intensities required for full ionisation of hydrogen, eqn.(3), this is not

the case. Thus the hydrogen will be ionised in the multiphoton ionisation

regime rather than the tunnelling. The initial electron distribution will there-

fore be in error. However this is not a serious error provided the hydrogen is

ionised near threshold. Since the residual energy will be less than the photon

energy., i.e. a few eV., and small compared to inverse bremsstrahlung ab-

sorption energy, the latter being comparable with the estimated initial mode

energy.

A more serious limitation of the model may be the omission of re-

scatttering immediately following ionisation when the electron is still corre-

lated with the ion. If the electron is released at the appropriate phase, returns

to the ion and is back-scattered the electron may have energy 5"q. Fortu-

nately most electrons are not back-scattered and may not have the required

phase [8]. None-the-less about 50% of the electrons are likely to possess

additional thermal energy beyond that predicted by the simple tunnelling

model. This difficulty is avoided if the hydrogen, which provides most of

the electrons, is ionised in the multi-photon regime.

However this additional heating is not a factor in the multiphoton limit.

Since the electrons originating from the hydrogen and the low ionisation

stages are the only ones contributing to the recombination, the others being
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ineffective due to their high temperature, we can mitigate against this prob-

lem by ensuring that the hydrogen ionisation occurs at low intensity near

threshold, possibly using a low intensity pre-pulse to accomplish this.

The plasma conditions We require a dense low temperature to achieve in-

version. Typically we have electron density ne ≈ 2×10
20cm−3 and tempera-

ture Te ∼ 25eV. Under these conditions the electron-electron strong coupling

parameter

!ee =
n
1/3
e e2

"0kTe
∼ 4 (10)

The dilute approximation is thus only approximately valid. Some measure

of correlation may therefore be important in three body collisions, which

is not taken into account. However as the interactions are accounted for

by a detailed balance based on electron-ion ionising collisions, the error is

probably small.

The electron-ion strong coupling coefficient is also of order 1, but the

effect of ion-electron correlations is probably weak in this context.

At high densities and low temperatures electron degeneracy should

also be considered, since it would lead to serious overestimates of the three

body rate. The Fermi energy is given by

EF =
1

2me

(

3

8#
ne

)2/3

h2 (11)

For ne ≈ 2×10
20cm−3 EF ≈ 0.125eV. Consequently if Te = 25eV, the sys-

tem is not degenerate.

Laser conditions At the required laser intensity of 6.5× 1018 Wcm−2 the

ponderomotive force is much stronger than the thermal pressure. Conse-

quently we may expect the electrons may be significantly displaced, and as

a result gain energy from the work done on them by the force. In the wake

field limit this will lead to a group of relativistic electrons. The condition

for avoiding the most serious form of this behaviour is that the laser pulse

duration must be long compared to the plasma wavelength c/$p where $p

is the plasma frequency. At an electron density ne ≈ 2×10
20cm−3, this cor-

responds to a wavelength of about 2.2µm and a pulse length of about 10fs.

The electrons may also be displaced in the transverse direction across

the focal spot. The displaced electrons generate a space charge field op-

posing the force resulting from to the gradient in the ponderomotive force,

which, if severe, will lead to channelling. The electrons relaxing back into

the channel recover the work done by the ponderomotive potential as kinetic
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energy. If the channelling is strong, this may give rise to appreciable heat-

ing. We may estimate this effect by balancing the ponderomotive force in

a laser spot of radius R against the space charge field following an electron

displacement D. The energy gain per electronW is estimated from the work

done by the ponderomotive force. Thus we obtain

W ≈
ne e

2

!0
D2 ≈

!0 (I/c)2

ne (nce2)2 R2
(12)

where nc is the critical density. The maximum allowable value of W places

a lower limit on R and an upper limit on D. This effect therefore identifies a

minimum allowable value of the focal spot diameter, typically in excess of

20µm.

8 Conclusion

It is shown that it is possible to design systems to generate population inver-

sion on the L" of hydrogenic carbon provided care is taken to avoid all pos-

sible sources of unnecessary heating. In particular it may be advisable to use

a separate low intensity pre-pulse to ionise the hydrogen in the multi-photon

regime. Since a typical system is likely to involve a methane-hydrogen mix-

ture at high pressure, whose ionisation will lead to a Coulomb explosion

heating the carbon ions, we have not attempted to estimate the gain in this

work.
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Abstract. Over the last several years we have predicted and observed plasmas with an 
index of refraction greater than one in the soft X-ray regime. These plasmas are 
usually a few times ionized and have ranged from low-Z carbon plasmas to mid-Z tin 
plasmas. Our main computational tool has been the average atom code AVATOMKG 
that enables us to calculate the index of refraction for any plasma at any wavelength. 
In the last year we have improved this code to take into account many-atomic colli-
sions. This allows the code to converge better at low frequencies.  

In this paper we present our search for plasmas with strong anomalous dispersion 
that could be used in X-ray laser interferometer experiments to help understand this 
phenomena. We discuss the calculations of anomalous dispersion in Na vapor and Ne 
plasmas near 47 nm where we predict large effects. We also discuss higher Z plasmas 
such as Ce and Yb plasmas that look very interesting near 47 nm. With the advent of 
the FLASH X-ray free electron laser in Germany and the LCLS X-FEL coming online 
at Stanford in another year we use the average atom code to explore plasmas at higher 
X-ray energy to identify potential experiments for the future. In particular we look 
near the K shell lines of near solid carbon plasmas and predict strong effects. During 
the next decade X-ray free electron lasers and other X-ray sources will be available to 
probe a wider variety of plasmas at higher densities and shorter wavelengths so 
understanding the index of refraction in plasmas will be even more essential. 

1 Introduction 

Since the earliest days of lasers, optical interferometers have been used to 
measure the electron density of plasmas [1] using the assumption that the 
index of refraction of the plasma is due only to the free electrons and is there-
fore less than one [1-2]. With this assumption the electron density of the 
plasma is directly proportional to the number of fringe shifts in the interfer-
ometer. Over the last decade many interferometers [3-8] have been built in the 
soft X-ray wavelength range of 14 to 72 nm (89 to 17 eV). The experiments 
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done with these sources all assume that only the free electrons contribute to 
the index of refraction. In the next few years, interferometers will be built 
using the X-ray free electron lasers, which will extend lasers to even shorter 
wavelengths [9]. 

In the last several years interferometer experiments [4-6] of Al plasmas, Ag 
and Sn plasmas [10], and C plasmas [11-12] observed fringe lines bend in the 
opposite direction than was expected, indicating that the index of refraction 
was greater than one. Analysis of the experiments showed that the anomalous 
dispersion from the resonance lines and absorption edges of the bound elec-
trons have a larger contribution to the index of refraction with the opposite 
sign as the free electrons [12-15]. Since the original analysis [13] of the 
experiments with Al plasmas we have developed a new tool AVATOMKG 
[16] that enables us to calculate the index of refraction for any plasma at any 
wavelength. This tool is a modified version of the INFERNO average atom 
code [17] that has been used for many years to calculate the absorption co-
efficients for plasmas.  

In this work we search for other materials that can be used to create plas-
mas with index of refraction greater than one at X-ray laser energies. We 
discuss how neutral Na vapor and singly-ionized Ne plasma look to be prom-
ising candidates to use in interferometer experiments based on the Ne-like Ar 
X-ray laser [18] at 26.44 eV or 47 nm. We also discuss higher Z plasmas such 
as Ce and Yb plasmas, which look very interesting near 47 nm. With the 
advent of the FLASH X-ray free electron laser in Germany and the LCLS X-
FEL coming online at Stanford soon we look at the K shell lines of near solid 
carbon plasmas and predict strong effects. 

2 Analysis of Interferometer Experiments 

When the electron density is much less than the critical density, as is typical 
for laser produced plasmas, the traditional formula for the index of refraction 
of a plasma due only to free electrons is approximated as n = 1 – (Nelec / 2Ncrit) 
where Nelec is the electron density of the plasma and Ncrit is the plasma critical 
density. For a uniform plasma of length L the number of fringe shifts ob-
served in an interferometer equals (1 – n) L / λ or (Nelec L) / (2 λ Ncrit). For a 
non-uniform plasma one does a path length integral. The fringe shifts are 
referenced against a set of reference fringes in the absence of any plasma and 
the formula assumes that the interferometer is in a vacuum. When analyzing 
an experiment one counts how far the fringes have shifted compared with the 
reference fringes taken with no plasma and converts this into electron density. 
For the 46.9 nm Ne-like Ar X-ray laser the number of fringe shifts in the 
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interferometer is (Nelec L) / (4.8 x 1018 cm-2) and the critical density is 5.07 x 
1023 cm-3.  

To understand the contribution of the bound electrons we look at the rela-
tionship between the absorption coefficient and the index of refraction. The 
total absorption coefficient α = Nion σ = ( 4 π β) / λ where Nion is the ion 
density of the plasma, λ is the wavelength, σ is the absorption cross-section, β 
is the imaginary part of the complex index of refraction n* defined by n* = 1 
– δ – iβ. The real part of the index of refraction n = 1 – δ. The Henke tables 
[19] tabulate the dimensional-less optical constants f2 and f1 for neutral ma-
terials. These coefficients are related to δ and β by δ = f1 Nion / (2 Ncrit) and β 
= f2  Nion / (2  Ncrit). From the total absorption cross-section σ we determine 
the optical constant f2. We then derive the optical constant f1 as a function of 
photon energy E using the Kramers-Kronig dispersion relation [20] by taking 
the principal value of the integral 

 
where Znuc is the atomic number of the element. For neutral materials the 
oscillator sum rules insure that f1 goes to zero at zero energy and Znuc at 
infinite energy. For an ionized plasma with average ionization Z* then f1 = Z* 
at E = 0.  

In the absence of any bound electrons f1 is equivalent to the number of free 
electrons per ion. This means that we can replace Nelec with f1 Nion in the 
formula for the number of fringe shifts. The free electron approximation for 
the index of refraction is true when f1 is equal to Z*.  

The number of fringe shifts observed in the experiment for a real plasma is 
now equals (f1 Nion L) / (2 λ Ncrit). Taking the ratio of f1 to Z* gives the ratio 
of the measured electron density to the actual electron density. When the ratio 
is negative, the index of refraction is greater than one and the fringes bend the 
opposite direction than expected in the interferometer. 

3 Finding Anomalous Dispersion in Ne and Na Plasmas 

For the interferometer that uses the Ne-like Ar X-ray laser at 46.9 nm (26.44 
eV) we begin our search for plasmas that might have a large anomalous 
dispersion near 26.44 eV by first looking at the Henke data to find materials 
with absorption edges in the 20 – 30 eV range. Since Ne and Na both looked 
like interesting materials with L shell edges at 21.6 and 30.6 eV, respectively, 
we extrapolated the Henke data to estimate the f1 versus photon energy for 

f1(E) = Znuc +
2
π
P.V . f2 (ε) ε dε

E2 − ε 20

∞

∫
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neutral Ne and Na. Finding negative f1 values for neutral materials is usually a 
good clue to find negative f1 in plasma that are only a few times ionized.  

Neutral Ne plasma is very opaque to the 26.44 eV X-rays since they are 
above the L-shell absorption edge at 21.6 eV. However for single ionized Ne 
the L-edge moves to 41 eV and the plasma becomes much more transparent. 
Using an ion density of 1020 cm-3 at a temperature of 4 eV the average atom 
code calculates a Z* = 1.05, which is close to singly-ionized. Figure 1 shows 
the optical constant f1 versus photon energy for the Ne plasmas. For the case 
Z* = 0, shown by the dotted line, the Henke data has been extrapolated to 
lower energy. At an energy of 26.44 eV f1 = -1.4 for the neutral Ne but this 
case would be highly absorbing. For the singly ionized case with Z* = 1.05, 
shown by the solid line, f1 is now –4.4 at the photon energy of 26.44 eV. This 
is due to being on the low energy side of the strong 2s – 2p absorption line, 
which is shifted by +4.18 eV in the calculation so that the line agrees with the 
experimentally measured value of 26.86 eV [21]. While not shown in the 
figure, as one continues to ionize Ne to doubly-ionized the strong 2s-2p line 
moves to lower energy at 25.33 eV and the net result is f1 reaches a positive 
value of 3.9 at the 26.44 eV photon energy. In a real experiment using the Ar 
X-ray laser one could observe the neutral Ne gas go from opaque to transpar-
ent as the gas is ionized and furthermore watch the fringe shifts go from 
negative to positive as Ne is ionized from singly to doubly ionized. At some 
point there would be no fringe shift when there was the right mixture of singly 
and doubly ionized Ne. One could even envision using the ionization state of 
Ne as a switch that could move the Ar X-ray laser from one direction to 
another.  

Na has a simpler situation than Ne because neutral Na has its L-edge at 
30.6 eV and this moves to higher energy as Na is ionized so Na is transparent 
to the Ar X-ray laser photons for neutral as well as partially ionized ions. The 
doubly ionized case has the spectrum shifted by 5.5 eV so that the 2s-2p line 
agrees with the experimentally measured value of 32.7 eV [22]. Figure 2 plots 
the optical constant f1 versus photon energy for the two cases with Z* = 0 
(Henke data) and Z* = 2.0 (average atom code with temperature of 7.3 eV). 
This yields f1 = -0.87 for neutral Na and 1.44 for doubly-ionized Na at 26.44 
eV. For singly ionized case the average atom code estimates a value of –0.15 
for f1 at this energy. This suggests that an experiment with neutral Na gas 
would observe the anomalous dispersion and the fringe shifts would go 
through a zero point near singly ionized Na and eventually look quite normal 
as one approached doubly-ionized Na.  
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Fig. 1 Optical constant f1 versus photon energy for Ne plasmas. The dotted line is 
from the Henke data. The solid curve is calculated by AVATOMKG code for Z* = 
1.05. The dashed line is a visual aid for f1 = 0. 

Fig. 2 Optical constant f1 versus photon energy for Na plasmas. The dotted line is 
from the Henke data. The solid curve is calculated by AVATOMKG code for Z* = 
2.0. The dashed line is a visual aid for f1 = 0. 
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 4 Finding Anomalous Dispersion in Ce and Yb Plasmas 

In addition to low Z materials such as Ne and Na we looked for higher Z 
elements that could have anomalous dispersion near 26 eV. Two materials 
that looked interesting were Ce (Z=58) and Yb (Z=70). For the case of neutral 
Ce there are strong O-edges [19] for the 5p electrons at 19.8 and 17.0 eV that 
will move to higher energy as the outer electrons are ionized. In particular 
Ce4+ looked very interesting because it is a closed Xe-like core with closed 5s 
and 5 p sub-shells. The ionization energies for Ce0+ to Ce3+ are 5.54, 10.85, 
20.198 and 36.758 eV, respectively. To estimate the size of the optical con-
stant f1 we first used the multi-configuration Dirac-Fock (MCDF) code from 
Grant [23] to calculate the oscillator strengths of ground state transitions in 
Ce4+. This resulted in five absorption lines whose wavelengths have been 
measured and documented by NIST[24]. We adjust the position of the calcu-
lated lines to agree with the measured line positions. Using the oscillator 
strength we calculate a value for the absorption coefficient f2 and use the 
Kramers-Kronig dispersion relation to calculate the optical constant f1, shown 
in Fig. 3. Also shown is the case for neutral Ce extrapolated from the Henke 
tables. The dominant transitions are two 5p – 5d lines at 25.672 and 31.046 
eV with oscillator strengths of 0.256 and 9.31, respectively, and a 5p-6s line 
at 30.799 eV with oscillator strength of 0.40 which results in f1 = -17 at 
26.44 eV. In an experiment we would expect to observe an index of refraction 
larger than one and a large anomalous dispersion.  

The second material that looks interesting is Yb. Neutral Yb has O-edges 
[19] for the 5p electrons at 24.1 and 30.3 eV and an optical constant f1 = -6.6 
at 26.44 eV. As we ionize Yb2+ has a completely closed N-shell and closed 5s 
and 5 p sub-shells. Using the MCDF code to calculate the oscillator strengths 
of the ground state transitions we predict several strong 5p – 5d lines at 29.2 
and 36.1 eV. Using the same procedure described above we then calculate the 
optical constant f1 as a function of photon energy, as shown in Fig. 4, for 
Yb2+. We predict f1 = -5.2 at 26.44 eV so we would expect an X-ray laser 
interferometer at 26.44 eV to observe an index of refraction larger than one 
for this plasma.  
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Fig. 3 Optical constant f1 versus photon energy for Ce plasmas. The dotted line is 
from the Henke data. The solid curve is calculated for Ce4+. The dashed line is a 
visual aid for f1 = 0. 

Fig. 4 Optical constant f1 versus photon energy for Yb plasmas. The dotted line is 
from the Henke data. The solid curve is calculated for Yb2+. The dashed line is a 
visual aid for f1 = 0. 
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5 Modeling of Carbon Plasmas at Higher Energy 

With the advent of the FLASH X-ray free electron laser in Germany and the 
LCLS X-FEL coming online soon at Stanford we look near the K shell lines 
of near solid carbon plasmas and predict strong effects near the K-shell ab-
sorption edge. We have previously modeled C plasma and predicted and 
observed strong anomalous effects near 26.44 eV [11,12]. 

The AVATOMKG code is used to predict the optical constant f1 versus en-
ergy for C at density 0.2 g per cc, temperature of 12 eV, and resulting Z* = 
1.91, as shown in Fig. 5. Also shown is the Henke data for neutral C. For the 
doubly-ionized C one predicts that f1 is less than zero for energies from 256 to 
273 eV, which means that the index of refraction is greater than one over this 
range and one would observe anomalous effects. With the AVATOMKG code 
we are prepared to calculate the optical properties of many different plasma 
over the entire X-ray regime that is available to laboratory X-ray lasers as 
well as the new X-FEL facilities. 

 

Fig. 5 Optical constant f1 versus photon energy for C plasmas. The dotted line is from 
the Henke data. The solid curve is calculated by AVATOMKG code for Z* = 1.9. The 
dashed line is a visual aid for f1 = 0.  
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6 Conclusions 

For decades the analysis of plasma diagnostics such as interferometers have 
relied on the approximation that the index of refraction in plasmas is due 
solely to the free electrons. This makes the index of refraction less than one. 
Recent X-ray laser interferometer measurements of Al, Sn, Ag, and C plasmas 
at wavelengths ranging from 13.9 to 46.9 nm observed anomalous results with 
the index of refraction being greater than one. The analysis of these plasma 
show that the anomalous dispersion from both the resonance lines and absorp-
tion edges due to the bound electrons can have the dominant contribution to 
the index of refraction.  

To understand how general this anomalous index of refraction effect is we 
searched for plasmas that should have an index of refraction greater than one 
in this soft X-ray regime. We present calculations of neutral Na vapor, singly-
ionized Ne plasma, Ce4+ and Yb2+ plasma that predict an index of refraction 
greater than one at the 46.9 nm (26.44 eV) wavelength of the Ne-like Ar X-
ray laser. With the advent of the FLASH X-ray free electron laser in Germany 
and the LCLS X-FEL at Stanford we look at the K shell lines of near solid 
carbon plasmas and predict strong anomalous effects with the index of refrac-
tion greater than one from 256 to 273 eV. 

 During the next decade X-ray free electron lasers and other sources will be 
available to probe a wider variety of plasmas at higher densities and shorter 
wavelengths so it will be even more essential to understand the index of 
refraction in plasmas. X-ray laser interferometers may become a valuable tool 
to measure the index of refraction of plasmas in the future. 
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Abstract. The COLAX code was used to investigate the role of several parameters on 
the spatial and temporal behaviour of the output pulse of a transient X-ray laser 
seeded by a harmonic pulse. The importance of the collisional linewidth on the 
duration of the output pulse is underlined. 

1 Introduction 

Seeding high order harmonics radiation in a transient X-ray laser plasma has 
been successfully demonstrated recently [1, 2, 3]. This opens the route to fully 
coherent, high-brightness sources that should be extended towards higher 
energy, shorter wavelength and shorter pulse duration. In order to support the 
experimental efforts towards these goals we have upgraded the COLAX code 
[4], so as to include seeding by a femtosecond harmonic pulse, as well as 
travelling wave pumping geometry. The Maxwell-Bloch model used in CO-
LAX is well suited to the description of the amplification of a femtosecond 
pulse in a narrow bandwidth lasing medium, as is the case for X-ray lasers. 
We have shown that the amplification of the harmonic seed in the X-ray laser 
plasma is a dynamical process [5], that involves the temporal response of the 
atomic polarisation on the lasing ions to the injected field. The harmonic pulse 
hence generates a wake that follows by a few picoseconds and is amplified 
while propagating along the plasma length. In this paper we will discuss the 
role of the main parameters that modify the spatial and temporal behaviour of 
the output amplified seed, namely the time or level of injection. Further, the 
collisional spectral width of the lasing transition will be shown to play a 
crucial role in the duration of the output pulse. This simulation study is linked 
to the experimental work currently carried out at the LASERIX facility, aimed 
at seeding a GRIP transient X-ray laser [6]. 
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2 Simulations of a seeded X-ray laser with the COLAX code 

2.1 The Maxwell-Bloch model 

The COLAX  code, initially described in [4],  is based on the resolution of 
Maxwell-Bloch equations to calculate the temporal and spatial evolution of 
the electric field associated with the amplified radiation. The code was re-
cently upgraded to include the presence of a high-order harmonic radiation 
pulse injected at the entrance plane of an X-ray laser (XRL) plasma. The code 
is 2D (x, y) and only the linear component in the z direction is considered. 
The Maxwell equation, written in the paraxial slowly varying envelope ap-
proximation, describes the time and space evolution of the field travelling in 
either the forward (+) or backward (-) y direction: 

 

� 

∂E±

c ⋅ ∂t
± ∂E±

∂y
= ic
2ω

∂2E±

∂x 2
+ iω
2c
(εRE± + 4πP±)  (1) 

Here εR + 1 is the dielectric constant for the free electrons and P± is the 
atomic polarisation density on the lasing transition. 

Equation (1) is solved together with the equation describing the temporal 
evolution of the polarisation density: 

 

� 

∂P±

∂t
= −γP± − iωDE± + Γ±  (2) 

 Here γ is the polarisation dephasing factor due to both elastic and inelastic 
collisions on bound electrons. This quantity is related to the collisional width 
of the lasing line. It will be shown below that it plays a crucial role in their 
temporal behaviour of the amplification of the harmonic seed. D is the re-
duced, non-dimensional population inversion that is taken at the quasi-steady 
state equilibrium, while saturation is taken into account. Finally Γ is a source 
term accounting for the contribution of spontaneous emission to polarisation. 

It should be noted that keeping a time-dependent treatment for the polarisa-
tion is required here as the spectral width of the injected radiation, namely the 
harmonic pulse, is much larger than the width of the XRL gain, so that the 
adiabatic approximation, where dP/dt is set equal to zero and P is proportional 
to the electric field E, is not valid and should not be used. Using this time-
dependent treatment we have shown [5] that the presence of the femtosecond 
harmonic pulse induces a dynamical response of the lasing plasma leading to 
the formation of a wake following the harmonic pulse.  
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2.2 The input data 

The COLAX code is designed to be used as a postprocessor of the EHYBRID 
hydrocode to provide a detailed description of the amplification of harmonics 
pulse in conditions close to experimental ones. However for the present study 
we have used a simpler model case for the input data that describe the state of 
the plasma in which the harmonic pulse is injected. The use of such a model 
case gives the possibility to investigate separately the role of several seeding 
and plasma parameters and to get a better insight on the main trends of the 
spatial and temporal behaviour of the seeded XRL output. Further such a 
study is also useful to test the capability and the reliability of the code. 

The values that were considered as input data are consistent with the condi-
tions of maximum gain in a Ni-like silver XRL plasma that is calculated from 
a detailed EHYBRID simulation. The local gain has a Gaussian distribution in 
both space and time, with a maximum value of 50 cm-1 and a spatial width of 
40 µm, a temporal width of 20 ps. The saturation intensity is 1010 W/cm2 and 
the γ factor, which appears in Eq. (2) is 1012 s-1. The electron density de-
creases exponentially with the transverse coordinate x whereas the electron 
temperature is constant in space and time at 400 eV.  

The plasma length is 4 mm and we consider that this plasma is heated by 
the short pulse in a travelling-wave geometry along the longitudinal coordi-
nate y. This geometry implies that the history of the gain coefficient at a given 
longitudinal position y is similar to the one at y = 0 but delayed by the time it 
takes to the short pulse to travel from zero to this position. The resulting 
spatial distribution of gain at a given time is shown in Fig. 1: the region where 
the gain is significantly greater than zero is limited in both the transverse (x) 
and longitudinal (y) directions. This gain region travels along the plasma 
length (from left to right in Fig. 1) at the speed of light.  

Finally a harmonic pulse is injected at the input plane of the plasma at y = 
0. This harmonic field has a Gaussian space and time envelope with a duration 
of 30 fs and a maximum intensity of 109 W/cm2, that is one tenth of the satu-
ration intensity. 

From the calculated evolution of the electric field as the harmonic pulse 
travels along the plasma, we can calculate the evolution of the field intensity 
flowing through the output plane as a function of time and of the transverse 
position. Such a representation is interesting because it could be directly 
compared to a time-resolved near-field image that would be obtained in an 
experiment by setting the slit of a streak camera at the image plane of a device 
imaging the exit plane of a seeded XRL plasma. In the following all the 
results of COLAX that will be discussed will deal with the time-resolved 
distribution of intensity at the output plane. 
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facility [6, 7].  

 
Fig. 1 Spatial distribution of the local gain at a given time during the propagation of 
the seed in the longitudinal direction. The limited size of the gain zone in the 
longitudinal direction is due to the presence of a travelling wave irradiation. 

 

2.3 Seeded versus unseeded (ASE) output 

In this section we compare the main features of the output intensity with and 
without seeding. Fig. 2.a shows the calculated distribution of output intensity 
versus time and space for the unseeded case, i.e. when the output intensity is 
only due to amplification of spontaneous emission  (ASE). What is remark-
able here is the presence of small-scale structures which are inherent to the 
ASE regime, due to a limited coherence of the amplified radiation. Such 
small-scale structures were also observed experimentally in the near-field 
pattern of a molybdenum XRL that was recorded recently at the LASERIX 
facility [6, 7].  
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Fig. 2 Distribution of the output intensity versus time and transverse position 
predicted by COLAX. (a) unseeded case; (b) seeded case. Note that the color scale is 
not the same in the two images as the calculated signal is much stronger in case (b). 

Fig. 2.b shows the distribution of intensity with the same temporal ad spa-
tial scales as in Fig. 2.a, but here a seed pulse was injected. Note that the color 
scale is different in the two images as the ASE signal in Fig. 2.a is much 
weaker than the amplified seed in Fig. 2.b. It can be seen that the seeded 
output pulse is both smoother and smaller than the ASE one, whereas it has a 
similar duration of the order of 5 ps. Correspondingly, in the far field, CO-
LAX predicts that the amplified seed has a much narrower divergence (about 
1/10 mrad) than the ASE beam, in agreement with experimental observa-
tions [2]. 

3 Role of the time and level of injection 

3.1 Role of time of injection 

The time of injection was varied between 10 ps and 23 ps, where 0 ps is the 
start of the simulation and 20 ps is the time when the local gain is maximum 
at the entrance plane y =0. The results are summarised in Fig. 3 which shows 
the calculated maximum output intensity as a function of the time of injection, 
compared with the ASE level (dotted horizontal line). One can see that at the 
optimal injection time the maximum intensity of the amplified harmonics is 
11 times the ASE one, and about 4 times the saturation intensity which was 
used for those calculations.  

On the other hand the value of the optimal time of injection is 17 ps, i.e. 
about 3 ps before the time when the gain is maximum at the injection plane. 
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This temporal shift is directly related to the dynamical response of the plasma 
to the incident radiation. The radiation which is amplified is the wake follow-
ing the femtosecond harmonic pulse by the same temporal delay.  

 
Fig. 3 Calculated maximum output intensity for increasing values of the time of 
injection, compared with the level of ASE intensity (horizontal dotted line) and with 
the saturation intensity Isat. 

3.2 Role of level of injection 

The time of injection was then kept constant at 17ps and the level of injection 
was varied. The results are summarized in Fig. 4 which shows the calculated 
maximum output intensity for increasing values of the injected intensity, 
between 108 to 5.109 W/cm2, or between 1/100 and 1/2 of the saturation 
intensity. 

 One can see that the curve which fits the calculated data is far from a linear 
increase, which would be expected at least for the lowest injected intensities 
that are well below the saturation intensity. However, due to the large gain 
length value of 20 which was used for these calculations, all the output in-
tensities in the explored domain are above the saturation intensity of 1010 
W/cm2 . Because of saturation the slope is lower for the largest injected 
intensities. As a result the output intensity is more sensitive to small variations 
of the injection level in this part of the curve. Finally the highest injected 
intensities correspond to situations where the gain is strongly depleted by 
saturation in the region where the amplified intensity is maximum. 
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Fig. 4 Calculated maximum output intensity for increasing values of the injected 
intensities. Saturation intensity: 1010 W/cm2 

4 Duration of the amplified HHG 

In this section we investigate the role of two parameters that might influence 
the duration of the amplified seed pulse. Fig. 5 shows the temporal history of 
the output pulse in three cases. In the first case the duration of the local gain 
was taken at 20 ps FWHM. The corresponding output pulse has a duration of 
about 5 ps. When the gain duration is reduced to 10 ps FWHM, this does not 
change much the duration of the output pulse which is barely reduced to 4 ps. 
However if we now come back to a gain duration of 20 ps and increase the 
factor γ by a factor 5 we see a dramatic reduction of the duration of the output 
pulse which is now of about 1ps.  

It should be reminded that the factor γ is the polarisation dephasing rate, 
which is linked to the collisional linewidth of the lasing transition. This factor 
hence plays a crucial role in the temporal behaviour of the amplified harmonic 
and its value has to be modelled and evaluated precisely. 
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Fig. 5 Temporal history of the amplified seed pulse predicted by COLAX in three 
cases: (___) duration of gain 20 ps FWHM, γ = 1012s-1; (-o-) duration of gain 10 ps 
(FWHM) , γ = 1012s-1; (---) duration of gain 20 ps, γ = 5.1012s-1 

5 Conclusions and future work 

In this work we have used the COLAX code to investigate the role of several 
parameters that influence the temporal and spatial behaviour of the amplifica-
tion of a harmonic seed in an XRL plasma.  

We have varied the time of injection and we have shown that the optimal 
time is shifted by about 3ps with respect to the time of maximum gain at the 
injection plane. This corresponds to the delay between the harmonic pulse and 
the wake which is formed as a response of the medium to the incident radi-
ation. 

The output intensity increases very rapidly with the level of injection when 
this level is much lower than the saturation intensity (i.e. Iinj ~ Isat /100). The 
increase gets lower when the level of injection approaches the saturation 
intensity. 

Finally we have shown that the duration of the output pulse is predomi-
nantly controlled by the polarisation dephasing rate, the factor γ, which is 
related to the collisional linewidth. A precise knowledge of this quantity is 
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hence required to ensure reliable predictions. Recent measurements of this 
quantity are reported in companion papers [7, 8]. 

The COLAX code will be further improved by including a time-dependent 
treatment for the excited level populations involved in the population inver-
sion. A second step will be to include inhomogeneous Doppler broadening as 
in the current version only homogeneous broadening is taken into account. 
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Abstract. The number of atomic excited levels considered in codes modelling X-ray 
lasers is generally very limited. A few dozens or even two or three are considered 
while thousands times more do exist. We compute populations, gain and spectra with 
tens of thousands of levels out of equilibrium to model a Zinc Ne-like X-ray laser. 
The maximum gain, its thermodynamic conditions as well as the transverse spectrum 
compare well with the experiment. The gain is marginally reduced for stationary 
plasmas when the number of levels increases. But the radiative losses are strongly 
enhanced for thick plasmas. For transient schemes, some neighbouring levels are 
strongly coupled with the lasing levels and will modify the solution of the Maxwell 
Bloch equations in case of seeding with high harmonics. 

1 Introduction 

In the plasma generating an X-ray laser, the temperature reaches a few hun-
dred eV and the electronic density some 1020 to 1021 e-/cc. In these conditions, 
many electrons may be excited simultaneously in each atom and the number 
of possible excited levels in each ion may be of a few thousands. The model-
ling of these X-ray lasers requires an hydro radiative computation to follow 
the plasma through time and space, a detailed atomic description to calculate 
the gain and a ray tracing code to evaluate the divergence and possibly the 
coherence of the beam. For time limiting reasons, the number of levels taken 
into account must be small to solve the equation of populations in each hy-
drodynamic cell, usually a few dozens [1, 2]. In computations studying the 
amplification of a High Harmonic in the lasing plasma and its coherence, only 
the upper and lower levels of the laser transition are usually considered [3, 4]. 

It has been noticed that the hydro-radiative codes (cited above) lead to very 
high gains (close to 1000/cm for Ni-like transient lasers by example) while 
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the maximum gains observed in experiments reach approximately 70/cm in 
the same conditions [5]. Multiple reasons may damper the theoretical gains as 
time averaging, isotopic composition of the lasing media and the subsequent 
shift, hyperfine structure splitting [6] or use of a more precise model for the 
calculation of collision strengths [7]. We assume that the number of atomic 
levels taken into account in the lasing ion may also have some influence. A 
large number of levels deplete the low lying levels in favour of the high lying 
ones to keep constant the total population of the lasing ion. Regarding the 
modelling of High Harmonics amplification, we assume that some neighbour-
ing levels of the lasing ones are strongly coupled to them and therefore should 
be considered in the dynamic resolution of the populations of the lasing 
levels. 

We present in the second paragraph our modelling of a Zinc Ne-like laser. 
We use the SCRIC [10] code to compute the maximum possible gain, the 
transverse emission spectrum and compare it with the experimental results 
obtained on the PALS laser in the third paragraph. In the fourth paragraph we 
look for the levels strongly coupled with the lasing ones by comparing the rate 
coefficients of a Ni-like Silver transient X-ray laser obtained with the EHY-
BRID code [1]. 

2 Theoretical modelling of a Ne-like Zinc laser plasma 

At the PALS laser, the time duration of the Ne-like Zinc X-ray laser is ap-
proximately 150ps, so we assume that the plasma and the populations are 
stationary. This strongly limits the computing time. We select the configura-
tions necessary for the calculation on energy basis: energies of configurations 
are lower than 7 times the electronic temperature. The optimum temperature is 
close to 450 eV so configurations below 3000 eV are kept. In thermodynamic 
equilibrium this allows to keep all configurations and levels whose popula-
tions are above 9x10-4g where g is the degeneracy ; out of equilibrium – i.e. 
for low densities – this lower limit is even smaller. We assume that in these 
conditions, we keep a good accuracy on the calculation of populations below 
electronic densities of 1021 e-/cc. For Ne-like ions, the configurations found 
with SCDF [8] are 1228, 12273,4,5,6,71,  122632 and 12263141 where ni refers to 
all possible electronic distributions of i electrons in the sublayers of layer n. 
This means 1 non relativistic configuration for the ground stage (the first 
group of configurations), 50 non relativistic configurations for the singly 
excited configurations (the second group of configurations) and 54 doubly 
excited configurations (the two last groups of configurations) or 241 singly 
excited detailed levels and 3784 detailed levels when all levels (singly and 
doubly excited) are included. Finally, 5 ions are included in the calculation 
from 18+ to 22+ and they account for 495 non relativistic configurations. 
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All levels, energies (parametric potential, relativistic) and cross sections 
(DW) have been computed with the HULLAC [9] suite of codes which makes 
16384 detailed levels, approximately 10 million lines, 14 million collisional 
ionisations, 14 million photoionisations, 29 million collisionnal excitations, 
80,000 autoionisations and the same number of reverse processes. 

The SCRIC [10] collisional-radiative solver computes the populations of 
these levels but also the detailed absorption and emission spectra of homoge-
neous plasmas in limited time. This allows determination of the optimum 
thermodynamic conditions to maximise the gain. We finally characterise 
experimental lasing plasmas by comparing their transverse X-ray emission 
spectra with synthetic ones. Lines are computed with a Voigt profile including 
Doppler, natural and collisional broadening, for each line. 

3 Comparison with experiment 

The Zinc Ne-like laser currently working in PALS shows experimental gains 
around 7/cm for electronic densities close to 3x1020e-/cc [11]. The lasing 
ionization is around 20+, so the ionic density equals 1.5x1019 at/cc. 
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Fig. 1 Synthetic gain (cm-1) of a 3p-3s 21.2 nm transition of a Ne-like Zinc 
homogeneous plasma in regard of electronic temperature and ionic density. 

 We present in figure 1, the theoretical gain obtained with the SCRIC code. 
The maximum gain is 10.5 / cm and obtained for 420 eV and 3.5x1019 at/cc 
which corresponds to an electronic density of 7x1020 e-/cc. Such a density 
can't be reached with the PALS laser whose wavelength is 1.315 micron and 
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critical density 6.51020 e-/cc. But at 3x1020 e-/cc, the synthetic gain is maxi-
mum at 420 eV and reaches 8 between 420 eV and 550 eV, within 15% of the 
experimental value. Larger gains could be reached with lower wavelength. 
Concerning the number of levels included, it appears that in the optimum 
lasing conditions the population of highly excited levels remains very low and 
doubly excited levels account for only 2% of the total population of ion Zn20+. 
This ratio increases for higher temperatures and / or densities but remains low 
(5% at 700 eV, 8x1019 at/cc and a 2/cm gain). Therefore, the gain is also little 
modified by the very large increase in the number of levels. However, a 
higher proportion of very excited levels -and the subsequent decrease of gain- 
may occur for temperatures highly above the stationary optimum gain condi-
tions. These conditions are reached in transient X-ray lasers where the high 
gains come from the decoupling between ionization and temperature. 
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Fig. 2 Experimental [12] and synthetic transverse emission spectra of a Zinc  
X-ray laser plasma in optimum lasing conditions. a) Experimental, time integrated  
b) experimental, space and time integrated ; c) synthetic 420 eV, 2x1019 at/cc,  
4x1020 e-/cc and 150 microns thick ; an artificial 3eV broadening has been added to 
compare with experimental spectra. 
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In figure 2 we compare the experimental [12] and calculated X-ray trans-
verse spectra obtained for the optimum lasing conditions mentioned above. 
We notice good convergence even if two discrepancies remain at 10.6 and 
10.8 Angströms corresponding to an overestimation of Na-like Zinc popula-
tion. This allows to confirm the thermodynamic conditions already mentioned 
: Te ~ 420 eV and Ne ~ 3x1020 to 4x1020 e-/cc. Concerning the highly excited 
levels, even if their population is small, their contribution to the spectrum is 
high – all the background – because of the number of the satellite lines and of 
the thickness and opacity of the plasma which limits the height of the resonant 
lines. A comparison can be made with a Titanium X-ray laser synthetic spec-
trum containing only resonant lines in [13]. 

In these conditions, the total internal energy of the column of plasma 
(3cm * 150 microns diameter) is close to 35 Joules (~60% thermal energy, 
~40% ionization + excitation energy) to be compared with the 450 Joules of 
the pumping laser. This means that the pumping laser energy is either not 
absorbed or radiated and this paves the way to new schemes with better laser 
absorption or less radiative losses. 

4 Strongly coupled levels in High Harmonic amplification 

When the lasing plasma is seeded with a high harmonic, the calculation of the 
amplification relies on the Maxwell Bloch equations which couple the electric 
field with the populations of the lasing levels [3]. The resolution of these 
equations shows, in specific situations, large modulations in the amplitude of 
the field, known as Rabbi oscillations [4]. These correspond to large vari-
ations of the populations of the lasing levels. When the lasing levels become 
strongly depleted, they may also deplete some neighbouring levels strongly 
coupled with them. These last levels, retroactively, won't be able anymore to 
repopulate the lasing levels and the global solution of the Maxwell-Bloch 
equations will be modified. For this reason their individual inclusion in the 
Maxwell-Bloch equations will improve the results as has already been ob-
served for the different magnetic sublevels of the lower lasing level [14]. 

We identify in table 1 all the levels strongly coupled with the lasing levels 
of a Ni-like Silver transient laser. We use the EHYBRID code to model the 
plasma and the atomic physics [1]. These levels account for more than 10% of 
the maximum populating rate of the lasing levels and more than 3% of their 
total populating rate. The rates have been computed for the maximum gain (of 
430/cm) obtained during a double pulse at 1.06 micron: 600ps at 5x1011 
W/cm2 followed by 0.4ps at 5x1014 W/cm2 after 850ps. The lower lasing level 
is strongly populated by the ground level for approximately 1/3rd, by the upper 
lasing level for 1/3rd and by 7 other levels for approximately 1/3rd also. These 
last 7 levels are little populated (of the same order of magnitude as the lasing 
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levels) consequently they will be rapidly depleted if the lower lasing level is 
depleted and will strongly retroact on it. The upper lasing level is populated 
for half by the ground level and just less than half by a more excited level 
3d94f (3/2, 5/2) J=1 which is populated similarly to the lasing level. Therefore 
it will also strongly retroact on the upper lasing level in case when they are 
both depleted. The ground level is very populated compared to the lasing 
levels and its population will not vary during the oscillations of the lasing 
populations. 

Finally, a more complete treatment of the Maxwell Bloch equations should 
include the previously mentioned excited states, plus the lasing levels and the 
global populating/depopulating rates (condensing all the other populat-
ing/depopulating rates from the other levels including ground). In case of 
strong constraints on computing time, an improvement would be obtained by 
including only the 3d94f level and possibly other levels beginning in descend-
ing order of populating rate of the lower lasing level. 

Table 1 Maximum populating rates of the lasing levels in a transient Silver Ni-like X-
ray laser (result obtained with the EHYBRID code). The lasing levels are in bold. 

Level Population/ 
ion pop. 

Populating rate 
low. lasing lev. 

Populating rate 
up. lasing lev. 

Ground   0.642 29.10 %   49.80%   

(5/2, ½) J=2 0.00592 5.45%    

(3/2, ½) J=2 0.00532 3.14%    

(5/2, 3/2) J=1 0.00889  4.83%   

(5/2, 5/2) J=1 0.00500 7.97%    

(5/2, 5/2) J=2 0.00469 3.27%    

(3/2, 3/2) J=1 0.00273 3.04%    

(3/2, 3/2) J=2 0.00431 3.25%    

(5/2, 5/2) J=0 0.0170 33.00%    

(3/2, 5/2) J=1 0.0344 3.86%   44.20%   
Total population 
of the ion Ag 19+ 

1. 100%     =  
 

100%    
=  

5 Conclusion and perspectives 

We have noticed that the gain of a stationnary plasma is modified by a few  
percents by the number of levels increase but that the radiative losses are 
strongly enhanced. The determination of the thermodynamic conditions of the 
experimental plasma is improved when a large set of atomic configurations is 
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used. At high temperatures in transient X-ray lasers, the number of atomic 
levels considered in the simulation may reduce more the calculated gain and 
this still has to be checked. In transient Ni-like lasers the 3d94f (3/2, 5/2) J=1 
level is strongly coupled to the upper lasing level and a group of six less 
excited levels is also strongly coupled to the lower lasing level. Their influ-
ence on the dynamics of the amplification of a high harmonic in the lasing 
plasma has to be computed. 
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Abstract. We report here new results of simulations of Z-pinch recombination pump-
ing for capillary filled by boron and compare them with previous nitrogen results. In 
both cases the same capillary radius and current pulse shape are taken into account. 
Evaluated pressure optimized gains for boron and nitrogen are 1.04 cm-1 and 0.11 cm-

1, respectively. Influence of possible wall ablation is also analyzed. 

1 Introduction 

Capillary pinching discharge has been demonstrated as a very successful method 
for pumping of compact and efficient soft X-ray lasers. Namely, pinching plasma 
column inside argon filled capillary has been shown to be a very efficient way to 
get lasing at 46.9 nm [1]. In this case the active medium was formed during the 
pinch compression stage when collision excited neon-like argon ions Ar8+ were 
created. There is significant interest in extending capillary discharge pumped lasers 
to shorter wavelengths. Recombination pumping scheme leading to the population 
inversion on the Balmer alpha transitions of low Z- elements is an alternative. The 
primary pumping process is three-body collision recombination, taking place in 
non-stationary under-cooled plasma created during the pinch expansion stage. 

To understand the recombination pumping process quantitatively and to 
design optimum parameters of a new experimental device we perform com-
puter modelling [5, 8]. Optional experimental parameters – capillary radius, 
current pulse shape and filling atom density – are varied. 

We have done modelling of a fast electrical discharge in non-ablative nitrogen 
filled alumina capillary to estimate lasing at 13.4 nm with hydrogen-like nitrogen 
atoms [8]. We have found out rather high values of slope and amplitude of current 
pulse passing through the capillary, which are required to get successful lasing [5]. 
For example, in CAPEX-U experiment, where initial current slope is about 1.1012 
A/s current amplitude Imax = 50 kA and capillary radius R0 = 0.16 cm [7], the 
evaluated gain Gmax ~ 0.1 cm-1 is too small to be measured. To get measurable 
gain it is very important to increase the current slope preferentially two times and 
slightly increase the current amplitude (to have 60 – 70 kA). 
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We expect that lasing on Balmer alpha quantum transition of hydrogen-like 
ions with lower atomic number Z is less demanding from the point of view of 
necessary current pulse amplitude and slope values. The influence of the wall 
ablation on the evolution of plasma quantities and achievable gain, expected 
for high currents has been investigated. 

2 Computer Modelling of Laboratory Experiments 

It is presumed that the electric current passing through the capillary has a 
shape of damped sinus and the discharge system is specified by the following 
five parameters: Capillary radius R0, peak value of the current pulse Imax, 
initial current slope dI/dt|t=0, damping time t1 and initial atom density N0. 
Simulation for any shot is performed in the following tree steps:  (1) Radial 
and time dependences of mass plasma density ρ(r,t), plasma electron tempera-
ture Te(r,t), plasma ion temperature Ti(r,t) and plasma electron density Ne(r,t) 
are evaluated by means of the MHD code NPINCH [2], (2) time dependences 
of ionization fractions and energy level populations for lithium-, helium- and 
hydrogen-like ions are evaluated by means of the kinetic code FLY [3] and 
(3) gain factor is assessed according to [4]. 

We investigate the discharge dynamics in a capillary pre-filled by partially 
ionized gas. During the discharge, the degree of plasma ionization is quickly 
changed due to of increasing electron temperature. In the plasma parameter 
range under consideration, the following dissipative processes are included: 
electron thermal conductivity, Joule heating, Nernst and Ettinghausen effects, 
the radiation losses, and ion viscosity. It is also important to incorporate the 
degree of ionization both into the equation of state and into the dissipation 
coefficients. We use the approximation of two-temperature (ion and electron) 
one-fluid magneto hydrodynamics.  

The radiative properties of Z-pinch plasma in non-stationary and non-
equilibrium state are described using kinetic code FLY [3] as a post processor. 
The code provides detailed information on the ionized and excited stages of 
ions. It enables us to study the evolution of lithium-like, helium-like and 
hydrogen ion stages of filling gases.  

3 Boron Pinching Plasma 

Boron plasma behaviour has been modelled for the capillary radius R0 = 1.6 
mm and the current pulse specified by dI/dt|t=0 = 1012 A/s, and Imax = 50 kA, i.e. 
for current pulse shape, which was achieved with the CAPEX experiment [7]. 
The time dependence of the approximated current for this experiment is 
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shown as Fig. 1(a). The non-ablative capillary is presumed. In the simulations 
we assume free boundary conditions (Lagrangian boundary r = R0). Boron is 
assumed to be slightly ionized at t = 0 ns.  

Trajectories of the plasma boundary elements are shown in the r-t plane for 
three different initial electron density values see Fig. 1(b). Expansion of the 
plasma during first ~20 ns is relevant to the chosen boundary condition. The 
overall picture of the discharge can be described as follows: the current pulse 
heats the plasma and creates the azimuthally component of the magnetic field, 
thus leading to the pinching of the plasma. The pinch time increases with 
increasing initial atom density. 

 

 

 
Fig. 1  (a) Shape of the current pulse, (b) Movement of the outer plasma element for 
three various atom densities N0 

3.1 Radial and Time Evolution of Plasma Quantities 

Temporal evolutions of the calculated radial distributions of plasma parameters 
inside the channel are seen from Fig. 2. The first, the second, and the third 
frames show the distribution of the mass density compression ratio ρ(r,t)/ρ0, the 
electron density Ne(r,t), electron temperature Te(r,t) and the fourth frame shows 
the distribution of plasma axial current density jz(r,t). We can see the propaga-
tion of a compression shock wave from the walls toward the channel axis and 
its reflection from the region near the axis. A general picture of the motion of 
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boron plasma under the action of self-consistent magnetic field is similar to the 
dynamics of Z-pinches. A cylindrical shock wave propagates in the discharge 
plasma and is reflected from the neighbourhood of the axis and turns into a 
diverging shock wave. The role played by magnetic pressure in the plasma 
acceleration toward the axis is important up to the time of the maximum plasma 
compression. It is interesting to point out that the highest mass compression and 
the highest electron densities are achieved at the capillary axis. But, it is not the 
case for the electron temperature and current density. 

 

 
Fig. 2 Radial and time evolution of logarithm mass density compression ratio, 
logarithm electron density Ne(0,t) in cm-3, electron temperature Te(0,t) in eV and 
current density jz(0,t) in MA.cm-3 for initial boron atom density N0 = 3.5 1017 cm-3 
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This situation differs from those for filled capillaries with ablating walls [11], 
where the redistribution of the electric current between the filling and ablated 
wall plasmas strongly influences the plasma dynamics. 

3.2 Boron Ion Abundances, Population of Energy Levels and Gain on 
Capillary Axis  

Kinetics of boron ions on the axis for initial atom density N0 = 3.5 1017 cm-3 is 
seen from Fig. 3. The ion abundances are quickly changed during the pinch 
collapse. Predominant density of the fully ionized atoms is achieved at the 
pinch time (around 62 ns) when the temperature is about 70 eV.  

 

 

Fig. 3 Time dependences of (a) boron ion densities (log scale) and (b) population 
densities of B+6 laser levels and gain G for N0 = 3.5 1017 cm-3 

Quick electron cooling, which takes place during the pinch decay, results in 
population inversion and measurable gain (at 70 ns) with the peak value about 
1 cm-1. The peak value of the gain as well as the time of the peak value vary 
with variations of the initial atom densities.  

3.3 Off Axial Gain 

Following the plasma parameters along the plasma trajectories, the off axial 
gain may be also evaluated. The values of electron Ne and temperature Te 
along the selected plasma tube are used as input data for the FLY code. Gain 
along the plasma tube is evaluated in the same way as along the capillary axis. 
Representative results of radial-time evolutions are seen from the two-
dimensional diagrams for three selected initial atom densities (Fig. 4). If the 
initial pressure of boron vapours is increased, the pinch time is more delayed 
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and the radial and time evolution changes its character. For lower pressures 
the peaks of the gain are situated on the axis and the created active medium 
have shapes of cylinder, whereas for greater pressure the peak value of the 
gain is not found on the capillary axis and laser active medium has a shape of 
an annulus. 
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Fig. 4 Radial and time evolution of the gain evaluated for various initial boron atom 
densities (a) N0 = 2.0 1017 cm-3, (b) N0 = 3.5 1017 cm-3, (c) N0 = 4.5 1017 cm-3 

4 Influence of Capillary Wall Ablation on Plasma Evolution 

All the results presented above were obtained under the presumption that 
material ablation during the first pinch may be neglected. It is valid, if ce-
ramic capillaries and low current peaks are discussed.  
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Fig. 5 Time dependences of electron temperature on the axis for various boron atom 
densities (a) without ablation, (b) with ablation 

Our estimations show that in considered range of parameters the ablation of 
the ceramic capillaries can be neglected. Nevertheless, the accuracy of our 
estimations is not very high, and there exists the possibility of the wall abla-
tion before the pinching of plasma in the capillary. To demonstrate import-
ance of the ablation for the plasma behaviour we have performed simulations, 
where the plasma-wall interaction was modelled by considering the evapo-
rated material of the wall as a cold neutral gas of high density and of suffi-
ciently high total mass. In this case amount of wall material involved into the 
discharge is limited only by the energy flux delivered by thermal conduction 
that is only available for production of relatively hot plasma from the cold 
gas. Results comparing the two limiting cases (without ablation and with 
overestimated ablation) are presented (Fig. 5). We can see that process of 
ablation diminishes considerably plasma quantities at the time of pinching and 
the cooling effect becomes very slow. Calculated gains for such discharges 
are very low. We believe that such low parameters would be typical for plas-
tics capillary and not for the ceramic ones.  
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5 Conclusion 

Efficient amplification of spontaneous emission at boron Balmer alpha (26.23 
nm) may be achieved with lower current peaks and lower current slopes than 
for nitrogen (13.38 nm). The achievable gain is one order higher than that 
with nitrogen, if dI/dt|t=0 = 1012 A/s, and Imax = 50 kA. In the case of boron 
filling the electron plasma temperature required to get the dominating abun-
dance of fully ionized atoms is reasonably lower than in the case of nitrogen. 
Preliminary appraisal of wall ablation prognosticates a serious obstacle on the 
way to capillary recombination pumping of higher Z hydrogen-like ions. The 
ablated material has a serious cooling effect; the electron temperature on the 
axis becomes lower than in the case without wall ablation.  
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Abstract. We theoretically investigate the propagation of a high-

harmonic pulse through a population-inverted medium. By using a

Maxwell-Bloch model, the evolution of the 59th harmonic pulse of

820 nm laser through a dominantly nickel-like silver plasma resonant

at 13.9 nm is simulated. The characteristics of ultrashort pulse ampli-

fication are anlayzed by considering the role of input pulse duration

and lasing medium lifetime. The understanding of the amplification

mechanism obtained in this way will be useful in developing an ul-

trashort coherent x-ray source which combines the merits of high har-

monics and x-ray lasers.

1 Introduction

X-ray lasers based on plasma generated by high-power optical lasers

have been developed for several decades. Nowadays, they deliver soft

x-ray or extreme ultraviolet (e.g. 13.9 nm) pulses having few-µJ en-

ergy, picosecond duration, and monochromaticity (!!/! ∼ 10−5), at
the repetition rate of the driving optical lasers. Although it has par-

tial coherence, more than 90 % of energy is incoherent due to the

intrinsic randomness in the generation process [1]. To increase coher-

ent energy, injection of high harmonics, which has almost full spatial

coherence [2], has been investigated by several groups, and improve-

ment of coherence and amplification has been demonstrated [3, 4].
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Sophisticated numerical simulations incorporating plasma dynamics

have also been attempted [4, 5].

In this paper, we address the fundamental physics of the har-

monic injection, namely, the propagation of a femtosecond (fs) pulse

through a lasing medium with picosecond (ps) lifetime. In the first

approximation, this process can be investigated by concentrating on

the coherent interation of field and matter without detailed plasma dy-

namics. To simplify the situation further, we assume ideal traveling

wave amplfication in which both the driving laser pulse and harmonic

pulse propagate at the same speed: the harmonic pulse encounters

fresh population-inverted ions on its propagation.

This paper is organized as follows. In section 2, the physical

model is described. The characteristics of ultrashort pulse amplifica-

tion is discussed in section 3. In section 4, conclusion is made.

2 Physical model

To describe the pulse propagation in a lasing medium, we use a

Maxwell-Bloch model, in which the density matrix equations for

matter and the wave equation for field are solved self-consistently

[6]. The matter consists of open two-state atoms modelling Ag19+

4d(1S0)−4p(1P1) transition. The harmonic pulse is assumed to be po-
larized along z-direction, and, thus, only the transition without change

in magnetic quantum number (m= 0→m= 0) is considered.

The density matrix equations for the atoms are given as follows.

!̇ba = −(i"ba+ #ba)!ba+ iVba (!bb−!aa)
!̇bb = −#b!bb−2VbaIm{!ba}
!̇aa = −#a!aa+2VbaIm{!ba}+ #br0!bb

where Vba =< b|z|a > E($) = zbaE($). b and a refer to the up-

per and lower states, respectively. The polarization is obtained with

P($) = −2nizbaRe{!ba}. Various decay constants are obtained from
either simulations or experimental data quoted in the literature: ni =
8.4× 1016 cm−3, #a = 2.3× 1012 Hz, and #b = 8.5× 1011 Hz form
EHYBRID [7]; #br0 = 5.9×1010 Hz and zba = 0.27 atomic units from
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MCDFGME [8]; !ba = 2.7× 1012 Hz, corresponding to ""/" =
4× 10−5, and ne = 3.0× 1020 cm−3 from typical experimental re-

sults [1].

The general form of the wave equation is as follows.

#2E(z, t)−
1

c2
$ 2E(z, t)

$ t2
= µ0

$ 2P(z, t)

$ t2

Considering the assumption of ideal travelling wave amplification, we

describe the pulse propagation in moving frame (% = t − z/c). Fur-
thermore, the medium is optically rare for 13.9 nm radiation, and

we can use slowly-evolving-wave approximation, i.e. slowly-varying-

envelope approximation in moving frame [9]. With these approxima-

tions, the wave equation in Fourier frequency domain is as follows.

$ Ẽ(z,&)

$ z
= i

(µ0c&

2

)

P̃(z,&)

The contribution by the free electrons, P̃e = −neẼ/&2, is added to
P̃(z,&). The density matrix equations and wave equation constitute
the description of the numerical model.

Note that the dominant parts of physical quantities are oscillat-

ing at the resonance frequency. We can use additional assumptions:

rotating wave approximation and on-resonance condition [6]. With

these approximations, the equations are so reduced that only the en-

velopes are involved [10].

'̇ba = −!ba'ba+ iVbaC ((bb−(aa)
(̇bb = −!b(bb−2Im

{

V ∗
baC'ba

}

(̇aa = −!a(aa+2Im
{

V ∗
baC'ba

}

+ !br0(bb
$EC(z,%)

$ z = −iµ0c&ba
2

PC(z,%)

where 'ba = (ba exp(i&ba%). The subscript C refers to the complex
envelope obtained from the analytic signal of the original quantity

[11]. We use this set of equations for simulation.

The lasing medium has the gain of g0 = 225 cm−1, which is the

highest local gain from EHYBRID calculation. In the current model,

setting (bb = 0.59 and (aa = 0.42 gives the gain value.
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Figure 1. Temporal profile of an initially 25-fs pulse at various propa-

gation length. (The inset shows the temporal evolution of population at

z= 2500 µm)

3 Characteristics of ultrashort pulse amplification

In the amplification of a pulse, the duration of the input pulse and the

lifetime of the medium are the two temporal factors which determine

the temporal profile of the output pulse. Furthermore, they also de-

termine the energy extraction efficiency of the amplifying medium, as

shown below.

The temporal profile of the output pulse as a function of propa-

gation length is shown in figure 1 for the case of 25-fs input harmonic

pulse. At the entrance (z = 0 µm), only the 25-fs pulse is present.

As it propagates, the harmonic itself is almost intact, but it initiates

the lasing medium to radiate. Because the lifetime of the medium

(1/!ba ∼ 370 fs) is much longer than the harmonic pulse duration, the
newly generated radiation trails the input pulse: this phenomenon is
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Figure 2. Temporal profile of an initially 1-ps input pulse at various propa-

gation length.

also observed in the sophisticated simulations involving plasma dy-

namics [4, 5].

Upon further propagating, the trailing radiation becomes so

strong that stimulated emission begins to affect population transfer

between the upper and lower states, i.e. Rabi oscillation occurs. The

modulation in the falling part of the pulse at z = 2000, 2500 µm is

the signature of Rabi oscillation; if !bb becomes smaller than !aa due

to the oscillation, the medium becomes absorptive, and the field in-

tensity decreases until !bb becomes equal to or larger than !aa. The

corresponding population evolution is shown in the inset of figure 1.

Note that the duration of the output pulse is as long as the lifetime of

the medium even though the input pulse duration is much shorter than

the lifetime.

The opposite case in which the input pulse is longer than the

lifetime time is shown in figure 3. In this case, the input pulse ex-
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Figure 3. Energy of output pulses of various pulsewidth as a function of

propagation length.

periences a significant decay of population inversion within its own

duration. As a result, only the leading part is constantly amplified

while the falling part is kept almost intact. As the pulse propagates,

it suffers broadeinig because the leading part is elongated towards the

temporal origin due to the continuous amplification. Emergence of

Rabi oscillation is also observed at z= 2000, 2500 µm.

The relative magnitudes of the input pulse duration and the life-

time of medium determine the energy extraction efficiency, as shown

in figure 3. When the propagation length is short (z< 1000 µm), the

pulse of which duration is the closest to the lifetime is the most ef-

ficient because the most part of the pulse is amplified over the entire

lifetime. The shorter pulses do not fully exploit the gain in lifetime

interval, and the longer pulse are amplified only in the leading part.

However, for long propgation length (z> 2500 µm) at which the ex-

tracted energy overwhelms the input energy, the pulses of which du-
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ration is shorter than the lifetime are the most efficient, and the output

energy values of these pulses converge to one another; once the in-

put pulse duration is shorter than the lifetime, the energy extraction

efficiency in saturation regime is independent of pulse duration. For

these pulses, as shown in figure 1, the whole energy is kept within

the lifetime of the medium, which maximizes energy extraction. For

longer pulses, the part outside the lifetime interval is not amplified,

and the efficiency reduces.

4 Conclusion

By using a Maxwell-Bloch model, we investigated the propagation

of a harmonic pulse through an x-ray lasing medium. The character-

istics of ultrashort pulse amplification was discussed by considering

the input pulse duration and the medium lifetime. From this study,

it is concluded that, once the input pulse duration is shorter than the

medium lifetime, the duration and energy of the output pulse in sat-

uration regime does not depend on the input pulse duration. In this

case, the output pulse duration is close to the medium lifetime. There-

fore, to decrease the output pulse duration, we should decrease the

medium lifetime, e.g. by increasing free electron density and, thus,

enhancing collisional dephasing. This result will be informative for

designing high-harmonic-seeded x-ray lasers.

In the current model, we treated the lasing medium as a pure

amplifier incapable of amplified spontaneous emission and consid-

ered only the coherent interaction. For analysis of coherence property

and more realistic description of pulse propagation, the spontaneously

emitted incoherent radiation should be properly incorporated, e.g., as

suggested in [12]. At the same time, m= ±1 states of the lower level
and the two polarizations of the x-ray pulse should be considered be-

cause spontaneous emission is unpolarized.
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Abstract. It has been recently demonstrated experimentally that seeding a high-
harmonic pulse into an Optical-Field-Ionized gas can generate a coherent soft x-ray 
laser beam of up to 1µJ. In order to analyze the physical processes involved in the  
amplification of the x-ray laser pulse through the plasma amplifier a 3D numerical 
code named COFIXE_MB has been developed using a Maxwell-Bloch treatment. It 
brings detailed information about the x-ray pulse evolution, especially regarding the 
fast evolution of the pulse temporal profile and the spatial filtering of the wave front 
structure by the amplifier. 

1 Introduction 

Experiments results on soft X-ray laser (SXRL) obtained by seeding a  high 
order harmonic (HOH) beam into an Optical-Field Ionized (OFI) gas have 
been recently reported [1]. These experiments performed using the “salle 
Jaune” laser equipment of LOA, ENSTA have demonstrated that with a few 
Joules pumping infra red (IR) beam of sub-picosecond duration focussed 
inside a krypton gas cell it is possible to obtain a fully coherent SXRL at 32.8 
nm with up to 1 µJ of energy. 

Efficiency of this SXRL depends on many parameters such as delay be-
tween HOH and IR beams, polarization and intensity of the IR beam, pressure 
and length of the Kr gas cell. Theoretical support is therefore deeply needed in 
order to understand the influence of each of these parameters. Moreover 
previous experiments [2] have shown that using capillary tubes, it is possible 
to guide the high intensity IR up to several centimetres. For such large 
lengths, the seeded SXRL will be highly saturated, therefore it is important to 
predict its properties. 

The main objective of modelling is to get informations in terms of temporal 
evolution of the beam and also of its spatial properties, in particular concern-
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ing the structure of the SXRL wave front. To get it, two constraints have to be 
satisfied. First, the duration of the injected HOH (~ 30 fs) must be much 
shorter than the typical collision times in the plasma amplifier, related to line 
broadening and electronic excitation/ionization rates. The adiabatic approxi-
mation, usually used in laser physics, in which it is assumed that time evolu-
tion of the laser beam is much slower than plasma evolution at the 
microscopic scale, cannot be therefore used in our case. The time evolution of 
the laser field and of the populations of the atomic excited states leading to 
amplification has to be treated simultaneously. Second, to allow direct com-
parison with the experimental results concerning the wave front structure of 
the SRXL it is necessary to perform a full 3D calculation at least for studying 
transport and amplification of the X-UV signal. In particular, it will allow to 
take into account small miss-alignment between the HOH and the IR beam 
which experimentally is difficult to avoid. 

A numerical code has been constructed to satisfy the former two constraints 
by solving Maxwell-Bloch equations in 3D following Kärtner MIT lecture 
course [3]. The numerical method used differs from Larroche et al. approach 
[4,5]. It is clear that approximations are needed in order to reduce the com-
plexity of the problem ; this is described in section 2. In section 3 we present 
results obtained with our code for temporal and phase evolution of the SXRL. 

2 Modeling 

To describe the properties of the plasma amplifier we introduced two main 
approximations that are relevant to OFI process in gas. First, the plasma is 
rather uniform and macroscopic expansion can be neglected during gain 
amplification. We have therefore assumed that the plasma properties can be 
defined locally, neglecting any gradient effect. Second, tunnelling can be 
considered as instantaneous compare to the period of the IR field, moreover 
the duration of the IR pulse (35 fs) is much smaller than characteristic time of 
1 ps for the  plasma evolution, so that properties of the plasma created through 
OFI is supposed to depend on the maximum intensity of the IR field but not 
on the shape of the envelope of its amplitude. 

Using these two approximations, the modeling of OFI x-ray laser amplifi-
cation can be done through 3 independent numerical codes :  

The first one concerns the infrared laser propagation through a gas con-
tained in a cell or capillary tube calculated in a 2D cylindrical geometry 
within the paraxial approximation [2]. It provides a 2D map for  the maximum 
values of the IR intensity at each point inside the plasma. 

The second code  solves a kinetic model in order  to determine the temporal 
evolution of a uniform gas interacting with an IR beam.  



Modeling of an Ultra-Short X-Ray Laser Pulse Amplification 257 

Fig.1 Evolution of the population inversion after ionization for Kr8+  

The initial free electron distribution function (FEDF) generated by the OFI 
process is highly in a non-equilibrium state. The relaxation of the FEDF is 
calculated through Fokker-Planck equation [6] while atomic data are deter-
mined from the SUPERSTRUCTURE [7] code and electron-ion collision 
strength are derived within the Distorted-Wave approximation [8]. More 
details on this second code are given in [2]. All the needed data entering the 
Maxwell-Bloch equations (see below) are stored and then parameterized in 
terms of the gas pressure and of the values of the maximum intensity of the IR 
beam. A typical example of results is reported in Fig. 1 for the population 
inversion between the two levels of the SXRL lasing line at 32.8nm in kryp-
ton. In this figure, it can be seen that density of excited states is nearly propor-
tional to density while duration of the gain is inversely proportional to 
density. The duration of the gain is fixed by density reduction of the lasing 
ions due to ionization through electron collisions. 

The third part of the calculation is performed by the COFIXE_MB code 
devoted to solving Maxwell-Bloch equation (MBE) in a time evolving plasma 
described by the resulting data of the two previous codes. To reduce the 
computational work, the MBE is solved within an effective two levels model. 
In a 3D  cylindrical geometry MBE equations reads as 

 

  
 
 

  
 
 

 

(1) 

(2) 

(3) 
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In these equations,  is the field amplitude of the x-ray laser, 

 and are the dipole moment  and the population 

inversion for the two lasing levels respectively,  is the values of W 
without an SXRL laser beam, T1 and T2 figure as respectively the energy and 
phase relaxation times of the lasing line, α is an atomic constant and 

represents an attenuation factor, which role is important outside 

the ionised part of the target gas. Both   W0 , T1 and T2 are deduced from the 
kinetic and the IR propagation codes. As our calculations are devoted to the 
amplification of an injected HOH signal, the contribution of spontaneous 
emission can be safely neglected. To numerically solve Eqs. (1-3), the com-
plex scalar fields amplitude is written as 

   
A = A





∑ z,ρ( )exp iϑ( ) with 

similar expressions for  D and  W , each mode function  being 
projected on a rectangular grid. In our 3D calculations, typical values are 40 
angular modes, 75 grid points for ρ values in the transverse plane and 
10 000/cm point for  along the beam axis. 

3 X-ray Amplification Results 

3.1 Temporal profile and spectrum evolution 

COFIXE_MB can bring information about the temporal and spectrum profile 
evolution of a resonant x-ray radiation field. To identify more clearly the 
temporal effects we present here results obtained for a 1d propagation through 
a homogeneous amplifier. 

In Fig. 2, is represented the time evolution of the SXRL field amplitude for 
short plasma length. The non-adiabatic character of the amplification is 
clearly exhibited in this figure. The peak on the left of the figure represents 
the injected HOH signal with duration of 35 fs which is much less than the 
relaxation rates T1 and T2 entering the MBE Eqs. (2-3), which at the con-
sidered pressure of 25 mbar are around few ps. At the shortest length of 0.3 
mm, we can observe an exponential decay of the signal behind the pulse. 
Making reference to the damp oscillator model, we can state that the damping 
value is above the critical damping value so that there is no oscillation. For 
larger lengthes 0.5 and 1 mm, the tail is much more amplified than the initial 
peak yielding to an exponential growth of the X-UV signal whereas the  
response to the initial peak leads to a linear increase of the amplification 
factor. 
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Fig. 2 Temporal profile of the x-ray pulse field amplitude at short propagation  
length (<1mm) 

At larger propagation length (Fig.3a), there is a change of evolution, espe-
cially when the pulse duration gets limited by the gain duration traduced in 
Fig.1. Saturation of the gain has been reached at this point. 

 

(a)         (b) 

 
 
 
 
 
 
 

Fig. 3 (a) Temporal profile of the x-ray pulse field amplitude at long propagation 
length (3-10mm) at P=25mbar for Kr8+ (b) Oscillating temporal profile compared to 
population inversion temporal profile for Kr8+, at z=30mm and P=5mbar. 

As the pulse propagates and the SXRL intensity increases, the electric field 
amplitude starts to  oscillate (Figs 3.a and b) with a strong peak (Fig.3.a) just 
behind the initial HOH one, indicating that the damping becomes larger than 
the critical damping value of the related oscillator. In fact, those oscillations 

are related to Rabi oscillations that are characteristic to di-
polar transition between 2 levels [3,9]. As the Rabi frequency increases with 
the SXRL intensity, the frequency of the damped oscillator increases as well 
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for a fixed value of the damping. Above a given threshold for the intensity, 
the period of the oscillation becomes smaller than the damping time, and 
oscillations become visible. 

The setting of the Rabi oscillations is due to a non equilibrium process  
generated by the formation of the first intense peak. As the pulse propagates, 
it grows by taking energy from a depopulation of the upper lasing level of the 
amplifying ions. When the peak field becomes strong enough, population 
inversion gets negative after a short time and the medium starts to absorb 
incoming radiation until population inversion recovers a positive value. Actu-
ally, this process reproduces over the time and population inversion clearly 
oscillates (Fig.2a) under the influence of a strong field. The direct conse-
quence is an induction of the same oscillations to the amplifying signal field 
amplitude. 

However, those oscillations always decay and set the field amplitude and 
the population inversion  to a stationary regime. The characteristic relaxation 
time of this decay can be determined as a function of the energy- and phase-
relaxation times T1 and T2. 

Fig. 4 Spectral profile of the x-ray field amplitude at different propagation lengths  

Seen in the Fourier space, at early amplification, the x-ray transition line has a 
Lorentzian profile. Then, after saturation has occurred, sidebands related to 
the Rabi oscillations appear aside the main peak (Fig.4). 

3.2 Transverse map of the outgoing x-ray signal energy 

Using full 3D calculations COFIXE_MB can be used to analyse the spatial 
profile of the SXRL in the plane transverse to the beam axis, yielding 
information on the beam divergence and on the intensity and phase fluctu-
ations, which are important quantities for application purposes. The initial 
2D values of the HOH amplitude at the entrance of the plasma is calcu-
lated from experimental data extracted from a wave sensor detector. From 
the COFIXE_MB code, we determine at the exit of the plasma the com-
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plex amplitude of the SXRL, which is further more propagated up to the 
detector for comparison with experimental data. A typical example is 
reported on Figs. 5(a-c), for the intensities at the entrance and exit of the 
plasma and at the detector 
                   a)                                       b)                                         c)  

 

 

 

 

 

Fig. 5 (x,y) Footprint of the SXRL intensity in plane perpendicular to the beam axis, 
as determined by the COFIXE_MB code; a) : at the entrance of the OFI plasma; b) at 
the exit of the OFI plasma and c) at the detector position 4m away from the plasma. 
Note that each figure has a different scaling length 

We can observe strong variations between these figures. The plasma ampli-
fier first acts as a spatial filter, eliminating the intensity fluctuation of the 
HOH signal that are outside the plasma cylinder, so that Figure 5.b has better 
defined boundaries. Close to the plasma axis, the intensity of the IR beam is 
slightly to high leading to an over ionised plasma with a small gain so that the 
SXRL has a ring shape at the plasma exit (Fig. 5.b). In our simulation this is 
partially due to the fact that the IR beam is assumed to have a prefect cylin-
drical symmetry leading to a strong maximum of the intensity close to the 
axis. After propagation up to the detector, 4 m from the plasma, this central 
hole in the SXRL yield fluctuation only well outside the main central spot, so 
that it can easily be withdrawn by a diaphragm. In Fig. 5.c, the main spot has 
a nearly perfect Gaussian shape, with very little phase fluctuation and a radius 
of about 2 mm. In accordance with the experimental result, these calculations 
demonstrate that the HOH signal amplified by an OFI plasma results in an 
intense diffraction limited beam of low divergence. 

4 Conclusion 

We presented results of numerical modeling for the amplification of a high 
order harmonic pulse by a plasma created by optical field ionisation. Using 
approximations that are appropriate to OFI case we were able to construct a 
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full 3D time dependent description of the amplification process. Regarding  
time evolution of the SXRL, we found that for large enough plasma length at 
which SXRL intensity is above a given threshold, time oscillations start to 
grow, leading to sidebands in the frequency spectra. These oscillations are 
expected to play a major role when infrared beam is guided over several 
centimetres. Concerning the spatial structure of the SXRL, results show that 
for an optimum value of gas pressure, at which the amplification factor is 
maximum,  the plasma amplifier acts as an efficient spatial filter. Propagation 
of the amplified X-ray laser pulse outside the plasma for a few meters leads to 
an intense central spot with an almost Gaussian wavefront. 
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Abstract. Two dimensional hydrodynamic behavior of x-ray laser plasma on slab 
under non-equilibrium condition was studied in a novel way. Changes of the charac-
ters of plasma with time were investigated. It is found that the inhomogeneity of 
plasma along the line focus can be relaxed by the hydrodynamic motion. Usually the 
process takes more than 1ns for temperature to get uniform and several hundreds 
picoseconds for electron density. Hydrodynamic oscillation of plasma due to the non-
uniformity of line focus was obtained. 

1 Introduction 

After the demonstration of Ne-like x-ray laser using exploding foil target in 
1985 [1], the soft x-ray laser research field experienced a rapid development. 
In 1987, slab target was firstly introduced into the experiment by Lee and they 
successfully reduced the power demand of laser to 1012W/cm2 [2]. However in 
laser produced plasma high gradient narrower the gain region. The amplifica-
tion of spontaneous radiation was hindered and it is hard to get a saturation 
gain of x-ray laser. Tremendous success was achieved after the proposal of 
pre-pulse technique [3] applying which gain saturation of x-ray laser has been 
demonstrated in neon-like Zn, Ge, Se and etc. in large numbers of experi-
ments. In 1996 short pulse was firstly tried and improved the efficiency 
greatly [4]. Energy requirement was dramatically reduced to 40J. The next year 
transient scheme [5] was demonstrated in the laboratory and then the use of 
short pulse as pumping pulse was widely adopted in nickel-like or neon-like 
transient x-ray laser scheme [6]. Recently a new pumping geometry based on 
the studying of plasma parameter on slab named Grazing Incidence Pumping 
(GRIP) which makes full use of refraction in the plasma brings another devel-
opment into table-top x-ray laser [7]. 

In most recent plasma x-ray laser experiments, pre-pulse technique and slab 
dominate the experimental design. Effort is exerted on studying the relations 
between the output of x-ray laser and pre-pulse, main pulse, also the delay 
time [4,8]. Understanding of pre-pulse technique in one dimension is that the 
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pre-plasma could relax the density and temperature gradient of plasma in the 
delay time by expansion offering a wider gain region. In previous work what 
we concerned is the character of plasma in the expanding direction while 
assuming a uniform distribution along the line focus in calculation or experi-
mental designing. However in practical experiment the focal line is not ideal. 
The non-uniformity will introduce non-equilibrium to the plasma and then 
affects the obtainment of x-ray laser. It is quite necessary to study the behav-
iour of plasma under such non-equilibrium conditions. 

 
Fig. 1 Experimental configuration 

Based on the similarity equation [9], we developed a method to study large 
scale (cm) hydrodynamic behaviour of plasma in two directions under the 
non-equilibrium by combining the 1D solution [9] for x direction (vertical to 
slab as shown in Fig. 1) with numerical calculation for z direction (along the 
focal line in Fig. 1). Temporal and spatial evolutions of plasma under non-
equilibrium conditions are studied in this work.  

2 Inhomogeneity of line focus 

In the experiments applying pre-pulse technique, the quality of line focus is 
important. However whatever optical apparatus are chosen, non-uniform 
intensity distribution is unavoidable.  

 
Fig. 2 Focal line sampling on “ShenGuang II” laser facility 
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Figure 2 shows the intensity distribution in z direction. Horizontal axis de-
notes the position in the line focus and vertical axis the intensity of incident 
laser, arbitrary units. After optimization the unevenness of incident laser is 
still obvious as Fig. 2 shows. Generally the range of non-uniformity of in-
tensity is between  of the average value [4], which will bring noticeable 
inhomogeneity to the plasma. As studied previously, expansion in x direction 
will relax the gradient and lead to a more uniform plasma. In the same way, 
hydrodynamic motion will also affect the plasma distribution in z direction. 
However detailed process has not been studied systematically.  

3 Model equations 

Considering the diffusion and viscosity, hydrodynamic evolution of plasma 
can be described as follows: 

                          (1) 

Where , , , , ,  denotes velocity in z direction, density of 
plasma, temperature, characteristic scale and coefficient of heat transport 
respectively. In the equation and H are the same as described in reference 
[9]. Where q is equal to , C0 is coefficient for viscosity and 

. In contrast with the expansion in x direction, evolution in z 
direction can be considered as subsidiary course. Considering the self-similar 
model we simplified the equations (1) to describe the plasma as follows. 

     (2)             (3) 
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Where  is ablation rate [10] as a function of position and time. Equations 

sets (2) and (3) can effectively model the evolution when the pulse is on and 
after the pulse respectively. 

4 Comparison with 1D similar solution 

In order to verify the validity of our 2D model, we compared the numerical 
results under special conditions with 1D similar solution. 

 
Fig. 3 Electron temperature versus time 

With assumption that the distribution of pulse intensity is homogenous 
along the line focus, taking parameters as intensity of pre-pulse is 7×
1011W/cm2 with pulse duration of 800ps on Pd target. Figure 3 displays the 
evolution of temperature given by our 2D model (solid line) and 1D analytical 
model (dash line) respectively. One can find that the results are obviously 
consistent with each other perfectly which certified the accuracy of our 2D 
model. 

5 Results discussion 

5.1 Evolution of temperature 

In x-ray laser plasma, ionization degree is mainly determined by the tempera-
ture. Only properly ionized plasma can be the effective medium. Therefore 
uniform distribution of temperature is important for the x-ray laser. Referring 
to the practical measurement, we adopted 12% of the average intensity as the 
range of inhomogeneity in the calculation and introduced scrambling spatial 
intensity distribution of incident laser pulse.  
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Fig. 4 Temporal evolution of plasma temperature distribution in z direction Average 
intensity of laser is 0.7TW/cm2 and duration is 800ps, Ni-like Pd. 

 
Fig. 5 Average temperature and discrepancy in z direction. Solid line is scaled to the 
left and dashed line the right. 

Figure 4 display the temporal evolution of plasma temperature along focal 
line. At 800ps, the temperature reached its peak value and it is apparent that 
distribution of temperature is inhomogeneous. In Fig. 5 dashed line shows that 
the discrepancy decreases with the time after the pre-pulse which might be 
due to both the drop of temperature and the tendency to homogeneity in z 
direction. Solid line presents the temporal evolution of electron temperature 
showing that after the pre-pulse the temperature drops gradually. Contrasting 
dashed line with solid line, one can easily find that the former drops much 
more rapidly which could confirm our prediction that hydrodynamic behav-
iour will bring homogeneity to the temperature distribution. 

During the period when pulse was still on, discrepancy of temperature in-
creased faster than the average value which is due to the continual interaction 
between the uneven focus line with slab and plasma. At time when the pulse 
was turned off, discrepancy is larger than 33eV. At 2.5ns the distribution of 
temperature was more uniform with discrepancy smaller than 2eV. As given 
in the work [6], delay time is set as 1.34ns which gave a good output of x-ray 
laser. According to the dashed line when 1.34ns after the peak of pre-pulse the 
discrepancy along z direction is lower than 6ev which verified that the condi-
tions adopted in experiment [6] was optimal. 



268 T. Cheng et al. 

               
Fig. 6 Temporal evolution of electron density distribution in z direction. Intensity of 
laser is 0.7TW/cm2 and duration is 800ps, Ni-like Pd. 

 

Fig. 7 Electron density and discrepancy in z direction. Solid line is scaled to the left 
and dashed line scaled to the right 

5.2 Evolution of electron density 

Figure 6 presents the evolution of electron density. One can find that the 
density distribution also trends to be uniform after the pulse. Dashed line in 
Fig. 7 shows that discrepancy decreased faster than the drop of average den-
sity from the time 400ps before the end of pre-pulse. At time pre-pulse was 
turned off, discrepancy of density was neither the maximum nor the mini-
mum, different from that of temperature with the maximum value. The dis-
crepancy kept decreasing till 1.2ns to a very small value, less than 4×
1018/cm3 comparing to the average density 2.6×1020/cm3. This could be 
considered as the uniformity of density distribution. Compared with dashed 
line in Fig. 5, the interval needed to get so called uniform state is different. It 
was 400ps for density while 1.7ns for the temperature. 

In Fig. 5 and Fig. 7, dash lines which denote the discrepancy of density or 
temperature have rising tails showing that after certain time the discrepancy 
get large again. The average temperature or electron density decreases with 
time, therefore the rising tails imply there might be hydrodynamic oscillation 
inside the plasma. 
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Fig. 8 Temporal of velocity in z direction 

5.3 Oscillation of the plasma 

At 1.2ns the velocity is large and with a non-uniform distribution shown in 
Fig. 8, which is due to the non-uniform plasma produced by the non-uniform 
incident laser. As time passing, orientation of velocity altered and the value 
reduced. 

     
Fig. 9 Average temperature of plasma and temperature at fixed position in the line focus. 
Pulse duration is 800ps with intensity is 0.7TW/cm2 for a, and 2.0TW/cm2 for b, Pd target. 

Figure 9 displays the temporal evolution of temperature, in which solid line 
shows the temperature at fixed point in line focus and the dashed line the 
average temperature. When the intensity is 0.7TW/cm2, the temperature at 
fixed point is first above the average and then below it. When enlarging the 
intensity to 2TW/cm2 we can observe a complete quiver in the same period.  

This hydrodynamic oscillation was attributed to the non-uniform laser line 
focus. Inhomogeneous distribution of plasma density and temperature form 
the non-uniform distribution of pressure in z direction, and then drive the 
hydrodynamic motion. Like the swing of pendulum, when the distribution 
gets uniform but velocity remains thus oscillation happened. Comparing the 
conditions in Fig. 9a and Fig. 9b, we can find when the average intensity is 
higher the frequency of oscillation is larger. It can be explained by that higher 
intensity enlarge the velocity thus shorten the intervals needed.  
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6 Conclusions 

In this work we developed a method of studying plasma under non-
equilibrium to two dimensions basing on the similarity equations. We pre-
sented the evolution of plasma of large scale (cm) under the non-uniform 
incident pulse. Calculation show the temperature and electron density distri-
bution varies a lot along focal line at the end of pulse, but such non-
uniformity relaxes in the delay time. Tendency of electron density to uniform 
is faster than that of temperature. We obtained large scale oscillation in z 
direction resulted from the inhomogeneity of plasma. Such hydrodynamic 
oscillation has a frequency relevant to the intensity of pulse. This work grants 
us the prospect of optimizing the x-ray laser in two directions in an efficient 
way considering both the expansion vertical to the slab and the inhomogeneity 
of plasma along the line focus in practical experiments. 
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Abstract. In this paper we report results for collision strengths and ef-

fective collision strengths for transitions among 89 levels of the (1s2)

2s22p6, 2s22p53!, 2s2p63!, 2s22p54!, and 2s2p64! configurations of

Ni XIX, for which the DARC and FAC codes have been adopted. Res-

onances have been included in the calculations from DARC and their

importance in determining the excitation rates is highlighted.

1 Introduction

Ne-like ions, such as Ti XIII, Fe XVII, and Ni XIX, are often used

in lasing plasmas, and many transitions, particularly within the n = 3

configurations, have been measured in laboratory plasmas. Addition-

ally, emission lines of Ni XIX have been observed in the spectrum

of the solar corona, and are useful for plasma diagnostics. Nickel

is also an important impurity element in fusion reactors, and hence

atomic data are required for diagnostics as well as modelling of plas-

mas. Since there is a paucity of experimental data, theoretical results

are desirable. Therefore, in a recent paper [1] we reported calculations

for energy levels, lifetimes, and radiative rates for four types of transi-

tions, namely electric dipole (E1), electric quadrupole (E2), magnetic

dipole (M1), and magnetic quadrupole (M2), among 89 levels of the

(1s2) 2s22p6, 2s22p53!, 2s2p63!, 2s22p54!, and 2s2p64! configura-

tions. Here in this paper we focus on our results for collision strengths

(!) and effective collision strengths (") or equivalently the excitation

rates.
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Considering the importance of Ni XIX a few calculations have

appeared in the recent past, such as by Gu et al [2] and Chen et al

([3], [4]). However, these calculations are limited to comparisons be-

tween the theoretical and experimental line intensity ratios, and do not

report any atomic data. Therefore, the aim of the present work is to

report a complete set of results for all 3916 transitions among the low-

est 89 levels of Ni XIX, which can be confidently applied in plasma

modelling.

For our calculations of wavefunctions the GRASP (general-

purpose relativistic atomic structure package) code has been adopted,

and for calculating collision strengths (!) and subsequently the effec-

tive collision strengths ("), the Dirac atomic R-matrix code (DARC)

is employed. Additionally, in order to make an accuracy assessment

of our results, and particularly to estimate the contribution of reso-

nances, which significantly enhance the values of ", especially for

the forbidden transitions, we have also performed calculations from

the Flexible Atomic Code (FAC) of Gu [5], available from the website

http://kipac-tree.stanford.edu/fac. This is a fully relativis-
tic code and provides a variety of atomic parameters. Furthermore,

the code yields results comparable to those obtained from other atomic

structure codes such as CIV3 and GRASP - see, for example, Aggarwal

et al [6] and references therein, and scattering codes such as R-matrix

- see, for example, Aggarwal et al [7] and references therein. Further-

more, FAC is based on the well known and widely used distorted-wave

(DW) method and yields results for collision strengths (!) compara-

ble with those from the R-matrix method, particularly for the allowed

transitions, as demonstrated in several of our earlier papers on a vari-

ety of ions, including many of iron, i.e. Fe IX - Fe XXVI.

2 Collision strengths and effective collision strengths

For the scattering calculations, the R-matrix radius has been adopted

to be 3.64 au, and 25 continuum orbitals have been included for each

channel angular momentum for the expansion of the wavefunction.

This allows us to compute ! up to an energy of 250 Ryd, and sub-

sequently the excitation rates up to Te = 10
7 K. The maximum num-
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ber of channels for a partial wave is 401, and the corresponding size

of the Hamiltonian matrix is 10086. In order to obtain convergence

of ! for all transitions and at all energies, we have included all par-

tial waves with angular momentum J ≤ 39.5, although a higher range

would have been preferable, particularly for the convergence of al-

lowed transitions. However, to account for higher neglected partial

waves, we have included a top-up, based on the Coulomb-Bethe ap-

proximation for allowed transitions and geometric series for forbidden

transitions. Furthermore, resonances have been resolved in a fine en-

ergy mesh at over 21000 energies in the thresholds region.

For consistency we have included the same 89 levels in our cal-

culations from FAC, as from DARC. The values of ! are calculated

up to an energy of ∼ 800 Ryd, more than sufficient to calculate val-

ues of " up to Te = 10
7 K. However, as stated earlier, resonances are

not included in this calculation. Nevertheless, these calculations from

FAC are highly useful in assessing the importance of resonances with

respect to the results obtained from DARC.

In Table 1 we list our values of " from DARC and FAC for all

resonance transitions at three temperatures of 105.2, 106, and 107 K.

For level indices see Table 1 of [1]. In Fig. 1 we compare the " val-

ues for three resonance transitions, namely 1-2 (2s22p6 1S0 - 2s
22p53s

3Po2), 1-3 (2s
22p6 1S0 - 2s

22p53s 1Po1), and 1-5 (2s
22p6 1S0 - 2s

22p53s
3Po1), over the entire temperature range. The 1-2 is forbidden, 1-3 is al-

lowed, and 1-5 is an intercombination transition, but resonances have

significantly enhanced the values of ", by over an order of magnitude,

particularly towards the lower end of the temperature range. Even at

the highest temperature of 107 K, our " values from DARC are higher

than from FAC by up to a factor of five. In Fig. 2 we compare the "

values for three other transitions among the excited levels, namely 2-

6 (2s22p53s 3Po2 - 2s
22p53p 3S1), 2-7 (2s

22p53s 3Po2 - 2s
22p53p 3D2),

and 2-8 (2s22p53s 3Po2 - 2s
22p53p 3D3). All these three transitions

are allowed and have comparatively higher " values. However, as for

transitions in Fig. 1, these transitions also show a considerable en-

hancement in the " values of up to a factor of three. Furthermore,

as expected, differences between the two calculations decrease with

increasing temperature. Nevertheless, the temperature of maximum



274 K.M. Aggarwal and F.P. Keenan 

Table 1. Effective collision strengths (!) from DARC and FAC for resonance

transitions in NI XIX at three temperatures of 105.2, 106, and 107 K. a±b ≡

a×10±b.

Transition DARC FAC

i j 105.2 106 107 105.2 106 107 K

1 2 3.926-2 2.179-2 4.168-3 1.372E-03 1.295-3 8.495-4

1 3 5.553-2 2.822-2 7.612-3 1.545E-03 1.717-3 3.370-3

1 4 7.811-3 4.088-3 7.889-4 2.782E-04 2.624-4 1.716-4

1 5 5.573-2 2.797-2 6.349-3 1.351E-03 1.467-3 2.648-3

1 6 3.368-2 1.450-2 3.883-3 3.655E-03 3.436-3 2.211-3

1 7 2.266-2 1.279-2 4.645-3 3.279E-03 3.183-3 3.043-3

1 8 2.627-2 1.471-2 4.267-3 4.054E-03 3.777-3 2.302-3

1 9 2.845-2 1.195-2 2.517-3 1.486E-03 1.385-3 8.426-4

1 10 2.183-2 1.179-2 4.041-3 2.622E-03 2.567-3 2.677-3

1 11 2.527-2 1.178-2 5.058-3 3.239E-03 3.255-3 3.351-3

1 12 1.848-2 9.011-3 2.199-3 1.605E-03 1.495-3 9.102-4

1 13 1.965-2 9.811-3 2.398-3 1.692E-03 1.581-3 9.769-4

1 14 2.478-2 1.234-2 4.401-3 3.114E-03 3.038-3 3.082-3

1 15 4.041-2 3.954-2 3.634-2 3.398E-02 3.445-2 3.710-2

1 16 2.750-3 2.398-3 1.229-3 1.800E-03 1.667-3 9.809-4

1 17 7.574-3 7.187-3 3.960-3 5.261E-03 4.912-3 3.170-3

1 18 9.189-3 9.657-3 4.801-3 6.687E-03 6.185-3 3.606-3

1 19 8.837-3 9.600-3 4.464-3 6.119E-03 5.638-3 3.208-3

1 20 7.606-3 7.784-3 4.094-3 4.216E-03 3.981-3 3.249-3

1 21 5.090-3 6.057-3 2.388-3 2.418E-03 2.215-3 1.212-3

1 22 5.553-3 6.667-3 3.358-3 2.891E-03 2.753-3 2.591-3

1 23 2.512-2 3.019-2 3.760-2 2.524E-02 2.670-2 3.893-2

1 24 5.367-3 5.579-3 2.337-3 2.862E-03 2.632-3 1.478-3

1 25 8.244-3 7.943-3 3.265-3 3.907E-03 3.601-3 2.053-3

1 26 7.487-3 7.468-3 3.796-3 3.529E-03 3.358-3 3.049-3

1 27 6.262-2 7.507-2 1.029-1 6.830E-02 7.268-2 1.086-1

1 28 7.311-3 4.632-3 1.121-3 9.442E-04 8.776-4 5.279-4

1 29 1.563-2 1.509-2 1.434-2 1.278E-02 1.302-2 1.444-2

1 30 1.263-3 7.724-4 2.435-4 2.286E-04 2.151-4 1.388-4
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Table 1. Effective collision strengths (!) from DARC and FAC for resonance

transitions in NI XIX at three temperatures of 105.2, 106, and 107 K. a±b ≡

a×10±b.

Transition DARC FAC

i j 105.2 106 107 105.2 106 107 K

1 31 4.935-3 2.955-3 1.419-3 8.719E-04 8.809-4 1.111-3

1 32 6.326-3 3.736-3 1.179-3 1.098E-03 1.034-3 6.727-4

1 33 7.292-3 5.195-3 4.645-3 1.781E-03 2.045-3 4.678-3

1 34 1.960-3 2.083-3 1.075-3 1.651E-03 1.537-3 9.289-4

1 35 3.817-3 3.959-3 1.920-3 2.777E-03 2.590-3 1.602-3

1 36 4.884-3 5.003-3 2.531-3 3.823E-03 3.558-3 2.149-3

1 37 1.077-2 1.282-2 1.703-2 1.222E-02 1.305-2 1.880-2

1 38 6.035-3 2.230-3 5.656-4 4.293E-04 4.050-4 2.649-4

1 39 8.565-3 3.504-3 9.175-4 2.657E-04 2.820-4 4.708-4

1 40 3.272-3 1.666-3 6.976-4 9.054E-04 8.518-4 5.491-4

1 41 4.144-3 1.993-3 8.660-4 9.066E-04 8.705-4 7.002-4

1 42 4.143-3 2.283-3 9.830-4 1.352E-03 1.261-3 7.730-4

1 43 2.926-3 1.435-3 4.703-4 4.968E-04 4.638-4 2.845-4

1 44 2.705-3 1.442-3 6.835-4 7.071E-04 6.812-4 5.650-4

1 45 9.647-4 3.856-4 1.059-4 8.822E-05 8.313-5 5.407-5

1 46 8.839-3 3.137-3 7.647-4 2.824E-04 2.876-4 3.824-4

1 47 6.731-3 5.191-3 4.664-3 4.318E-03 4.379-3 4.735-3

1 48 2.125-3 1.107-3 4.354-4 5.608E-04 5.234-4 3.211-4

1 49 7.344-4 6.372-4 3.624-4 5.712E-04 5.306-4 3.167-4

1 50 2.095-3 1.807-3 1.094-3 1.578E-03 1.477-3 9.626-4

1 51 2.783-3 2.534-3 1.346-3 2.030E-03 1.877-3 1.085-3

1 52 2.461-3 2.200-3 1.203-3 1.884E-03 1.745-3 1.023-3

1 53 2.039-3 1.723-3 9.649-4 1.206E-03 1.135-3 8.013-4

1 54 1.801-3 1.045-3 4.541-4 6.073E-04 5.688-4 3.564-4

1 55 2.627-3 1.514-3 7.868-4 8.702E-04 8.356-4 6.736-4

1 56 1.650-3 1.368-3 6.182-4 8.446E-04 7.756-4 4.284-4

1 57 1.510-3 1.299-3 6.991-4 8.835E-04 8.282-4 5.839-4

1 58 8.003-3 7.081-3 6.754-3 6.290E-03 6.384-3 6.937-3

1 59 1.256-2 1.375-2 1.762-2 1.194E-02 1.262-2 1.810-2

1 60 3.541-4 3.075-4 1.465-4 2.902E-04 2.646-4 1.398-4
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Table 1. Effective collision strengths (!) from DARC and FAC for resonance

transitions in NI XIX at three temperatures of 105.2, 106, and 107 K. a±b ≡

a×10±b.

Transition DARC FAC

i j 105.2 106 107 105.2 106 107 K

1 61 5.535-4 4.754-4 2.686-4 3.313E-04 3.131-4 2.404-4

1 62 6.501-4 5.766-4 2.567-4 4.858E-04 4.411-4 2.279-4

1 63 7.894-4 7.238-4 5.912-4 5.789E-04 5.674-4 5.670-4

1 64 5.313-4 4.518-4 2.020-4 4.006E-04 3.640-4 1.878-4

1 65 9.964-4 9.743-4 1.188-3 6.731E-04 7.341-4 1.199-3

1 66 3.841-4 3.143-4 1.295-4 2.285E-04 2.063-4 1.022-4

1 67 3.947-4 3.358-4 1.566-4 2.540E-04 2.330-4 1.401-4

1 68 1.827-3 1.402-3 6.993-4 1.031E-03 9.516-4 5.450-4

1 69 2.268-3 1.889-3 1.006-3 1.580E-03 1.463-3 8.531-4

1 70 1.979-3 1.562-3 8.659-4 1.084E-03 1.020-3 7.263-4

1 71 1.198-2 1.343-2 1.741-2 1.117E-02 1.180-2 1.690-2

1 72 3.383-4 3.069-4 1.388-4 2.636E-04 2.391-4 1.221-4

1 73 4.407-4 3.878-4 2.066-4 2.958E-04 2.755-4 1.880-4

1 74 6.665-4 6.895-4 7.851-4 5.245E-04 5.514-4 7.874-4

1 75 5.027-4 4.617-4 2.168-4 4.281E-04 3.895-4 2.031-4

1 76 1.123-3 5.967-4 2.427-4 3.689E-04 3.431-4 2.071-4

1 77 3.097-3 3.015-3 3.013-3 2.541E-03 2.595-3 2.918-3

1 78 2.171-4 1.388-4 6.771-5 8.978E-05 8.428-5 5.367-5

1 79 8.434-4 5.680-4 4.751-4 3.560E-04 3.595-4 4.464-4

1 80 1.190-3 6.977-4 3.325-4 4.284E-04 4.025-4 2.578-4

1 81 1.333-3 1.089-3 1.506-3 6.376E-04 7.178-4 1.504-3

1 82 5.307-4 5.097-4 3.156-4 4.840E-04 4.528-4 2.821-4

1 83 8.899-4 8.592-4 5.421-4 8.152E-04 7.648-4 4.897-4

1 84 1.267-3 1.197-3 7.356-4 1.123E-03 1.051-3 6.541-4

1 85 2.415-3 2.710-3 3.607-3 2.438E-03 2.596-3 3.724-3

1 86 2.214-4 2.186-4 1.204-4 2.372E-04 2.175-4 1.193-4

1 87 3.163-4 3.172-4 1.999-4 3.352E-04 3.121-4 2.003-4

1 88 3.966-4 3.922-4 2.156-4 4.254E-04 3.900-4 2.139-4

1 89 4.135-4 4.765-4 6.498-4 4.048E-04 4.393-4 6.672-4
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Figure 1. Comparison of effective collision strengths from DARC (contin-

uous curves) and FAC (broken curves) for the 1-2 (circles: 2s22p6 1S0 -

2s22p53s 3Po2), 1-3 (triangles: 2s
22p6 1S0 - 2s

22p53s 1Po1), and 1-5 (stars:

2s22p6 1S0 - 2s
22p53s 3Po1) resonance transitions of Ni XIX.

abundance in ionisation equilibrium in solar plasma for Ni XIX is

106.55, and the laboratory measurements of line ratios are also in the

temperature range of ∼ 107 K, at which we have noted significant

enhancement in the ! values for many transitions. Therefore, the res-

onance included values of ! from our DARC calculations may signifi-

cantly affect the diagnostic and modelling of plasmas. We discuss this

further below.

Of particular recent interest are the six resonance lines of

Ni XIX, namely 3C (2p6 1S0 - 2p
53d 1Po1: 1-27), 3D (2p6 1S0 -

2p53d 3Do1: 1-23), 3E (2p
6 1S0 - 2p

53d 3Po1: 1-17), 3F (2p
6 1S0 -

2p53s 3Po1: 1-5), 3G (2 p6 1S0 - 2p
53s 1Po1: 1-3), and 3H (2p

6 1S0
- 2p53s 3Po2: 1-2), at respective wavelengths of 12.434 Å, 12.658 Å,

12.810 Å, 13.779 Å, 14.043 Å, and 14.077 Å. These prominent strong

lines have been observed in the x-ray spectra of solar and stellar coro-

nae, active galactic nuclei, x-ray binaries, and supernovae from the

Chandra and XMM-Newton satellites. Furthermore, line intensity ra-
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Figure 2. Comparison of effective collision strengths from DARC (contin-

uous curves) and FAC (broken curves) for the 2-6 (circles: 2s22p53s 3Po2 -

2s22p53p 3S1), 2-7 (triangles: 2s
22p53s 3Po2 - 2s

22p53p 3D2), and 2-8 (stars:

2s22p53s 3Po2 - 2s
22p53p 3D3) transitions among excited levels of Ni XIX.

tios have also been measured on EBIT (electron beam ion trap) ma-

chines at the Lawrence Livermore National Laboratory (LLNL) by

Brown et al [8] and Gu et al ([2], [9]), and at the National Insti-

tute of Standards and Technology (NIST) by Chen et al [4]. How-

ever, the laboratory measurements, solar observations, and theoret-

ical results do not agree with one another. Since 3C and 3D lines

are allowed, and hence resonances insignificantly affect their excita-

tion rates, the theoretical and experimental ratios 3C/3D agree within

∼ 10%. Moreover, the energy/temperature variation of this ratio, in

both theory and experiments, is within 10%. Similarly, the theoret-

ical and experimental 3C/3E ratios vary within a factor of two from

the lowest to the highest energy/temperature, but differences between

theory and measurements are up to a factor of two, particularly at

lower energies/temperatures. Furthermore, the EBIT measurements

from spectrometer and calorimeter significantly differ, particularly at

the high energy of 1.44 KeV [2]. Therefore, discrepancy between
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theory and measurements remains for the 3C/3E line ratio. How-

ever, the maximum discrepancy between theory and measurements

is for the 3C/(3F+3G+3H) line ratios for which both spectrometer and

calorimeter give consistent results throughout an energy range of 1.0

- 1.44 KeV. Moreover, the experimental ratios are (almost) energy in-

dependent whereas theoretical ones show a large variation of up to a

factor of two. This is mainly because all 3F, 3G, and 3H lines are sig-

nificantly affected by the presence of numerous closed-channel (Fes-

hbach) resonances, as seen already in Fig. 1. A detailed comparison

of theoretical and experimental line ratios is discussed in a separate

paper by Aggarwal and Keenan [10]. Nevertheless, significant dis-

crepancy between theory and measurements remains. An analysis of

observations based on the available atomic data is even more difficult

because many lines are blended. For this reason we will discuss the

comparison between theory and observations in a separate paper.

To conclude, in this work we have performed two independent

calculations from DARC and FAC codes to determine values of ! and

" for transitions in Ni XIX. The importance of resonances in deter-

mining the " values has been demonstrated, and discrepancy between

theory and measurements for some prominent line ratios is discussed.

However, results presented in this short paper are limited to only a few

transitions. A complete set of results for " values for all transitions

over a wide range of temperatures is reported in a separate paper [10].

Those results along with our reported A- values [1] can be confidently

applied for the modelling of plasmas.
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Abstract. Laser-produced plasmas can be used as extreme ultraviolet (EUV) sources 
for lithography, operating in the 13.5 nm range. Soft X-rays emitted from laser-
produced tin plasma were simulated using the EHYBRID code. Required atomic data 
for tin ions were calculated using the Cowan code. In the EHYBRID simulations tin 
slab target is assumed to be irradiated by 1064 nm wavelength Nd:YAG laser. Simu-
lations were performed for different driving laser parameters. 

1 Introduction 

Extreme ultraviolet lithography (EUVL), using extreme ultraviolet (EUV) 
light with a wavelength in the range of 10 to 14 nm, is one of the most prom-
ising technologies of semiconductor production. Optimization and improve-
ment of extreme ultraviolet light sources is important for the development of 
EUV lithography [1,2]. Lithography systems are being designed with Mo/Si 
multilayer mirrors. Soft X-ray wavelengths of 13.5 nm in 2% bandwidth have 
approximately 71% reflectivity for Mo/Si multilayer coated optics. Therefore 
this wavelength regime is preferred for the next generation of EUV technolo-
gies [3,4]. 

There are different methods to generate EUV radiation. For generating 
EUV light, plasma is regarded as the most promising source of EUV radi-
ation. In the case of laser produced plasmas, the emitting plasma is produced 
by focusing of the pulsed laser on the target material [5,6]. Laser produced Sn 
or Xe plasmas and discharge produced Sn or Xe plasmas have been system-
atically studied and are under development [2,3]. 

One of the important issues in developing EUV lithography is optimization 
of 13.5 nm EUV light source to achieve the highest possible conversion 
efficiency. Industrial requirement of conversion efficiency for EUV lithogra-
phy is 3% conversion into a 2% bandwidth at 13.5 nm. Studies have been 
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shown that, in comparison with Xe plasmas, Sn plasmas provide better con-
version efficiency with wavelength of 13.5 nm [2,4]. Computer modeling has 
been used to optimize EUV sources. For calculating the EUV radiation in the 
2% bandwidth at 13.5 nm from tin or xenon plasma, transitions from outer 
shells 4dn – 4dn-1 5p must be considered in combination with the transitions 
4dn – 4dn-1 4f and the transitions from the inner shells, such as 4p6 4dn – 4p5 
4dn+1 [7,8]. 

In this study, emission spectra of tin plasma from Sn XI and Sn XII ions in 
the range of 12 to 17 nm wavelength and conversion efficiency of EUV 
radiation in the 2% bandwidth at 13.5 nm from these ions in the tin plasma 
have been simulated. Calculations were carried out using EHYBRID code [9]. 
Required atomic data were obtained using Cowan code [10]. The transitions 
from 4dn – 4dn-1 4f,  4dn – 4dn-1 5p and 4p6 4dn – 4p5 4dn+1 were considered for 
Sn XI and Sn XII ions in the calculations. In the simulation, tin slab target is 
assumed to be irradiated using a single pulse with 1064 nm wavelength 
Nd:YAG laser. Duration and intensity of driving laser pulse were varied for 
optimizing conversion efficiency of EUV radiation in the 2% bandwidth at 
13.5 nm into 2π steradians. 

2 Simulation Results 

In the simulation, a single pulse with 1064 nm wavelength Nd:YAG laser is 
assumed to irradiate tin slab target with 10 mm length, 100 µm width and 20 
µm thickness. Intensity of the driving laser pulse was varied from 1x1011 
W/cm2 to 5x1011 W/cm2 for 6 ns pulse duration. Figure – 1 (a) and (b) show 
variations of conversion efficiencies for Sn XI and Sn XII, respectively, 
within a 2% bandwidth around 13.5 nm into 2π steradians versus driving laser 
pulse intensity. 

Durations of the driving laser pulse were varied from 6 ns to 21 ns for 
4x1011 W/cm2 pulse intensity. Figure – 2 (a) and (b) show variations of con-
version efficiencies for Sn XI and Sn XII, respectively, within a 2% band-
width around 13.5 nm into 2π steradians versus driving laser pulse duration. 
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Fig. 1 Variations of conversion efficiencies for (a) Sn XI and (b) Sn XII within a 2% 
bandwidth around 13.5 nm into 2π steradians versus driving laser pulse intensity for 6 
ns pulse duration. 

Simulated emission spectra of tin arising from 4d4 – 4d3 4f,  4d4 – 4d3 5p,  
4p6 4d4 – 4p5 4d5 transitions for Sn XI and 4d3 – 4d2 4f,  4d3 – 4d2 5p,  4p6 4d3 
– 4p5 4d4  transitions for Sn XII have been shown in Figure – 3 (a) and (b), 
respectively, in the range of 12 to 17 nm wavelength. These figures are ob-
tained for 6 ns pulse duration and 4x1011 W/cm2 pulse intensity. Figure – 3 (a) 
and (b) show that contribution of 4d – 5p transition is less than contributions 
of 4p5 – 4d and 4d – 4f transitions. 

 

(a) 

(b) 
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Fig. 2 Variations of conversion efficiencies for (a) Sn XI and (b) Sn XII within a 2% 
bandwidth around 13.5 nm into 2π steradians versus driving laser pulse duration. 
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Fig. 3 Simulated emission spectra of tin arising from 4p6 4dn – 4p5 4dn+1+4dn-1(4f+5p) 
transitions for (a) Sn XI and (b) Sn XII ions in the range of 12 to 17 nm wavelength.  

Simulated emission spectra of tin plasma for Sn XI and Sn XII ions in the 
range of 13 to 14 nm wavelength are shown in Figure – 4 (a) and (b), respec-
tively, for 6 ns pulse duration and 4x1011 W/cm2 pulse intensity. 
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Fig. 4. Simulated emission spectra of tin plasma for (a) Sn XI and (b) Sn XII ions in 
the range of 13 to 14 nm wavelength for 6 ns pulse duration and 4x1011 W/cm2 pulse 
intensity. 

 

3 Conclusions 

In this study, laser produced tin plasma is simulated as a EUV source to 
optimize conversion efficiency of EUV radiation in the 2% bandwidth at 13.5 
nm into 2π steradians from SnXI and Sn XII ions in the tin plasma. In the 
simulation, tin slab target with 10 mm length, 100 µm width and 20 µm thick-
ness is assumed to be irradiated using a single pulse with 1064 nm wavelength 
Nd:YAG laser. Effects of driving laser pulse duration and intensity variations 
on conversion efficiency of EUV radiation were obtained. Figures – 1 and 2 
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show that conversion efficiency of EUV radiation depends upon duration and 
intensity of driving laser pulse. Emission at 13.5 nm wavelength may be 
increased and thus high conversion efficiency may be achieved by further 
optimization of the plasma formation conditions. 
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Abstract. New photo-pumping x-ray laser scheme is theoretically investigated, in 
which the wavelength matching between the aluminum Kα line (λ = 0.833816 nm) 
and the 2p6-(2p1/2, 4d3/2)1 transition of the neon-like zinc ions (λ = 0.83400 nm) is 
used. Population kinetics code of the neon-like zinc ions in plasma under the irradi-
ation of the aluminum Kα line shows that substantial amplification gain can be 
expected in the transition of (2p1/2, 3p1/2)0 - (2p1/2, 4d3/2)1 at a wavelength of 3.5 nm. 
We also propose the experimental set-up for this scheme, which implies that this 
scheme is feasible under the present technology of ultra-short pulse laser and optics. 

1 Introduction 

In the photo-pumping x-ray laser scheme, spectral line emission from particu-
lar ions is absorbed by different element ions to create the population inver-
sion in the latter. The success of this scheme as an x-ray laser depends upon 
exact spectral matching between the emission line and the absorption line. 
The widths of the spectral lines of ions in plasma, that are due mainly to the 
Doppler broadening and the Stark broadening, are typically ~ Δλ/λ < 0.01%. 
Therefore high resolution spectroscopic studies are required to find an appro-
priate pair of the “emitter” and “absorber” ions. Indeed, in the early 1990s, the 
atomic physics group at the Lawrence Livermore National Laboratory 
(LLNL) has determined the accurate wavelengths of many spectral lines of 
highly charged ions by use of the electron beam ion trap (EBIT) [1, 2]. The 
data obtained by the EBIT group, in collaboration with the x-ray laser spe-
cialists at LLNL, was used to find the candidate pairs of ions for photo-
pumping x-ray lasers.  

However, the resonance photo-pumping scheme has a technical difficulty 
[3]: the emitter and the absorber ions should be located as close as possible so 
that the pumping emission reaches to the absorber ions efficiently, whereas 
the electron temperature should be high for the emitter to increase the emis-
sivity of the ions, and lower temperature is favorable for the absorber ions to 
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avoid the “thermal” population. Therefore the simultaneous satisfaction of 
these two conditions is key issue to work this scheme.  

In this paper, we investigate the possibility of the use of Kα emission from 
solid target as the pumping source. This scheme has two advantages compared 
with the cases of ion-ion pair. Firstly, recent experimental investigation real-
izes efficient generation of sub-ps duration Kα pulse: the energy conversion 
efficiency from the pumping laser to Kα emission reaches ~ 10-4 per steradian 
[4]. Secondly, the Kα line emits in localized area on the solid surface, there-
fore the distance from the pumping source to the absorber can be kept small.  

We focus the wavelength matching of the aluminum Kα line (0.833816 
nm) and the 2p6-(2p1/2, 4d3/2)1 resonance line of the neon-like zinc ions 
(0.83400 nm) [5] and investigate the feasibility of this scheme using popula-
tion kinetics code of the neon-like zinc ions under the Kα line  irradiation.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Energy level diagram of the Ne-like Zn ions. The Al Kα line can be absorbed 
by the transition of the 2p6-2p54d. 

2 Monte-Carlo simulation and calculated result 

Figure 1 shows the simplified energy level diagram of the neon-like zinc ions. 
In the following context, we denote the (2p1/2, 3p1/2)0 and (2p1/2, 4d3/2)1 as 
2p53p and 2p54d, respectively. We consider the ground state 2p6, the 2p53p 
level, the 2p54d level and the neighbouring levels of the 2p54d levels. The Kα 
line emission is absorbed by the transition of 2p6-2p54d resonance line, and 
the following collisional-radiative processes transfer the populations into 
other levels. Atomic processes included in the calculation are the spontaneous 

Radiative decay 

Neighbouring levels 

Al Kα (pump) 

Ground state: 2p6 

Lasing 3.5 nm 

2p53p 

2p54d 



Theoretical Investigation of Photo-pumping X-Ray Lasers Using Kα 291 

transition, electron impact excitation and deexcitaion, electron impact ioniza-
tion and the radiation trapping effect of the 2p6-2p54d resonance line. The 
spontaneous transition probability, and the electron impact excitation cross 
section were calculated by use of HULLAC code, and the electron impact 
ionization cross section from the ground state and the excited levels are de-
rived from the scaled hydrogenic approximation. The rate coefficients of the 
excitation and ionization are calculated under the assumption of Maxwellian 
electron velocity distribution. The electron impact deexcitation rate coeffici-
ents are estimated from the principle of the detailed balance.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 The temporal evolution of the 2p54d level under the condition that 3×105 
photons comes into one sliced area in 1 fs. Thick solid line is with the radiation 
trapping effect, and the thin solid line is the case without radiation trapping. Due to 
the radiation trapping effect, the decay constant becomes around 4 times longer. 

The size of the zinc plasma is defined as 20 µm × 20 µm × 5 mm in the x-, 
y- and z-directions, respectively. We consider a sliced area in the plasma with 
the size of 20 µm × 20 µm in the x-y plane and the thickness of 100 nm. This 
sliced area is divided into (x, y) mesh with the size of 100 nm × 100 nm. The 
plasma parameters, i.e., the electron density, ne, the electron temperature, Te, 
the neon-like ion density, nne-like, and the ion temperature, Ti, are assumed to 
be 100 eV, 2 × 1021 cm-3, 50 eV, 1020 cm-3, respectively. The Kα photons 
come into the plasma from the y-direction. The linewidth (Δλ/λ) of the Kα 
line is assumed to be ~ 10-3, and the linewidth of the 2p6-2p54d resonance line 
is determined by Doppler broadening. 

The calculation procedure is as follows: Firstly the frequency of the Kα 
photon and the x-position are determined, randomly. Secondly the absorption 
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length of the Kα photon in the plasma is calculated to determine the y-
position where the Kα photon is absorbed. This routine is repeated N times, 
where N is the number of Kα photons coming into the calculation area in the 
time step. Thirdly, for each (x, y) position, we determine the absorbed photon 
is lost by collisional-radiative process to other excited levels or not. If the 
collisional-radiative processes take place, we count the increase of the other 
level populations. If not, it is determined that the resonance emission event 
occurs or not. In the case of the resonance emission process, the frequency of 
the resonance emission is determined randomly within the spectral linewidth, 
and the direction of the emission and the absorption length are calculated. 
From these information, we judge the photon is absorbed in new (x, y)-
position or escapes from the plasma. The procedure 1~3 is iterated with 1 fs 
time step, and we calculated the temporal evolution of the population of each 
excited level. 

Figure 2 shows a calculated result under the condition that the 3×105 pho-
tons comes into one sliced area in 1 fs. The lifetime of the 2p54d level popula-
tion is presented. From the number of the 2p54d excited ions in the early time 
region (t ~ 0 fs), it is found that 20% of the Kα photons can be absorbed in the 
plasma. Under the absence of the radiation trapping effect, the lifetime of the 
2p54d level is ~ 70 fs, which is in accordance with the spontaneous transition 
probability of this level, whereas with the radiation trapping effect, the effec-
tive lifetime extends up to 250 fs.  

Figure 3 shows the temporal evolution of the 2p53p and 2p54d level popula-
tions divided by their statistical weights (left-hand side ordinate) under the Kα 
pump with the duration of 500 fs (FWHM) Gaussian. The amplification gain 
of the 2p53p-2p54d line at a wavelength of 3.5 nm is also attached (right-hand 
side ordinate), where the line-shape of the lasing line is assumed to be Gaus-
sian due to Doppler broadening.  

In Fig. 3, the n(4d)/g(4d) increases as time proceeds and decreases for t > 
600 fs. This is due to the decrease in the pumping rate together with the 
collisioinal depopulation whose time constant is ~ 300 fs. Substantial amplifi-
cation gain is obtained in the time region of t = 300 – 800 fs. This gain dur-
ation is much longer than that of other x-ray laser scheme using inner-shell 
ionized atoms [6, 7], in which the gain generation process competes with 
Auger process with the typical time constant of around 10 fs. This quite short 
duration induces the practical difficulty of the inner-shell scheme so far. The 
present long duration of the gain (~ 500 fs) implies that Kα pumping scheme 
is feasible without any complicated traveling wave technique.  

The n(3p)/g(3p) increases gradually and at around t = 1000 fs, the  
n(3p)/g(3p) becomes larger than n(4d)/g(4d). This result may be slightly 
overestimate. Because in the present calculation, the collisional depopulation 
process from the 2p53p to the neighbouring levels, e.g., 2p53s, 2p53d is not 
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taken into account. Including these effect, the n(3p)/g(3p) may become 
smaller, which leads to the enhancement of the amplification gain 
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Fig. 3 The temporal evolution of the excited level populations of the 2p53p  (solid 
gray line), 2p54d (solid thick line) levels divided by the statistical weights and the 
amplification gain (solid thin line). 

3 Target design and pumping geometry  

In Fig. 4, we propose the experimental set-up for this photo-pumping scheme. 
Target is aluminum foil with the thickness of 4 µm, and 0.2 µm-thick zinc is 
deposited on it. The zinc side is irradiated by double pulses of pumping laser 
with both the intensities of 1013 W/cm2, separated by 100 ps, to prepare the 
neon-like zinc ions in plasma. After a certain time delay, the opposite side 
(aluminum side) is irradiated by ultra-short pulse with 300fs duration and 
1015-1016 W/cm2 intensity to generate intense aluminum Kα. The energy 
conversion efficiency from the pump laser to Kα line is at least around 10-5/Sr 
[4]. Since the distance from the Kα source to the absorber is around 10 µm, 
the effective solid angle of the Kα source to neon-like zinc plasma is 5 stera-
dian, therefore we can deliver more than 200 µJ of Kα photons into the zinc 
plasma where the transmittance of Kα photons through the 4 µm-thick 
aluminum foil of 70 % is taken into account. This value is much larger than 
the assumption in the calculation in section 2.  

It is noted that under the intensity of 1015-1016 W/cm2, several KeV elec-
trons are generated on the surface of aluminum side, however the energy of 
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these electrons are dumped due to 4 µm-thick aluminum foil, resulting in the 
suprathermal electron energy is transferred into bremsstrahlung. Since the 
aluminum foil works as a spectral window for these continuum emission, the 
heating of the plasma due to the continuum radiation becomes negligible. 
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Fig. 4  Experimental set-up for the photo-pumping scheme.  

4 Summary 

We have investigated new photo-pumping scheme by use of aluminum Kα 
line and the 2p6-2p54d resonance line of neonlike zinc ions. The result of the 
population kinetics code shows that substantial amplification gain in the 
transition of 2p53p-2p54d line at a wavelength of 3.5 nm can be generated in 
this scheme. This scheme is one of the feasible “water-window” x-ray lasers 
using a laboratory size pumping source. 
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Part 6 – High Harmonic Generation (HHG) 



Coherent Water-Window X-Ray Generation by Phase-
Matched High Harmonics in Neutral Media 

Eiji J. Takahashi and Katsumi Midorikawa 

Extreme Photonics Research Group, RIKEN Advanced Science Institute, 
2-1 Hirosawa, Wako, Saitama 351-0198, Japan 

Abstract. Life science and biology have advanced with the progress of microscope 
technology. A strong desire of life scientists is to observe live cells with high spatial 
resolution. The development of soft x-ray microscopy using a special wavelength 
called the water window started in the 1970s in order to fulfill this desire. However, 
the photon fluxes realized so far are still insufficient for this application. Here, we 
demonstrate the generation of a coherent water window x-ray by extending the 
plateau region of high-order harmonics under a neutral-medium condition. The 
observed maximum harmonic photon energy attained are 300 eV and 450 eV in Ne 
and He, respectively. Our proposed generation scheme, combining a 1.6 µm laser 
driver and a neutral Ne gas medium, is efficient and scalable in output yields of the 
water window x-ray. This powerful concept is expected to boost the development of 
soft x-ray microscopes based on high-order harmonics. 

1 Introduction 

The realization of a powerful coherent x-ray source has been the dream of 
researchers of laser physics and photonics. In particular, the spectral range 
between the K-absorption edges of carbon (284 eV) and oxygen (543 eV), 
which is called the water window, is attractive for high-contrast biological 
imaging. This spectral range has been one of the most important grails in the 
research and development of coherent x-ray sources. An intense ultrafast 
water-window x-ray pulse would allow us to capture images of live cells by 
instantaneously halting their motion, preserving structural information that is 
lost in the sample’s preparation process for electron microscopy. 

So far, the most practical source of coherent x-rays has been synchrotron 
radiation (SR) produced by an accelerator. Images of live cells, however, 
cannot be captured without freezing the sample even using the world’s largest 
SR facility due to its low instantaneous power. On the other hand, an alterna-
tive approach of high-order harmonic generation (HHG) using a tabletop laser 
system, has been investigated over the last ten years for generating coherent 
water window x-rays [1]. HHG provides highly coherent ultrafast x-ray pulses 
and even enables the creation of a single burst or a train of attosecond pulses. 
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Although the generation of a large amount of photon flux with below 100 eV 
region by phase-matched HHG has been reported[2], the output photon flux at 
about 300 eV is still less than approximately 103 photons/shot with a conver-
sion efficiency (CE) of less than 10-10 [1]. This is mainly due to phase mis-
match induced by plasma free electrons, because a high intensity greater than 
the ionization threshold is required for 0.8 µm Ti:sapphire laser driving. 

On the other hand, an alternative possible approach to extending the har-
monic photon energy is to use a longer-wavelength laser for the driving field. 
From a theoretical point of view, the maximum photon energy of HHG is 
approximately given by Ecutoff[eV] = Ip+3.17UP, where IP is the binding energy 
of the electrons and UP [eV] = 9.38x10−14 I [W/cm2] (λ0 [µm])2 is the pon-
deromotive energy. This formula indicates that the high-order harmonic (HH) 
photon energy extends significantly into the water window region despite the 
neutral-medium condition[3] when the 1.6 µm laser is employed for Ne gas. 
Moreover, since neutral media enable us to adopt a right phase-matching 
(PM) technique without quasi-PM[4], we can apply an energy-scaling proce-
dure that is well established using a loosely focused beam [2]. Here, we show 
the efficient generation of a coherent x-ray HH in the water window region 
using an IR driving laser and neutral media [3]. Our proposed procedure for 
generating the water window x-ray is efficient and scalable in output yield [5]. 

2 High-energy IR pulses by optical parametric amplifier 

High-energy IR source[6] is accomplished in two-stage OPA with type II 
BBO crystal. The seed pulses are formed in OPA-1, which is designed with a 
two-pass configuration of white-light continuum (LIGHT CONVERSION 
Inc. TOPAS-C). Pump pulse for OPA is an TW-Ti:sapphire laser system (40 
fs, 200 mJ, 800 nm, 10 Hz). To optimize the OPA process at the OPA-1 stage, 
spatial filtering for the pump pulse is performed. When the pumping energy 
for OPA-1 is ∼ 2 mJ, the output energy of 1.4 µm is measured to be ∼ 200 µJ 
with 40 fs pulse width. We use an appropriate mirror pair at the output of 
OPA-1 to collimate the seed pulses (1.4 µm) and to match its spatial volume 
with the pump pulses at the OPA-2 stage. Type II collinear phase matching 
BBO (θ = 27◦, φ = 90◦, t = 4 mm) is used in the OPA-2. Using hard aperture 
(φ = 15 mm) for the pump pulses at the OPA-2, we select the homogeneous 
intensity region of the Ti:sapphire laser beam (φ = 50 mm) in order to im-
prove conversion efficiency and spatial quality of OPA scheme. Pump laser 
intensity at the OPA-2 is adjusted to ∼ 0.25 TW/cm2 using a telescope.  

Figure 1 (a) depicts a typical output energy of OPA-2 versus the wave-
length at the 20 mJ pumping energy. Note that the wavelength of the seed 
pulse is fixed to be 1.4 µm. The amplified pulse energy exceeds 1 mJ in 
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almost the whole tuning range (1.2 ∼ 2.1 µm) . When the pump energy is up 
to 25 mJ, output energy exceeding 6 mJ with 40 fs pulse width is achieved at 
the signal wavelength near 1.4 µm. Total output energy (signal + idler) of 10 
mJ is recorded with ∼ 40 % conversion efficiency. At an ultrafast OPA 
scheme, there are the highest energy ever produced from 1.2 to 2.1 µm region. 
A beam quality is very important for practical use of these IR beam. The 
typical spatial intensity distribution of the amplified 1.4 µm is depicted in Fig. 
1 (b). The spatial profile of the amplified OPA-2 output adopts the top-hat 
shape of the pump pulses due to gain saturation. 
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Fig. 1 (a) : Energy of the parametric pulses versus wavelength. Blue and red points 
correspond to signal and idler, respectively. (b) : Spatial profile at λ = 1.4 µm. 

The output IR pulses are focused using a f =250 mm lens and are delivered 
into the target chamber. The target gas is supplied by a 2-mm diameter syn-
chronized supersonic gas jet. The generated harmonics illuminate a slit of the 
spectrometer, which is placed 0.5 m from the gas jet position. A flat-field 
grating relays the image of the slit to a microchannel plate, where it is spec-
trally resolved along the horizontal axis. Here, we use two types of concave 
grating to measure the broadband wavelength region from 50 to 500 eV. One 
is specifically designed to cover the 50 – 200 eV photon energy range and has 
a nominal groove number of 1200 grooves/mm; the other is designed to cover 
the 200 – 500 eV photon energy range and has a nominal groove number of 
2400 grooves/mm [7]. Note that a toroidal mirror is not set in front of the 
spectrometer, thus we can directly obtain a spatial profile information of HH 
beam. 
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3 Water window soft x-ray from neutral harmonic media 

To attain efficient HHG, the absorption feature of a harmonic medium as well 
as the PM is important. In a broad plateau region of nearly constant harmonic 
intensity, the HH spectrum shape reflects the absorption feature of the me-
dium under the absorption limited condition (ALC)[2]. For efficient HHG in 
the water window region, He and Ne gases are advantageous compared with 
Ar due to their lower absorption. However, since He has exceptionally small 
effective nonlinearity, Ne is expected to be the most practical gas for effi-
ciently generating HH in the water window region. 
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Fig. 2 Measured harmonic spectrum taken with a 1200 grooves/mm grating. Red and 
blue profile depict the harmonic from He with λ0 = 0.8 µm pump and Ne with λ0 = 1.4 
µm pump, respectively. Inset shows the harmonic from Ne with λ0 = 1.4 µm pump by 
using a 2400 grooves/mm grating. 

 First of all, we have performed harmonic experiment driven by 0.8 µm and 
1.4 µm, in order to highlight the peculiarities of driving wavelength depend-
ence of harmonic photon energy. The laser focused intensity is adjusted to 
generate HH from the neutral condition (η < 1 %) for the both two gases. Red 
profile in Fig.2 shows the measured He harmonic distribution driven by 0.8 
µm with 35 fs pulse duration, which is taken with a 1200 grooves/mm grating. 
Pump energy, an estimated laser intensity, and a backing pressure of gas jet 
are 10 mJ, 6 x 1014 W/cm2, and 10 atm, respectively. The well resolved HH 
spectrum from He driven by 0.8 µm shows dramatically dropping HH yield 
up to 100 eV. To increase the maximal photon energy of He HHG with 0.8 
µm, we adjusted the focusing point and the backing pressure of gas jet. How-
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ever, as far as the target gas condition is neutral, harmonic cut-off energy can 
not be extended more than the calculated prediction value. Blue profile in Fig. 
2 shows the measured spectrum of HHG in Ne driven by 1.4 µm with a buck-
ing pressure of 10 atm. The pump energy of 1.4 µm pulse was set to be 2-mJ 
with an attenuated pump pulse having a beam diameter of 10 mm. A focusing 
intensity is estimated to be 3.5 x 1014 W/cm2 at the interaction region. It is 
obvious that the maximal Ne HH photon energy driven by 1.4 µm extends 
compared with the case of 0.8 µm driving field with He. Following the grating 
efficiency of the spectrometer, the intensity of Ne HH spectrum gradually 
decreases as photon energy increases. To measure the higher photon energy 
region, we replaced the grating from 1200 grooves/mm to 2400 grooves/mm. 
Inset shows the Ne HH spectrum driven by 1.4 µm in the higher photon 
energy region. The maximal harmonic photon energy is measured to be 240 
eV with a linear plot of vertical axis. Unfortunately, the HH photon energy 
driven by 1.4 µm can’t reach the water window region.  
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Fig. 3 Measured harmonic spectra from neutral Ne and evolution of the square of the 
reciprocal of imaginary component f2. The inset shows the far-field spatial profile of 
the water window x-ray. 

Our developed high-energy IR laser system adopted a collinear OPA 
scheme in order to amplify efficiently OPA signals. Since the wavelength of 
1.6 µm corresponds to a degeneration point, it is difficult to spatially separate 
a signal and idler pulse. Therefore, we use 1.55 µm for driving field in this 
experiment. Figure 3 shows the measured Ne HH spectra driven by a 1.55 µm 
laser pulse at a focusing intensity of 3.5 x 1014 W/cm2. The pump energy was 
set at 2.2 mJ. The measured harmonic spectrum gradually increases up to 250 
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eV. To evaluate the intensity distribution of the lower harmonics, we changed 
the spectrometer’s grating to 1200 grooves/mm. The HH intensity (dotted 
blue profile) with the 1200 grooves/mm grating exhibits a broad plateau up to 
150 eV. In contrast, the HH intensity rapidly increases above 150 eV, which 
agrees with the spectrum obtained from the grating with 2400 mm/grooves, 
then it starts to decrease at 170 eV because of the low diffraction efficiency of 
the 1200 grooves/mm grating above 170 eV. The HH yield is optimized by 
adjusting the focusing point and by varying the backing pressure of the gas 
jet. The HH intensity above the carbon K-edge is found to be maximum at a 
backing pressure of approximately 20 atm with a Gaussian spatial profile. The 
observed pressure dependence and spatial profile of the HH output indicate 
that macroscopic PM is satisfied at 20 atm. The red line shows the evolution 
of (1/ f2)2 as a function of HH photon energy. (1/ f2)2 indicates the effect of 
medium’s absorption, where f2 is the imaginary part of the atomic scattering 
factor. The measured HH spectrum is in sharp contrast to the conventional 
plateau of HH and clearly shows that the ALC is achieved by PM. The inset 
of Fig.3 shows the measured far-field spatial profile of the water window x-
ray (280 ∼ 310 eV). The beam divergence was measured and had a 7 mrad 
(FWHM). This good beam quality also indicates that the PM is substantially 
satisfied along the propagation axis. 
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Fig. 4 Measured harmonic spectra from neutral He. The red and blue lines 
respectively correspond to the spectra with and without a 1-µm-thick Mylar filter 
(C10H8O4). 
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We further explored the generation of HH under a neutral-medium condi-
tion by changing the nonlinear medium from Ne to He with the aim of obtain-
ing a higher photon energy. Figure 4 shows the measured He HH spectra 
driven by a 1.55 µm pulse with a focusing intensity of 5.5×1014 W/cm2, 
which is obtained with a 2400 grooves/mm grating. The pump energy, beam 
diameter and backing pressure are 4.5 mJ, 15 mm and 40 atm, respectively. 
We can clearly see the carbon K-edge on the spectral image by inserting a 
Mylar filter. Although the HH intensity above the carbon K-edge gradually 
increases with the He gas pressure, we cannot determine the optimum gas 
pressure because of the limitation of the backing pressure of the gas jet. Here, 
we emphasize that the yield of He HH at the carbon K-edge is two order of 
magnitudes lower than that of Ne HH. The maximum HH photon energy 
attained is 450 eV, which is the highest photon energy ever reported under a 
neutral-medium condition.  

Taking our previous experimental results into account[2], we have evalu-
ated the HH output yield, In a previous experiment, the CE of the Ne har-
monic yield at 100 eV driven by a 0.8 µm laser was measured to be 2×10－7 

[2]. When we apply the scaling formula λ-5
0 ×(1/ f2)2, where the first term 

indicates the driving wavelength dependence of the HH yield [8] and the 
second term is the effect of the medium’s absorption, we estimate the CE to 
be 6×10－8 at 250 eV with a driving laser wavelength of 1.55 µm. Since the 
evaluated photon yield for a Ne HH yield of approximately 2.5×106 pho-
tons/shot gives a CE of 5×10－8 at 250 eV in the present experiment, the HH 
output yield for neutral Ne can be accurately predicted by the above scaling 
formula. To obtain a sufficient harmonic yield around the water window 
region, the pump pulse wavelength should be extended to 1.65 µm because 
the maximum intensity of the Ne HH shifts to 300 eV. Consequently, a CE of 
6.5×10－8 is estimated for a 300 eV HH driven with a 1.65 µm laser using the 
scaling formula. Using the estimated CE, we can obtain a single-shot fluence 
of 50 mJ/cm2 over a 5 x 5 µm2 area by upgrading the IR laser system to a 
pulse energy of 200 mJ and extending the focusing length to 5 m. This x-ray 
fluence is sufficient for obtaining a single-shot cell image by contact micros-
copy [9] with sub-100 nm spatial and sub-10 fs temporal resolutions. How-
ever, if we consider the HH loss due to focusing optics, we should further 
increase the output yield. The use of driving laser wave-front correction with 
a deformable mirror can improve the output yield by a factor of 2 – 3[10]. 
Although our estimation is based on a single harmonic order, a bundle of 
several harmonic orders can be used for microscopy, which greatly increases 
the effective output fluence. 
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Abstract. The interaction of relativistically intense (Iλ2>>1.3 1018Wcm-2µm2) laser 
pulses with a near step-like plasma density profile results in relativistic oscillations of 
the reflection point. This process results in efficient conversion of the incident laser to 
high harmonic spectrum. Recent experimental results show that the beam quality is 
near diffraction limited and consequently that very high focused intensities can be 
achieved opening up the possibility of ultra-intense X-ray interactions for the first 
time. 

1 Introduction 

High quality X-ray sources are a topic of diverse and intense international 
efforts ranging from large new synchrotron facilities such as the Diamond  
Light Source in the UK over Free Electron Lasers (FEL) being constructed in 
at SLAC in the US and DESY in Europe. In addition to these large facilities 
based sources, intense efforts are being made to use lasers as a route to intense 
XUV and X-ray sources. Laser based sources span X-ray lasers which have 
produced very impressive results, particularly in terms of pulse energy (see 
other articles in this volume and references therein), table-top FEL con-
cepts[1] and sources that rely on the conversion of the incident laser light into 
very high order harmonics. The particular attraction of harmonic sources is 
that they can maintain the full spatial coherence of the laser and have pulse 
durations that can extend to the attosecond regime – which is typically 
achieved by letting a moderately intense femtosecond laser pulse interact with 
a gaseous target[2].  

A far more recent development is the detailed theoretical and experimental 
investigation of harmonics emitted when a relativistically intense laser pulse 
creates a relativistically oscillating plasma surface (ROM)[3],[4],[5],[6],[7]. 
Unlike harmonics from gaseous targets, this process requires relativistically 
intense laser pulses, ideally significantly above the relativistic threshold of 1.3 
1018Wcm-2µm2. At such intensities the conversion process becomes efficient 
with the harmonic spectrum displaying a slow decay to higher orders[6] with 
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a slope of En/EL~n2.6 (where En, EL are n-th harmonic and laser energy respec-
tively) and can extend to keV photon energies. Tantalizingly, ROM also 
offers the prospect of attosecond and zeptosecond duration pulses[4,5] and 
ultra-high intensity[3] X-ray pulses. The latter requires excellent, near-
diffraction limited beam quality. Early results using ps lasers and a contrast 
ratio that led to an initial density gradient of L>λ showed that the emission 
was essentially isotropic[8] – suggesting limited source brightness. This result 
was interpreted as resulting from critical surface turbulence due to hole-
boring[9]. Consequently, for sharper density ramps and shorter pulses one 
might anticipate a marked improvement. Here we present our latest results 
showing that ROM can indeed be near diffraction limited in the case of high 
contrast, femtosecond pulses. 

2 Background 

ROM[10] essentially results from an oscillatory extension to Einstein’s pre-
diction for the frequency up-shift of light reflected off a perfect mirror mov-
ing at relativistic velocities – the relativistic Doppler effect[11]. In this theory 
a pulse of duration Δt at frequency ω0 is shifted to a frequency of ω`=4γ2ω0 
(with the Lorentz factor γ >>1). Since the number of cycles in an electromag-
netic pulse is a Lorentz-invariant the pulse is also compressed by a commen-
surate amount and the resultant pulse duration is Δt`= Δt/4γ2 [11]. From this 
one can see that in principle it should be possible to achieve substantial fre-
quency upshifts and extremely short pulses by reflecting a high power laser 
pulse of a mirror with suitable properties. The key difficulty is, of course, to 
create a reflective structure moving at a velocity close to the speed of light.  

One approach to achieving such a mirror is to illuminate an initially solid 
target with an ultra-short, intense laser pulse to create a near discontinuous 
plasma-vacuum boundary. The electric field of the laser can efficiently couple 
to the plasma surface, causing the electrons to oscillate in phase with the laser, 
thus constituting a relativistic mirror oscillating at the laser frequency ω0. 
Since the plasma density is higher than the critical density for such a scenario, 
the plasma acts as an efficient reflector of the incident laser light. In a seminal 
paper by Paul Gibbon[10] it was shown that in such circumstances the inci-
dent laser-light is upshifted very efficiently to higher frequencies. The under-
lying process in the case of a relativistically oscillating mirror is in many 
ways similar to the process of the relativistic Doppler upshift described by 
Einstein[11]. The main difference is that instead of a constant value of γ 
describing the motion of the mirror surface, one now has Lorentz-factor that is 
a function of time γ (t). 
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As the position of this mirror surface is a temporal function of the incident 
optical laser cycle, the phase of the reflected light wave is modulated such that 
it is no longer sinusoidal. As can be understood from Fourier theory, such a 
waveform must contain many high order harmonics of the fundamental fre-
quency.  

The most recent theoretical development in the field by Gordienko et al. 
and Baeva et al.[3,12], elegantly based on similarity theory, identifies the 
sharp spikes in the temporal variation of the Lorenz factor γ as the key to the 
production of the highest harmonics. That this should be the case can be 
easily understood when one considers the temporal variation of γ(t). Even 
assuming a very smooth variation of the actual surface velocity with time (e.g. 
v(t)~sin(ωt)) the corresponding variation of γ(t) is sharply spiked. From 
Einstein’s theory of relativistic Doppler upshift one would therefore expect 
the upshifting process to be restricted to a timescale of the order of the tempo-
ral width of each ‘γ − spike’ – substantially shorter than an optical half cycle – 
and the maximum upshift to take place when the Lorentz factor reaches its 
maximum γmax. The physical origin of this substantially larger frequency 
upshift also derives directly from the γ−spikes. Since the emission of high 
harmonic orders only takes place for large values of γ a sharp temporal locali-
zation of the emitted harmonics results. The temporal duration of the γ−spikes 
reduces for increasing intensity as TSpike~T0/γmax (with T0=2π/ω0)[12]. The 
pulses of duration Tspike are upshifted and compressed by the factor of 4γmax

2 – 
familiar from the relativistic mirror. As a result the harmonics are emitted in 
short temporal bursts with Tburst~TSpike/γmax

2~ T0/γmax
3 and hence, from Fourier 

Theory, must contain significant spectral components up to frequencies of 
O~ω0γmax

3. In effect, the surprising new result of the theory of relativistic 
spikes is that the high energy cut-off and the ultimate slope of the spectrum is 
governed by the temporal compression and truncation of the electromagnetic 
pulse rather than the maximum upshift expected from a relativistic mirror 
moving at constant γ.   

3 Beam Quality Considerations 

The ultimate limits of focused intensity of ROM as a source of coherent X-
rays is critically affected by the beam quality (transverse coherence), which 
ideally should be as close as possible to diffraction-limited divergence. Theo-
retical investigation suggests that the harmonic radiation can display excellent 
(near diffraction-limited) performance[3,13]. The somewhat surprising conse-
quence of this is that the focused intensity of the emitted beam can, in princi-
ple, exceed the intensity of the driving laser and hence could allow 



310 M. Zepf et al. 

electromagnetic radiation to be focused to the extreme intensities. Such a 
startling prediction merits experimental investigation and consideration of any 
deleterious effects that might prevent the harmonics from reaching their 
ultimate focused intensity. 

Under perfect conditions (spatially constant intensity, plane wave conver-
sion) the angular divergence of the nth harmonic (θn) should therefore simply 
be the diffraction limited divergence for the given wavelength, or, expressed 
in terms of the harmonic order n,  

                                                        (1) 

where θLaser is the divergence of the incident laser beam. In practice θLaser 

would be a fairly large angle (~20º), set by the focusing optics used to achieve 
high intensities. 

Of course, in a real experimental situation both the laser quality and surface 
shape may deviate from this idealised case. There are four distinct areas 
which can provide an obstacle to reaching the desired beam quality and high 
focused X-ray intensities, which we will discuss briefly in the following 
paragraphs. 

 
1) Roughness (surface shape variations on scale  << λLaser) 
Typically, roughness of the target surface will primarily lead to an in-

creased scattering of reflected radiation into wide angles. For surface rough-
ness, φrms, significantly smaller than the wavelength of the reflected light, the 
angular distribution of the reflected light remains unaffected and all the en-
ergy is reflected into the specular diffraction limited angle. As is well know 
increasing surface roughness leads to a diffuse reflection component or halo. 
As φrms approaches the wavelength of the reflected light, the distribution 
becomes increasingly isotropic. This is of particular concern for the highest 
harmonics with wavelengths in the nm – Å range, where even the surface 
roughness of polished targets may be too high to allow the harmonics to 
remain highly collimated. Furthermore the growth of ripples in the critical 
density surface has been previously reported in the literature[9] and found to 
affect the angular distribution substantially for ps duration pulses[8]. 

 
2) Surface curvature and aberrations (variations on scale ≥ λLaser): 
As in all optical systems, the beam quality and divergence is controlled by 

the shape of the optical surfaces involved in beam transport. However, for the 
ROM the interaction is complicated by the fact that the driver and mirror 
surface are fundamentally linked. Even for an initially flat oscillating plasma, 
the intense laser pressure, P~I/c (>109 bar for our parameters) results in the 
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reflecting surface being initially pushed inwards due to the ponderomotive 
pressure[9]. The impact on the reflected harmonic radiation is that it is effec-
tively reflected from a curved mirror and so will tend to exhibit a curved 
wavefront, passing through focus at some distance after the target. Since 
wavefront curvature of all harmonics is identical in this case all orders should 
display a constant divergence (unless diffraction is significant). Clearly, if the 
surface has the appropriate shape, the increased divergence does not necessa-
rily lead to a reduced focusability of the harmonic beam and may lead to a 
very high intensity in the primary harmonic focus close to the target. 

 
3) Intrinsic Phase Effects 
However, even assuming ideal control of laser beam quality, a perfect in-

itial surface and no movement of the ion background in response to the laser 
pressure (e.g. for few cycle pulses), an der Brügge et al.[14] report that the 
harmonic radiation is affected by a target density and (in the high intensity 
limit) a laser intensity dependent phase term. They derive an analytical ex-
pression for the intrinsic harmonic phase, given as  

 ϕ a0 ,N( ) = 2.7 N
a0Ncrit

⎛
⎝⎜

⎞
⎠⎟

−1

− 0.32  (2) 

where N is peak density and Ncrit the critical density for ωLaser. This implies 
that for a Gaussian focal intensity distribution the harmonic radiation will 
focus at a distance 

 fSF =
N

2.7a0Ncrit

⎛
⎝⎜

⎞
⎠⎟
ZR     (3) 

before diverging again (where ZR is the Rayleigh range of the driving laser).  
The physical origin of this intrinsic phase can be understood in a relatively 

straightforward way. As with any oscillator, the relative phase of the oscillation 
(φrelative) and driving force is a function, F, of the ratio of the driving frequency 
(ωLaser) to the resonance frequency (ωres), such that φrelative=F(ωLaser./ωres) and is 
therefore also a function of N/Ncrit. More generally, for a strongly driven oscilla-
tor in an anharmonic potential this oscillation may become a function of the 
oscillation amplitude and hence the strength of the laser field. The dominant 
intensity dependent effect here is the cycle averaged offset of electron surface 
(from which the laser is reflected) with regards to the ion background. This 
effect is mediated by ponderomotive pressure[9] which pushes the plasma 
surface inwards and ultimately, in the case of a many cycle pulse, results in the 
motion of the ion background discussed above.  

 



312 M. Zepf et al. 

4)  Laser phase-errors:  
Since the phase of the surface motion at any point of the plasma surface is 

locked to the local phase of the driving laser field[14], laser phase variations 
will directly affect the phase front of the emitted harmonic radiation. Even 
small fluctuations in the local laser phase ΔφLaser from an ideal flat (or spher-
ical) wavefront will lead to substantial aberrations in the phase of the emitted 
harmonic radiation. The phase error for the nth harmonic preserves the abso-
lute wavefront error and hence the relative phase error Δφn, measured in terms 
of the harmonic wavelength λn, is Δφn= n( ΔφLaser). This implies that the gen-
eration of high quality keV beams (n>1000) requires excellent quality of the 
high intensity laser driving the interaction. In the focus of near diffraction-
limited laser beams, such as in our experiment, this may not present a signifi-
cant limitation, as the harmonics are typically only generated over a fraction 
of the central diffraction limited peak[15] and hence in a region where the 
phase is highly flat. Consequently we will not be considering this effect 
further in this article. 

4 Experimental Results 

To investigate the dependence of angular distribution on laser parameters and 
surface roughness, on the Astra laser (~2 ×1019Wcm-2, λLaser ~ 800nm, 50fs). 
For the Astra experiment, a plasma mirror[31] was inserted into the laser 
beam-line to increase the pulse contrast from >107:1 to >109:1 at <500fs.  

Our experiment provides the first demonstration of diffraction limited har-
monic emission from relativistically oscillating plasma surfaces generated 
during intense interactions on fused silica targets. Figure 1 shows the diver-
gence of the harmonics in the range from 20 to 50 nm wavelength. As can be 
seen the harmonics from 40 to 35 nm wavelength are near diffraction limited in 
divergence. Note that the ROM harmonics display constant divergence. As 
explained in the considerations above, this is consistent with emission from a 
curved surface – with the divergence being set by surface curvature. Detailed 
comparison with PIC simulations show that the observed beam divergence is in 
very good agreement with that expected from the surface curvature due to hole-
boring. As expected, the short pulse duration has suppressed the growth of large 
scale turbulence which caused the large divergence in the earlier experiments. 

In order to investigate the effect of surface roughness on the emitted radi-
ation, targets with surface roughness ranging from a few Å to 200nm were 
investigated. The striking observation is that the harmonics are insensitive to 
surface roughness on the scale of the harmonic wavelength – contrary to the 
commonly accepted principle that a surface that displays roughness on the 
order of the wavelength will lead to diffuse reflection.  
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Fig. 1 Divergence of harmonics radiation. The dashed line shows the diffraction 
limited divergence for the given wavelength and source size. The ROM harmonics 
between 35-40nm can be seen to be diffraction limited with constant divergence to 
shorter wavelengths  – consistent with a critical surface curved due to hole-boring. At 
longer wavelength orders due to a separate physical process (CWE emission[16]) with 
larger divergence are also visible. 

To understand this highly surprising result PIC simulations[17] were per-
formed for various values of surface roughness. In this study electron trajec-
tories are observed to extend many times the original surface roughness for 
φrms << λLaser both transversely and longitudinally, which averages over the 
small-scale roughness and smoothes it considerably. This interpretation gains 
credence from the experimental observation that only roughness on the scale 
of the excursion amplitude substantially affects the harmonic generation 
process. When the surface roughness was increased to be comparable with 
λLaser (φrms=164nm) no ROM orders were observed. 

We have calculated that for our experimental parameters the intrinsic phase 
effects discussed above would result in a divergence (from Eqn. 2) of ~3 mrad 
and are therefore only a small contribution to the overall observed divergence. 
For our experiments, this small correction on the observed divergence lies 
within the uncertainty of the measurements. The results presented here sug-
gest that exceedingly good focusability and very low divergence can indeed 
be produced using ultra-short pulses to minimise the surface denting.  
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Conclusions 

In conclusion harmonics emitted from relativistically oscillating plasma 
surfaces have bee shown to have near diffraction-limited beam quality  – 
under appropriate experimental conditions of high contrast and fs pulse dur-
ation. This demonstrates that very high focused intensities are indeed possible 
opening up the realm of ultraintense X-ray interactions. 
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Abstract. High harmonics generated from gaseous atoms driven by a two-color laser 
field possess attractive properties of remarkable efficiency and unique spectral struc-
ture. With a two-color laser field synthesized by mixing fundamental and second-
harmonic fields high harmonic generation processes can be manipulated. The spectral 
characteristics of high harmonics from He and Ne were investigated by simulta-
neously controlling the relative phase and polarization angle of the two-frequency 
field. The harmonic generation was optimized by obtaining guided laser propagation 
in a long gas jet. The strongest orders were the 38th (21.6 nm) with He and the 30th 

(27.3 nm) with Ne. In the case of He absorption-limited generation of high harmonics 
at 21 nm was achieved.  

1 Introduction   

High-order harmonics (HOH) generated from highly nonlinear interaction 
between intense femtosecond laser and atoms have unique properties of 
superb spatial coherence in the soft x-ray region and extremely short pulse 
duration on the attosecond time scale. These properties are quite beneficial to 
ultrafast spectroscopy and coherent XUV optics [1]. However, such applica-
tions generally require strong and efficient generation of HOH. For highly 
efficient generation of HOH, several methods have been applied. By adopting 
a long gas cell with long focusing optics [2-4] or a long gas jet in a guided 
propagation mode [5], the harmonic generation volume can be maximized, 
reaching the condition of absorption-limited harmonic generation. Recently, 
the use of a two-color laser field, consisting of fundamental and second har-
monic (SH) fields, for high-order harmonic generation (HHG) has led to 
dramatic enhancement of harmonic generation efficiency [6]. As the two-
color laser field contains much more control parameters, compared to a single 
laser field, an elaborate optimization of experimental parameters is required 
for strong and efficient HHG in the two-color laser field.  
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In this paper, we investigated the spectral characteristics of strong high 
harmonics from He and Ne by simultaneously controlling the relative phase 
and polarization between the fundamental and SH fields. Strong high harmon-
ics with energy of ~µJ and conversion efficiency of ~10-4 have been realized 
at low-order harmonics in the 50 nm or longer wavelength region [2, 7]. 
Previous studies also showed that as the harmonic order increases, the conver-
sion efficiency rapidly decreases, e.g. 2×10-5 at 30 nm [3] and 5×10-7 at 13.5 
nm [4]. Our earlier results on HHG in a two-color laser field, employing a 
target medium of a circular gas jet, well exceeded these values [6]. Efficient 
harmonic generation in a two-color laser field was realized in a simple setup. 
By simply inserting a SH crystal in the beam path of harmonic generation, 
exceptionally strong harmonics were generated. Strong harmonic generation 
was possible due to the formation of a quasi-linear field, the selection of short 
quantum path component which has denser electron wave packet, and high 
ionization rate, but not too high as in the case of a parallelly polarized two-
color laser field [6,8]. In the recent work, we have significantly increased the 
harmonic conversion efficiency further by adopting a long gas jet medium and 
by improving the intensity of the SH field. The strongest orders were the 38th 
(21.6 nm) with He and the 30th (27.3 nm) with Ne. Among them, the achieved 
conversion efficiency over 10-4 at 21 nm from He is the highest value ever 
reported in the spectral region below 50 nm [9]. This study reveals the unique 
properties of high harmonics generated in the two-color field, which cannot be 
seen from usual one-color-field-driven high harmonics.  

2 Experiment 

The HHG in the two-color laser field can be optimized by controlling a range of 
experimental parameters of target and laser. In particular, the most sensitive 
parameters are laser intensities, relative phase, and polarization of the two fields 
as well as target density, length, and position. The experimental layout of the 
two-color HHG is shown in Fig. 1. Femtosecond laser pulses with an energy of 
2.8 mJ and pulse duration of 30 fs, after being focused by a spherical mirror (f= 
60 cm), were incident on a He or Ne gas jet. For SH generation, a type-I beta-
barium borate (BBO) crystal was placed between the focusing mirror and the 
gas jet. With BBO crystals with thickness of 100 µm and 200 µm the SH con-
version efficiencies of 20 % and 28 % were obtained, respectively. Gas jet with 
a circular nozzle of 0.5-mm diameter and with slit nozzles of 0.5-mm width and 
length L= 3, 6, and 9 mm were used for target optimization. Generated harmon-
ics were detected using a flat-field extreme ultraviolet (XUV) spectrometer 
equipped with a back-illuminated x-ray charge coupled device (CCD; Princeton 
Instruments), and two aluminum filters of 1-µm thickness were installed to 
block scattered laser light and to prevent the saturation of CCD. The optimiza-
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tion of two-color HHG was performed by selecting the target length and posi-
tion while controlling the relative phase and polarization between the two fields 
and increasing the SH conversion. 

One critical parameter to determine the electric field configuration of the 
synthesized two-color laser field is the relative phase between the two fields. 
The relative phase greatly affects the electron trajectory in HHG and thus the 
harmonic yield. For the control of the relative phase between the fundamental 
and SH fields, a fused silica plate with a thickness of 150 µm was inserted in 
the beam path after the SH crystal, as shown in Fig.1. 

 
Fig. 1 Experimental setup for high-harmonic generation driven by a two-color  
laser field. 

3 Analysis and Discussion 

The relative phase of the two-color field is directly related to the electric field 
configuration in time, i.e. Lissajous diagram. It determines the nature of the 
quantum paths contributing to HHG. We observed the intensity modulation of 
harmonics as a function of relative phase using He and Ne gases. As shown in 
Fig. 2 we compared the strongest two harmonic orders such as 38th (21.6 nm) 
for He and 30th (27.3 nm) for Ne using 6 mm long gas jet and 200μm thick 
BBO crystals. The intensity modulation of this harmonic has π periodicity 
with respect to the change of relative phase irrespective of gas species. But the 
peak position of intensity modulation is different between two gases. These 
differences are due to the effect of phase shifting by material dispersion which 
is obtained by the incident laser pulse propagating the gas medium. The 
absolute value of relative phase is hard to determine, but the amount of the 
induced phase shift may be estimated from the material dispersion. 
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Fig. 2 Intensity modulation of 38th and 30th order harmonics from He and Ne gases 
obtained by varying the relative phase between the fundamental and SH field.  

HHG in the two-color field depends also on the laser polarization angle be-
tween the fundamental and SH fields. We could decide the relative phase 
value which has the strongest harmonic intensity. From this condition, the 
HOH from orthogonal polarization was compared with HOH from parallel 
polarization. In orthogonal polarization, the harmonics at 2(2n+1)th orders are 
stronger than their neighboring harmonics while the harmonics at 2(2n)th and 
(2n+1)th of parallel polarization are stronger than that of orthogonal polariza-
tion. This inclination is similar to the previous result [6] even though the 
experimental condition such as the gas jet length is different.  

In addition we continuously controlled the polarization angle between two-
fields. The intensity variation of high-harmonics observed from He as a 
function of the polarization angle θ is shown in Fig. 3. From Fig.3 (a), we can 
find that there is spectral difference between 2(2n+1)th harmonics and the 
other harmonics such as 2(2n)th and (2n+1)th. The intensity of 2(2n+1)th 
harmonics is stronger in the vicinity of large polarization angle and weaker in 
the small polarization angle than those of 2(2n)th and (2n+1)th harmonics. 
The intensity modulation also appears with the control of the polarization.  
As shown in Fig. 3(b), 2(2n+1)th harmonics, such as 42nd harmonic, have 
clear spectral structure with 3 peaks during the change of polarization from 
orthogonal to parallel. 
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Fig. 3 Intensity modulation of HOH generated from He by controlling the polarization. 
(a) 2-dimensional graph from 34th to 42nd and (b) 3-dimensional graph for 42nd 
harmonic. These harmonic spectra were obtained from the relative phase value with 
the strongest harmonic yield. 

By employing a long gas jet, much stronger HHG was achieved in the two-
color laser field. First, the HHG was optimized for the target position. In the 
case of a single color HHG with a long gas jet the harmonic yield was found 
to be very sensitive to the target position as the plasma defocusing strongly 
affects the laser beam propagation even well within the Rayleigh length [5]. 
This was also true in the case of the two-color field. In Fig. 4 (a) the 38th 
harmonic yield is shown as a function of the target position for the gas jets 
with a 0.5-mm circular nozzle and a slit nozzle of 3, 6 and 9-mm length. The 
gas jet position of z = 0 corresponds to the position of the gas jet center at the 
laser beam focus, and the ‘minus’ sign in the target position means the gas jet 
placed before the laser focus. Here the BBO crystal of 200-µm thickness was 
used. The optimization at z=-10 mm is due to the guiding effect, i.e. a con-
verging laser beam compensates for the plasma defocusing of the propagating 
laser field in the ionizing gas medium [5,10]. At the optimized target position, 
nearly uniform plasma column was observed along the entire length of the gas 
jet. The laser intensities, estimated from the cutoff orders, were 4×1014 W/cm2 
and 9×1015 W/cm2 for the fundamental and SH, respectively. 

The optimization of the medium length under the guided laser propagation 
was then pursued. The harmonic yield increases until the gas jet length of 6 
mm, but it decreases for the 9-mm jet. Though an increase of the 38th harmonic 
at 21.6 nm is the largest one, other orders show similar trend. As the effective 
medium length becomes longer, the harmonic yield also increases, up to the 
point where the reabsorption of harmonics by the medium becomes significant. 
As the absorption length of 100-torr He is about 2 mm, the optimized medium 
length of 6 mm corresponds to three times the absorption length, which agrees 
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with the calculation by E. Constant et al. [11] carried out for the optimum 
harmonic generation in an absorbing gas medium. Consequently, the harmonic 
yield of the long gas jet was obtained in the absorption-limited regime. 

 
Fig. 4 (a) Optimization of the 38th-order harmonic energy with respect to gas jet for 
different gas jets. (b) Optimized harmonic spectrum obtained with the 6 mm gas jet.  

Finally, by adjusting the medium length and position along with laser param-
eters such as the relative phase between the two fields and laser intensity, we have 
optimized HHG in the two-color laser field. The optimized harmonic spectrum in 
Fig. 4(b) shows that the harmonics at 2(2n+1)th orders are dominant, being much 
stronger than those of 2(2n)th and (2n+1)th orders. In particular, both 38th and 
42nd harmonics, obtained with a single laser shot of 2.8 mJ, saturated the x-ray 
CCD even with two 1-µm-thick Al filters installed in front of the x-ray CCD. The 
38th harmonic at 21.6 nm as well as the 42nd harmonic at 19.5 nm reached an 
energy of 0.6 µJ per shot, giving a conversion efficiency of 2×10-4. 
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4 Conclusion 

In conclusion, the spectral characteristics of strong high harmonics from He 
and Ne were investigated by controlling the relative phase and polarization 
angle of two-color laser fields. In particular, we achieved sub-µJ harmonics 
from He in the 21 nm spectral region, by optimizing the medium length and 
position as well as the relative phase and polarization between the two fields 
and SH conversion. With further increase of laser energy, the observed dra-
matic enhancement of HHG in the two-color laser scheme may be extended to 
even shorter wavelength region.  
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Abstract. High order harmonic generation (HOHG) from intense laser – solid density 
interactions has emerged as a promising route to the generation of attosecond pulses 
extending to keV energies. With efficiency of the nth harmonic, ηn, scaling as ~ n-2.5-
n-3 in the relativistic limit up to a maximum order nmax~ 81/2γ3 (where γ is the maxi-
mum relativistic Lorentz factor of the oscillating plasma surface), the potential for a 
bright solution to attosecond  science is a distinct possibility. Some of the recent work 
performed in the field verifies for the first time that the exceptional coherence proper-
ties of the driving laser can be transferred directly to the high harmonic orders pro-
duced when plasma surfaces are driven to relativistic velocities under the action of 
intense laser pulses. 

1 Introduction 

The recent demonstration of attosecond phase locking1 and diffraction limited 
performance of harmonics2 generated during the interaction of intense lasers 
with solid density targets has benchmarked the unique source of high order 
harmonic generation (HOHG) from relativistic plasma surfaces as a next 
generation intense attosecond light source. Such a source can complement the 
range of ultrafast XUV science that is routinely performed at large scale free 
electron laser and synchrotron facilities worldwide.  

Here we present the first demonstration of nmax ∝ γ3  cut off scaling3 for ul-
tra short pulses (<50fs), giving clear indication that bright soft x-ray pulses 
can be generated using even modestly sized ‘table-top’ generation lasers. The 
angular distribution of the HOHG signal is also investigated. For ultrashort 
pulses there is distinct behaviour observed between the recently described 
coherent wake emission4 (CWE) process for harmonic generation (which cuts 
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off at the plasma frequency) and relativistic oscillating mirror (ROM) har-
monics3, which extend to much higher orders5,6. Near diffraction limited 
performance for ROM HOHG with clear evidence of emission from a curved 
plasma surface is displayed. CWE is observed to be emitted into cone angles 
approximately twice that expected for diffraction limited performance. The 
relation of the angular distribution of the emitted harmonic radiation to target 
roughness (φrms) on a sub laser wavelength is investigated confirming that in 
the absence of significant laser prepulse there is considerable smoothing of 
the solid target surface.  

2 Experiment 

High order harmonic x-ray generation has the potential to open up the world 
of physical processes on an attosecond timescale1-5. The key to this is convert-
ing high-power optical laser pulses into broad, phase-locked harmonic spectra 
extending to multi-keV photon energies – which can be achieved, with unpre-
cedented efficiency and brightness, by reflection off relativistically oscillating 
plasmas2,3,5,6. Of particular note is the implication this has for the production 
of high brightness attosecond pulses3. For a fixed fractional bandwidth at a 
given central frequency, ncfωLaser, for the attosecond pulse, the energy in the 
pulse scales as ηatt~ncf

 -1.5 (Eqn. 1)7, where ncf is the harmonic order of the 
carrier frequency and ωLaser the laser frequency.  

When an intense laser pulse interacts with a near discontinuous plasma-
vacuum boundary the electric field of the laser can efficiently couple to the 
plasma surface, causing the electrons to oscillate in phase1-3, effectively 
constituting a relativistic mirror oscillating at the laser frequency ωlaser. As the 
position of this mirror surface is a temporal function of the incident optical 
laser cycle, the phase of the reflected light wave is modulated such that it is no 
longer sinusoidal and as can be understood from Fourier theory, contains 
many high order harmonics of the fundamental frequency.  

The most recent theoretical development in the field, based on similarity 
theory [4], identifies the sharp spikes in the temporal variation of the Lorenz 
factor γ as the key to the production of the highest harmonics. From this 
theory of ‘γ − spikes’ the conversion efficiency in the relativistic limit for the 
nth harmonic is predicted to scale as η(n)~n-Prel (Eqn. 1), with Prel = 8/3 [4]. 
Another important result of this theory is the prediction of the highest har-
monic where Eqn. 1 still applies, up to an order nmax ~81/2γmax

3, beyond which 
the conversion efficiency decreases more rapidly or ‘rolls over’ 
(where γmax=(1+3.6×10-19Iλ2)1/2 corresponds to the maximum surface velocity, 
I (Wcm-2) is the peak intensity and λ (µm) the wavelength of the laser). 
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Fig. 1 Harmonic generation from sub nm  –  a), red trace, and b),blue trace –  and 
20nm – c), green trace, and d), black trace, –  root mean square (rms) roughness 
targets. CWE harmonic radiation extending to ~19th order and ROM harmonics 
extending to ~40th order are routinely observed for intensities of 1.5±0.5×1019Wcm-2. 
Figures 2 e) and f) show the distinct nature of the two generating processes. For this 
data the harmonic radiation emitted along the specular axis was apertured using a 
narrow slit while the radiation ~2.5cm off the specular axis was collected using a 
glancing angle gold focusing optic and redirected onto the ccd detector. The signal is 
rising towards higher harmonic orders due to increased spectrometer response to 
shorter wavelengths. 

Figure 1 shows the generation of harmonic orders using intensities 
(~1019Wcm-2) and orders (up to ~40th) using the Astra laser (~1J, 40fs) at the 
Central laser facility for sub nm, (a) and 20nm, (b), root mean square (rms) 
roughness targets. This is the first experimental observation of maximum 
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harmonic order scaling to intensity dependent nmax( ∝ γ3) predicted by Baeva 
et al3 for ~50fs pulses. and indicates that a bright source of harmonic radiation 
from solid targets extending to soft x-ray wavelengths may indeed be possible 
using current generation table top lasers with modest intensity (~1019Wcm-2). 
For this experiment the contrast of the incident pulse was improved using 
plasma mirrors (either single or double as required)8 to maintain a sharp 
plasma vacuum boundary suitable for efficient harmonic generation. The soft 
x-ray spectra were obtained using an XUV flatfield spectrometer and Andor 
CCD detector2. For these experimental conditions the plasma frequency 
corresponds to the ~19th harmonic order and consequently represents the cut 
off in the CWE harmonic spectrum4. 

3 Angular distribution 

The angular distribution of the harmonics obtained from the results presented 
in Figure 1 indicate diffraction limited divergence of the ROM harmonics in 
the range 20th -40th (orders above the plasma frequency) for intensities of 
~1019Wcm-2 and 50fs pulse length.  

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 2 Angular distribution of harmonics generated on targets with φrms<20 for 
intensities of 1.5±0.5×1019Wcm-2 . Significantly the 39th order (red trace) is still 
beamed from a surface with λharmonic roughness, and has identical angular distribution 
to that of the 20th harmonic. This is clear indication of emission from a curved 
surface. The CWE emission (17th order, green and pink traces) are beamed into 
approximately two times diffraction limited cones. 
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The angular divergence of the cut off orders is observed to be ~ 2 × α/n, 
where n is harmonic order and α is laser cone angle. This is clear indication of 
emission from a dented plasma surface2. These spectra were only observed for 
targets with φrms on the order of 0-20nm. As can be seen from Figure 2, CWE 
harmonic radiation (<20th order) is emitted into much larger cone angles (~2-3 
times that expected from a near diffraction limited source).  

4 Surface smoothing 

As highlighted in Figure 2 the significant result is the observation of beamed 
harmonic emission all the way to λharmonic (the harmonic wavelength) at the cut 
off order for relativistic oscillating mirrors which is on the order of φrms i.e. 
20nm radiation reflected from a surface with a root mean square roughness of 
20nm. From Fourier theory it is clear that under normal conditions such 
reflection should be scattered into large angles. The observation presented 
here is clear evidence of extreme surface smoothing due to large scale trans-
verse electron motion in the intense laser field. 

To investigate this phenomenon we conduct numerical studies using the 
1D3P PIC code PICWIG9. It permits, in planar geometry, simulation of the 
interaction of intense laser pulses with a pre-ionized non-collisional plasma. 
For these simulations the typical plasma density, Ne, was chosen to be  400Nc 
(and parameters corresponding approximately to the Astra experiment).  

With respect to the surface smoothing effect mentioned above, the numeri-
cal integration of transverse momenta allowed the retrieval of the 3D trajec-
tories of the particles. Figure 3 shows that the electrons undergo substantial 
excursions both along the target normal (longitudinal trajectories, x) – which 
leads to the harmonic generation in the first place – and also along the target 
surface (transverse trajectories, y). The excursion amplitude in both dimen-
sions approaches an appreciable fraction of the laser wavelength in scale for 
relativistic intensities. This is substantially larger than the spatial and depth 
scale of the initial surface roughness.  

Experimentally, for targets with φrms~150nm harmonic beaming was ob-
served to be completely destroyed. This is direct evidence that as the surface 
roughness approaches an appreciable fraction of the driving laser wavelength 
surface smoothing cannot be achieved. 

5 Conclusion 

In conclusion it is clear that the exceptional spatial coherence properties of the 
laser can be transferred directly to the XUV via relativistically oscillating 
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plasma interactions. Excitingly this is revealed to be permitted via extreme 
surface smoothing due to large scale transverse electron motion in the intense 
laser field. Uniform angular divergence of ROM harmonics indicates emis-
sion from a curved plasma surface. In summary this work improves the out-
look for intense ultrafast XUV science possible using the relativistically 
oscillating plasma medium. 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

Fig. 3 The typical spatial extent of electron trajectories with respect to the original 
target surface, as obtained from PIC simulation, for Astra laser parameters – oblique 
incidence(30º) and a0=3. Other simulation parameters were chosen to reduce 
complexity, such as a two cycle pulse, but the principle remains the same. The inset 
shows all of the trajectories included in the simulation while the main figure shows 
every 20th trajectory plotted for clarity. It is clear that electrons traverse paths in both 
the transverse (y) and longitudinal (x) direction with respect to the driving laser that 
are far greater than the surface roughness that could affect harmonics generated in the 
Astra experiment. 
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Abstract. General issues relevant to the probing of plasmas with backlighters are first 
discussed. It is shown that soft x-ray wavelengths (> 10 nm) can generally probe 
thicker plasmas than harder radiation (< 1 nm) if the plasma is hot (> 100 eV). Dem-
onstration experiments are discussed where the transmission of x-ray lasers through 
other laser-heated solid targets have been used (i) to measure the rate of laser ablation 
of solid targets and (ii) to probe the opacity of a plasma material. It is shown that 
narrow bandwidth radiation, such as from an x-ray laser, offers the ability to probe 
much more optically thick plasmas than backlighters composed of moderate to wide 
bandwidth spectral lines. 

1 Introduction 

Soft x-ray lasers have been developed to produce high repetition (~ 10 Hz) 
rate operation at wavelengths 10 – 40 nm from tabletop capillary [1] or laser-
pumped [2] sources. Efficiencies are such that, for example, grazing-incidence 
pumping techniques can produce lasers at 13.9 nm in Ni-like Ag with less 
than one joule infra-red laser pumping energy [3]. These lasers have a much 
narrower spectral bandwidth and are cheaper and much more widely available 
than free-electron 4th generation sources [4]. However, the free-electron 
sources are brighter, can produce shorter pulses and promise laser output at 
much shorter wavelengths (down to 0.15 nm operation is planned [5]). Cur-
rently, plasma-based soft x-ray lasers are also not usually spatially uniform, 
though much greater x-ray laser uniformity should be achieved by seeding the 
amplification process with laser harmonic radiation [6].  

This paper discusses the potential of plasma-based soft x-ray lasers for 
probing other laser-plasmas in order to elucidate properties of the laser-
plasmas. Soft x-ray lasers have been used interferometrically to probe plasmas 
[7]. Some of the probing issues with interferometry are examined in section 2. 
A comparison of probing with soft x-rays (13.9 nm) and harder x-rays (1 nm) 
is presented in section 3. More recently, soft x-ray laser probing has been 
shown capable of elucidating laser ablation rates with solid targets [8]. Target 
materials such as iron which undergo a rapid opacity drop upon heating and 
expansion from the solid values have soft x-ray transmission dominated by 
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the opacity of the cold solid material and so a measure of x-ray laser transmis-
sion can record the thickness of solid target remaining and hence the rate of 
ablation. The measurement of laser ablation from x-ray laser transmission is 
examined in section 4. 

The opacity of material at x-ray and extreme ultra-violet (EUV) photon en-
ergies is difficult to measure. At high energy densities where materials are in 
the plasma state, there have been few direct measurements, though those that 
have been made have had important consequences. For example, opacity 
measurements of hot-iron plasmas, made with laser-plasma sources, led to 
revisions in opacity tables. These revised opacity values have impacted pre-
dictions of the behaviour of Cepheid variable stars (used as astronomical 
‘standard candles’ [9]) and lead to revised values of the Hubble constant. 
However, opacity calculations using codes are usually all that is available, 
despite sometimes orders-of-magnitude variation in opacity σ between code 
predictions. As measurements of x-ray or EUV transmission T through ma-

terial vary as T = exp − σρdx∫( )  where the integration is over the path 

through the sample opacity σ and density ρ, even an approximate measure-
ment of T through a plasma can give a useful opacity measurement and elimi-
nate some code treatments. Examples of opacity codes, include the Cassandra 
code operated at AWE [10], the OPAL code operated at LLNL [11], the 
TOPS code operated at Los Alamos [12], the French CEA Odalisc data [13] 
and the opacity project calculations [14] used to understand the opacity of the 
sun and other astrophysical objects. The use of x-ray lasers to measure plasma 
opacity is examined in section 5. 

2 Soft x-ray plasma probing 

In order to probe a plasma with impinging radiation, it is necessary to employ 
radiation of sufficiently short wavelength that the critical electron density nc 
(= 1027/λ2 cm-3) associated with the wavelength λ  (in nm) is greater than the 
electron density ne of the plasma. For a plasma of density ρ (in gcm-3), the 
electron density (in cm-3) is given by 

 ne = 6 ×10
23ρ Z

*

M
 (1) 

where Z* is the degree of ionisation of the plasma and M is the mass number 
of the plasma ions. Wavelengths λ (in nm) such that 
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 λ < λ0 = 40
M
ρZ *

  (2) 

can thus be used to probe a plasma of density ρ (in gcm-3) without collective 
absorption effects associated with electron densities close to the critical den-
sity affecting the measurement. For example, for fully ionised material Z*/M ≈ 
0.5, the maximum density plasma that can be probed with 13.9 nm radiation is 
17 gcm-3. These densities able to be probed by x-ray lasers are several orders-
of-magnitude higher than the maximum densities able to be probed by visible 
lasers. For example, 566 nm light can only probe a fully ionised plasma of 
maximum density 0.01 gcm-3. 

Interferometry measurements have often sought to probe laser-plasmas 
transversely and elucidate the profile of the electron density variation as a 
function of distance from the target [15]. In practise, refraction effects will not 
allow probing up to the critical densities if the beam path L through the 
plasma is long. With an electron density ne varying with scalelength Δx, 
probing radiation is refracted to an angle of refraction θ  (in radians) given 
approximately by  

 θ ≈
L
Δx

ne
2nc

=
L
Δx
3×10−4ρ Z

*

M
λ2 . (3) 

Typically, probing a laser plasma transversely implies L/Δx ≈ 20, so prob-
ing up to a density much less than an order-of-magnitude from the critical 
density is often regarded as the maximum feasible. Following this argument, 
the maximum density that 13.9 nm wavelength radiation can transversely 
probe in a full-ionised plasma is only 0.1 gcm-3 (with, say, θ  < 0.6 radian able 
to be collected with an imaging optic), significantly below the solid density of 
most materials. To probe high (up to solid) density plasma with soft x-ray 
lasers, it is necessary to probe longitudinally through the plasma in the direc-
tion of the density gradient.  

The plasma refractive index µ is usually assumed to be dominated by the 
effects of electrons and so is usually assumed to be given by 

 µ = 1− ne
nc

= 1− 6 ×10−4ρ Z
*

M
λ2 . (4) 

We have assumed equation (4) in deriving equation (3). However, close to 
strong, spectrally narrow radiation absorption features, the refractive index 
arising from plasma ions is also significant because of the Kramers-Kronig 
relationship [18] arising from the inter-relationship between imaginary refrac-
tive index (absorption) and the real refractive index. The deviation of the real 
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refractive index from unity due to the Kramers-Kronig relationship is propor-
tional to λK, where K is the plasma absorption coefficient for the probing 
radiaton. Typically, K ∝ (ne)2, so higher plasma densities again have much 
more significant variations of µ . For Doppler broadened absorption lines, the 
maximum (and minimum) refractive index from the Kramers-Kronig relation-
ship is approximately 1 ± 0.05 λK, so the effect becomes negligible if K < 
<1/λ. For our 13.9 nm x-ray laser wavelength, this implies absorption co-
efficient values below say 105 cm-1. Solid materials have opacity σ = K/ρ ~ 
104 – 106 cm2g-1, implying that plasmas at densities ρ = 1 – 10 gcm-3 have 
refractive indices that can be affected by the Kramers-Kronig effect. 

The effect of the Kramers-Kronig refractive indices on plasma interferom-
etry has been demonstrated by Filevich et al [16, 17]. It is worthwhile check-
ing if the refractive index variation across a line profile associated with the 
effect could change the intensity of radiation used to probe a plasma close to 
an absorption line and not just affect the phase of the transmitted light. For a 
Gaussian profile, the refractive index varies with frequency ν across an ab-
sorption line of peak absorption coefficient K and FWHM frequency band-
width Δν as  

 

 µ = 1− λK
2π 3/2 F 2 ln2 υ

Δυ
⎛
⎝⎜

⎞
⎠⎟  (5) 

 
where from [18] the function F varies as shown in Figure 1.  

As a worst-case scenario of the effect of the refractive index variation 
across an absorbing line profile, we assume that the probing radiation has a 
spectral profile matching the Gaussian absorbing line profile. The relative 
value R of the transmitted radiation electric field amplitude allowing for the 
Kramers-Kronig effect to the amplitude ignoring the effect is then given by 

 
(6) 

 
 
 
An example calculation of R is given in Figure 2 assuming L/λ = 5. From 

the form of equation (6) and Figure 2, the Kramers-Kronig effect becomes 
more apparent for low values of L/λ and high values of KL. However, high 
values of KL then imply very large absorption coefficient K. For example, a 
maximum value of K = 106 cm-1 for a plasma is feasible, which for λ = 13.9 
nm implies KL ≅  7 for Figure 2. We see that there is little effect on the trans-
mitted radiation flux at such typical values (see Figure 2). 
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Fig. 1 Function F introduced in equation (5)  giving the variation of refractive index 
due to the Kramers-Kronig effect for a Gaussian absorption line as a function of 
frequency (in half width half maximum frequency units). 
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Fig. 2 The value of the electric field transmitted a length L through a plasma of peak 
absorption coefficient K assuming the Kramer-Kronig effect relative to the electric 
field neglecting the Kramers-Kronig effect. A value L/λ = 5 is assumed. 
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3 Plasma thicknesses able to be probed by x-ray radiation 

Huang and Tallents [19] considered the issue of the maximum plasma thick-
ness where transmitted x-ray radiation is more intense than self-emission from 
the plasma. Laser radiation can readily ‘outshine’ plasma self emission when 
used for probing because the detection optics can be optimised to select only a 
narrow solid angle corresponding to the laser divergence and a narrow spec-
tral range around the narrow-band laser radiation. With short pulse duration x-
ray lasers, it is also feasible to time resolve the detection in order to improve 
the signal (transmitted laser light) to noise (plasma self-emission). It is not 
widely appreciated that soft x-rays (for example, 13.9 nm wavelength corres-
ponding to 89 eV photon energy) can more readily ‘outshine’ plasma self-
emission than harder x-rays (for example, 0.1 nm or 1243 eV photon energy) 
when probing a hot (> 100 eV) plasma (see Figure 3). 

4 Measurements of laser ablation 

Most material opacities drop rapidly with increasing temperature and decreas-
ing density. Increased temperatures results in increased ionisation so that 
energy gaps between bound quantum states and the ionisation energies in-
crease. It becomes increasingly likely that a particular photon energy is insuf-
ficient to produce a bound-bound or bound-free transition. Similarly, free-free 
absorption for a single frequency drops with increasing temperature Te with a 
cross-section ∝ Te

-3/2. Decreasing density results in reduced opacity at a typi-
cal rate ∝ (ne)2. Ablation of a solid target results in the material rapidly in-
creasing in temperature and as expansion occurs, rapidly dropping in density. 
However, there is evidence that ‘warm dense matter’ (temperatures < 10 eV 
say) have opacities that are close to those of the solid material [20]. We have 
demonstrated [8] that by measuring soft x-ray laser transmission through a 
target that is being irradiated by an infra-red laser, the rate of ablation of the 
target can be measured. The overall target transmission is determined almost 
entirely by the opacity of solid material that has not heated sufficiently to 
significantly expand. Once the material has heated and started to expand, the 
material becomes transparent. Measuring the x-ray laser transmission through 
the target thus gives a measure of the cold material thickness as this is the 
only absorbing component. From this measurement, the rate of laser ablation 
of the target is deduced. Further details have been presented [8] and results 
from a more recent experiment are presented in this volume [21]. 
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Fig. 3 The maximum plasma thickness where the transmitted radiation is more intense 
than the plasma self-emission. A uniform plasma with absorption given by the TOPS 
code [12] and LTE plasma emission is assumed. Other assumptions are that the 
plasma emission last 100 x longer than the probing radiation, the input radiation has 
irradiance 3 x 1010 Wcm-2, and the detection solid angle at 2.5 x 10-5 sr records all the 
transmitted probing radiation flux. Results are shown for two photon energies for 
aluminium, silicon and iron plasmas (as labelled) of solid density. 

5 Measurements of plasma opacity 

The opacity of plasma can be probed using soft x-ray lasers to measure the 
transmission through laser-heated targets [22]. X-ray lasers are spectrally 
narrow (ν/Δν  ~ 104) because their linewidths are typically determined by 
Doppler broadening from plasma with cold ions (< 100 eV) and further nar-
rowed by gain narrowing. The advantage of measuring the transmission with 
a spectrally narrow probe like an x-ray laser is illustrated in Figure 4. A 
‘saturation-like’ effect on the transmission as a function of optical depth 
occurs when probing line radiation is spectrally comparable or broader than 
the absorbing line being probed. The instrument spectral resolution is usually 
much greater than the line widths of either x-ray laser or probed plasma 
(typically (ν/Δν  ~ 100), so the spectrally integrated transmission as shown in 
Figure 4 is observed. The effects illustrated in Figure 4 also occur when 
probing plasma with backlighter radiation composed of unresolved transition 
arrays [23]. 
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Measuring plasma opacity using the intensity of transmitted radiation can 
be undertaken by tamping the material to be measured so that ablation occurs 
in a low opacity material (e.g. CH) and thermal conduction heats a buried 
layer of a high opacity material (e.g. Fe) [22]. It is desirable to employ a low 
opacity tamp so that changes in the overall target transmission are dominated 
by the changes in opacity of the buried layer. The effects of opacity changes 
in the tamp as it ablates then do not affect significantly the overall target 
transmission. An x-ray laser pulse duration can be ≈  3 ps, so that using a 
short duration (< 1 ps) heating laser pulse ensures that a uniform plasma in the 
buried layer is achieved (see Figure 5) with a probe duration sufficiently short 
that temporal changes during probing are small. A short x-ray laser probing 
pulse also enables high density plasma to be probed before significant expan-
sion can occur (see Figure 5a).  

 
Fig. 4 The transmitted fraction T of Gaussian line radiation as a function of optical 
depth τ at line centre assuming absorption in a Gaussian absorbing line of width a (as 
labelled) relative to the probing linewidth. The greater range of T able to be recorded 
is apparent if a spectrally narrow probe radiation (high a) is employed. A probing 
linewidth that is infinitesimally narrow is also shown. The probing and absorbing 
lines are assumed to peak at the same frequency. 
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Fig. 5 Simulated densities and temperatures in an initially 50 nm iron layer buried 
below 20 nm plastic (CH) irradiated by an infra-red laser pulse of 3 ps duration and 
peak irradiance  4 × 1017 Wcm-2. (a)  Time 4 ps from the peak of irradiation (b) Time 
100 ps after the peak of irradiation. 

6 Conclusion 

The use of soft x-ray laser to probe laser-plasma parameters has been exam-
ined. It has been shown that transverse probing such as interferometry to 
elucidate, for example, density profiles in laser-plasmas is limited due to 
refraction effects to densities < 0.1 gcm-3 typically. It has been shown that soft 
x-ray lasers (e.g. 13.9 nm) can more readily probe high temperature (> 100 
eV) plasmas than harder x-rays. These results suggest a role for longitudinal 
probing of laser plasmas (in the direction of density gradients) in order to 
elucidate the plasma properties and behaviour at high density (up to solid 
density). Examples where soft x-ray lasers are used to probe the rate of abla-
tion of laser irradiated solid targets and to measure the opacity of laser heated 
solid materials have been discussed. 
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Abstract. We review our most recent results on table-top, nanometer-scale resolution, 
microscopy using compact soft x-ray lasers developed at Colorado State University. 
We have realized the first demonstration of wavelength-resolution microscopy in the 
soft x-ray spectral range. Images of carbon nanotubes, 50 nm in diameter, were 
obtained with a single ~1 ns duration laser pulse from a desk-top size capillary dis-
charge 46.9 nm laser. We fully characterized the new microscope by measuring the 
modulation transfer function of the instrument for zone plate objectives with three 
different numerical apertures, demonstrating that 54 nm half-period structures can be 
resolved. The combination of near-wavelength spatial resolution with high temporal 
resolution imaging opens myriad opportunities for imaging nanoscale structures.  

1 Introduction  

Advances in nanotechnology and nanoscience are driving the need for practi-
cal microscopes with the ability to capture high quality full-field images with 
nanometer-scale spatial resolution and short exposure times. Conventional 
visible light microscopy, the most convenient method to image small objects, 
is limited in resolution to ~ 200 nm. This limitation can be overcome by 
exploiting the shorter wavelength nature of soft x-rays (SXR) since the resolu-
tion of a microscope, R= káλ/NA, is linearly proportional to the wavelength of 
the illumination, λ, and inversely proportional to the numerical aperture of the 
objective, NA. The constant k, of the order of 0.5, is illumination and test 
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dependent. The use of SXR light illumination for microscopy has been suc-
cessfully applied at third generation synchrotrons, where images with half-
period spatial resolution as high as 15 nm have been obtained using zone plate 
lenses [1].  

The desire for compact and more broadly accessible, full-field microscopes 
has motivated the use of newly developed compact EUV and SXR sources, 
such as high harmonic-light sources [2, 3], plasma sources [4, 5], and SXR 
lasers [6-10]. Most of these microscopes have achieved a spatial resolution 
several times the wavelength, and good quality images requiring exposure 
times from several seconds to minutes, thus limiting their use in studies of 
rapidly evolving phenomena. The challenging task of acquiring full-field 
images in single shot, has been limited to a few examples. Images with a 
single laser pulse and a spatial resolution of 50 nm were reported using a 4.48 
nm wavelength SXR laser pumped by the large fusion-class NOVA-laser, but 
experiments were limited to only a few shots a day [11]. More recently, using 
a 13.9 nm wavelength plasma-based laser source, images with a reported 
spatial resolution of 200 nm were acquired with a single laser pulse [7].  

In this paper, we report on the development of a full-field SXR microscope 
based on CSU’s 46.9 nm capillary discharge SXR laser capable of single shot 
flash imaging of nanostructures with near-wavelength spatial resolution [12]. 
The combination of these attributes opens myriad opportunities for imaging, 
such as the ability to directly investigate dynamic processes of nanoscale 
structures.  

2 Microscope Setup  

The SXR microscope is based on a table-top capillary discharge laser that 
emits at 46.9 nm wavelength [13]. The laser is created via a highly ionized 
plasma column, generated by fast electrical discharge excitation of an argon-
filled capillary. It emits pulses with ~10 µJ of energy (2.4x1012 photons/ 
pulse) and high monochromaticity (∆λ/λ ~ 5x10-5), at a repetition rate of up to 
12 Hz. The degree of spatial coherence can be selected based on the length of 
the plasma column that constitutes its gain medium. The capillary length, 22 
cm, selected for these experiments produces optimized, partially coherent 
pulses for illumination that limit speckle effects that can degrade image qual-
ity, while still providing sufficient photon flux for single shot imaging.  



Advances in Nanoscale Resolution Soft X-Ray Laser Microscopy 343 

 
Fig. 1 a) Picture of the EUV microscope. The laser unit on the left is connected 
through standard vacuum fittings to the microscope chamber on the right. The entire 
system fits on a small optical table.  

The microscope can operate in transmission or reflection mode. In either 
configuration, the output of the laser impinges on a multilayer coated 
Schwarzschild condenser that focuses the light on the sample. The light that is 
either reflected off or transmitted through the sample is collected by a free-
standing objective zone plate lens that projects a magnified image onto a 
charge-coupled device (CCD) detector. The Schwarzschild condenser consists 
of two Sc/Si multilayer coated mirrors with a combined throughput of ~13% 
at 46.9 nm wavelength. Three zone plates lenses of numerical aperture 
NA=0.12, 0.20, and 0.32 were used as objectives. The freestanding zone 
plates were fabricated by electron beam lithography onto 100 nm thick Si3N4 
using a design in which the different zones are connected with pseudo-random 
supportive spokes to allow for ample throughput of the λ = 46.9 nm light. As 
shown in Fig. 1, the entire system, including the source is very compact 
occupying an area of 0.4 m x 2.5 m on a small optical table.  

3 Results  

To determine the resolving power of the microscope, single-shot images of 
freestanding transmission gratings with half-periods ranging from 300 nm to 
54 nm were obtained with each of the three objective zone plates. The grat-
ings with a duty cycle nominally equal to one were made by electron beam 
lithography using a process similar to that used for the zone plates. The resol-
ving ability of the microscope was evaluated by experimentally building 
modulation transfer functions (MTFs) for each zone plate objective. The 
MTFs for the three zone plates are shown in Fig. 2. To determine the modula-
tion transfer for each half-period grating, multiple intensity lineouts were 
sampled within an image and averaged to obtain the values and error bars 
shown. The spatial resolution of a microscope equals the half-period for 
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which  the MTF equals 0.265, as derived from the Rayleigh criterion for two 
point sources [14]. For the NA=0.12, 0.20, and 0.32 zone plates, a diffraction-
limited spatial resolution of 120 nm, 80 nm, and 54 nm, respectively, was 
measured. With a spatial resolution of 54 nm, this microscope is the first in 
the EUV region with the ability to resolve features of dimensions closely 
approaching the wavelength of illumination.  

 
Fig. 2 Measured  Modulation Transfer Functions (MTFs) for three objective zone 
plates. On the right, a single-shot SXR image of a 70 nm half period grating obtained 
with the 0.32 NA zone plate. With this objective, wavelength spatial resolution was 
achieved.  

To illustrate the practical use of the microscope, we selected an object of 
dimensions similar to the measured resolution limit. We imaged carbon nano-
tubes with a diameter of ~50 nm, that were deposited onto a ~100 nm thick Si 
membrane with ~30% transmission at a wavelength of 46.9 nm. Fig. 3.a is a 
SXR image of a single nanotube obtained with one laser shot. For compari-
son, Fig. 3.b shows the same tube as imaged by a scanning electron micro-
scope (SEM).  
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Fig. 3 a) Single shot SXR image of a ~50 nm wide carbon nanotube on a Si 
membrane. The image was obtained with a 0.32 NA zone plate. b) Same carbon 
nanotube as imaged by SEM. 

The microscope can also render high resolution images in reflection mode. 
As an example, in Fig. 4., an a SXR image of a sample consisting of a GaN 
nanowire bridging two Ti contacts grown on a Si wafer is shown [15]. In the 
center of the SXR image one of these nanowires can be seen across the gap 
between the contacts. The image was obtained with the 0.20 NA objective and 
an exposure time of 5 seconds corresponding to 15 laser shots. In this case, 
the condenser was scanned during the acquisition of the image to improve the 
illumination of the sample.  

 
Fig. 4 Reflection mode image of a GaAs nanowire between two Ti contacts on a Si 
wafer. The SXR image was acquired with a 0.20 NA objective zone plate. In the 
image, other nanowires that did not successfully bridge the contacts can be seen.  

4 Conclusions  

We have developed a versatile high resolution full-field microscope that can 
operate in transmission and reflection mode based on a table-top 46.9 nm 
wavelength laser. The best performance of the microscope, diffraction limit 
spatial resolution of 50 nm and single shot flash exposure was demonstrated 
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in transmission mode. These capabilities will enable the study of dynamics on 
nanosecond time scales. Based on these results, we anticipate that using 
recently developed high brightness tabletop lasers at shorter wavelengths it 
will be possible to develop compact full-field microscopes with a spatial 
resolution approaching 15 nm and picosecond temporal resolution for a wide 
range of nanoscience and nanotechnology applications.  

We would like to acknowledge Dr. Bertness and Dr. Sanford from NIST 
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Abstract. The supersonic jets and the interaction of strong shock waves are ubiqui-
tous features of the nonlinear hydrodynamics of inertial-confinement fusion, astro-
physics, and related fields of high energy-density science, so it is very important of 
laboratory studies on it. In this paper, a laboratory experimental study is reported. The 
jets were created by a ns laser pulse irradiating a specific target, and the shadow of 
jets were measured by an x-ray laser probe with wavelength of 13.9nm. The legible 
images of jets were recorded, and the experimental results and theory simulation were 
qualitative agreement. 

1 Introduction 

Jets are general nonlinear phenomena in the universe as well as in the nature, 
and attached importance to many fields from astrophysics to hydrodynamics[1-

8]. Since the jets induced by various instabilities can exert great influence on 
the compression efficiency of target capsules in inertial confinement fusion 
(ICF) experiments, the jet phenomenon is one of the key problems in the 
ignition of ICF. 

Most experiments on metallic jets of lower Mach numbers were included in 
the studies of shaped charges, different from which the jets produced with 
high power lasers in laboratories are of high Mach numbers and provide a 
proper means for profound understanding the interactions between jets and 
shockwaves, material properties and so on. 

The diagnoses on the laser produced jets in laboratories are usually con-
ducted by means of the shadow graphy with hard X-rays of keV photon 
energy. However this method results lower special resolutions. Nowadays the 
sophisticated soft X-ray laser is characterized by good directionality, 
ultrashort pulse duration, high brightness and quasi-monochromaticity, and 
has played a definite role in diagnoses of plasma[9-13]. Therefore, the soft X-
ray laser can be also employed to measure the process of laser accelerated 
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jets, and takes advantages of high special resolutions. Coordinating well the 
theoretical design into the experiments, good results can be expected. 

The exploratory experiment of laser accelerated jets diagnosed with the soft 
laser beam has been fulfilled and described in this paper including the com-
parison between measured and calculated results on the laser facility SG-II at 
Shanghai, China. 

2 Experiment 

The experiment has been conducted on specially designed target structure 
irradiated with a ns laser beam of No.9 branch of the SG-II facility at the 
National laboratory of High Power Laser Physics, China, and by using the 
probe based on the soft X-ray laser beam driven by two 100ps Nd laser beams 
of the facility. The experimental scheme is shown in Fig. 1, where the probe 
beam of X-ray laser passed through the tested target, then the multi-layer 
optics, and focused the enlarged image of the target on the focal plane of the 
CCD. The amplification is about 10, and just suitable to the pixel size in 
CCD(24×24µm2), so that the special resolution is 2.4µm. 

The C8H8 slab target of thickness 160µm was made a blind hole on its pear 
surface, which was 140µm in depth and 60µm in diameter. The laser beam 
from the No9 branch was characterized by pulse duration 2.4ns, wave length 
0.53µm, energy 1500J, and irradiated uniformally the target surface with a 
spot of size 400×400µm2. 

A strong shock wave was generated in the ablated target slab as irradiated 
with the driving laser beam, which in turn induced a rarefaction wave back-
ward propagating into the slab when the shock wave reflect on the rear sur-
face. The high speed jet from the hole could be produced as the incident shock 
wave propagated along the blind hole wall, then interactions of the rarefaction 
wave and the tail of shock wave would induced strong deformation and ejec-
tion an the rear surface. The shadow graphy using soft X-ray laser provided 
several lateral images of the target at the assigned moments, by which the jet 
and eject phenomenon could be diagnosed. 

As the probe beam the nickel-like silver soft x-ray laser at wave length 
13.98nm was generated from a planar target consisting of two joint silver-
coated glass plates irradiated by two linearly focal laser beams, which were of 
pre-main pulsed, both from the eight branches of SG-II facility and with 
parameters as wave length 1.053um, pulse duration 90ps, energy 100J, the 
intensity ratio and time interval of precursor-mail pulses being 5% and 3ns, 
respectively. 
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A cylindrical system of lens array and non-spherical main lens was em-
ployed to focus the two laser beams on the planar glass target on whose 
surface a uniformal strip spot of size 27mm×80µm formed. The length of 
each glass plates was about 25mm to avoid the cold plasma generation at ends 
of the target. The distance between two glass plate targets was 260µm, and the 
angle included between the two plates was 2 mrad. The resulting nickel-like 
silver X-ray laser was of pulse duration~30ps and beam divergence 
angle~3×7mrad2. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 The schematic diagram of experiment setup 

 
 
 
 
 
 
 
 
 
 

Fig. 2 The schematic diagram of the target structure  
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3 Comparison with Numerical Modeling 

The measured typical results of three shots of laser accelerated jets are shown 
in Fig 3 in which the diagnosis moments of the probe beam of soft x-ray laser 
were 1.00ns, 2.15ns and 2.65ns from the half amplitude position along the 
descent of driving laser pulse (see Fig. 4). In addition, the pulse shapes of 
driving laser beam for every shot are shown in Fig. 4. 

It is early indicated in Fig. 3 that there is a shadow of 400um in length and 
400um in width left to the rear surface of the target slab, which can be attrib-
uted to the absorption of probe X-ray laser beam when passing through the 
spurt jet and eject plasmas. The density distributions of jet and eject plasmas 
calculated with the code XRL 2D are shown in Fig. 5, where the same struc-
ture of C8H8 is assumed in the numerical modeling, the target material density 
is about 1.1 g/cm3. As mentioned above the time profiles of the driving laser 
pulses are shown in Fig. 4, and their special intensity distributions are taken to 
be flat shaped, the assumed laser absorptivity 0.65 and fluence limit factor 
fe=0.03. The snap pictures in Fig. 5 and Fig. 6 correspond to the moments (a), 
(b) and (c) in Fig. 3, respectively. 

 
(a) 1.00ns                           (b) 2.15ns                           (c) 2.65ns 

Fig. 3 The measured typical results of three shots of laser accelerated jets 

The calculated shadow pictures to model that resulting from the absorption 
of probe X-ray laser beam are shown in Fig. 6. The absorption mechanism of 
CH plasmas to X-ray laser beams is considered to be both photoelectric 
absorption and inverse bremsstrahlung absorption, where the absorptivity due 
to inverse- bremsstrahlung is: 

, 
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and that due to the photoelectric mechanism can be evaluated with the Kramer 
formula of absorption section for hydrogen-like atoms: 

, 

where the Gaunt factor ~ gbf (v)~1.33, hence the related absorptivity is: 

. 

 

Fig. 4 The pulse shapes of driving laser beam for every shot 

 
(a) 1.00ns                                          (b) 2.15ns                                         (c) 2.65ns 

Fig. 5 The density distributions of jet and eject plasmas calculated with the  
code XRL 2D 
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(a) 1.00ns                                     (b) 2.15ns                                        (c) 2.65ns 

Fig. 6 The calculated shadow pictures to model that resulting from the absorption of 
probe X-ray laser beam 

Consequently, the total absorptivity of CH plasma to nickel-like silver X-
ray laser beams can be evaluated to be 3104cm2/g。 It is noted further that 
the spurt plasma is cylindrically shaped and a slight refraction of the passing 
X-ray laser beam can be neglected in the modeling. Compared Fig, 3 to Fig. 6, 
it is indicated that the shadow image forms and sizes of pictures (a) and (c) in 
both figures are well consistent with each other, however the shadow images 
in both pictures of (b) are close to each other in the size only, and markedly 
different in the forms. The difference can be attributed to the choices of 
modeling parameters, the simplification of driving laser in calculation, the 
error of target preperation and so on. A detailed investigation is necessary to 
make clear the main reasons responsible for the difference. The study describe 
in this paper is of great significance to further improve the physical model and 
parameters in the numerical simulation. 

4 Conclusion 

The ns laser pulse accelerated jet phenomenon in the specially designed target  
has been diagnosed with the probe soft X-ray laser of wave length 13.9nm. 
The experimental results are consistent qualitatively scheme is feasible and 
promising to explore new applications of X-ray lasers in plasma diagnoses 
related to ICF studies as well as to provide a proper means in checking the 
ICF related numerical simulations. 
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Abstract. We report the table-top acquisition of soft x-ray holographic images of 
nanostructures with a spatial resolution of 46±2 nm, nearly equal to the wavelength of 
the illumination. Holograms of carbon nanotubes were recorded using a compact 
table-top capillary discharge soft x-ray laser emitting at 46.9 nm in a high numerical 
aperture Gabor configuration. 

 1 Introduction 

Imaging tools for nanoscicence involving sub-100nm scale objects have been 
dominated by atomic force microscopy (AFM), scanning tunneling micros-
copy (STM), and electron microscopy. These imaging techniques have contri-
buted substantially to the development of nanoscience, providing a very 
powerful diagnostic tool capable of atomic resolution or as a subsidiary 
mechanism to arrange or modify surfaces also at the atomic scale. However, 
some important problems have resisted traditional nanoscale imaging tech-
niques. For example when scanning a nanometer size object that can move 
more or less freely, the interaction with the tip will significantly perturb the 
specimen precluding the image acquisition. Electron microscopy often re-
quires surface preparation, consisting of metallization to avoid surface char-
ging the sample that has a direct influence in limiting the resolution. In both 
cases, if the sample is large (millimeter size) the image obtained with these 
conventional methods is only representative of a very small portion of the 
object. 

We demonstrate wavelength-limited, sub-50 nm holographic imaging with 
a table-top soft X-ray (SXR) laser operating at 46.9 nm. The resolution 
achieved in this imaging was evaluated with standard resolution measurement 
methods and confirmed with a correlation analysis. The holography set up 
requires no optics or critical beam alignment; thus sensitive optical alignment 
is not required and no special sample preparation. In holography, image 
contrast requires absorption to provide scattering by the illuminating beam. 
The SXR laser wavelength employed in this experiment is advantageous in 
that carbon based materials typically exhibit very small absorption depths ~25 
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nm. The high absorption provokes that even small object volumes will pro-
duce high optical contrasts. The short absorption depth thus enables nearly 
full contrast for most objects, without applying forces to the imaged objects, 
no charge buildup, and without the need for complicated sample preparation. 
This simple and versatile technique allows to image millimeter size objects 
with sub-50 nm resolution. 

Holography is a widely used imaging technique employed in several scien-
tific and technological applications. Shortly after the introduction of in-line 
holography by Gabor [1], the feasibility of holographic imaging with a resolu-
tion superior to that obtained by optical microscopy was discussed by Baez 
[2] in 1952. It was not until 1987 that the high resolution x–ray imaging was 
realized by use of 2.5 – 3.2 nm soft x-ray radiation from the National Syn-
chrotron Light Source (NSLS), where a spatial resolution of 40-nm was 
demonstrated. Fourier transform holography at the NSLS achieved a spatial 
resolution of 60-nm. Gabor holography with an early SXR laser pumped by 
two beams of the fusion-class NOVA laser at Lawrence Livermore National 
Laboratory demonstrated a spatial resolution of 5 µm [3]. Other experiments 
utilized synchrotron light to image biological samples, nano structures, and 
magnetic domains [4-6]. Recently, lensless diffractive imaging based on 
iterative phase retrieval following the proposal by Sayre [7] have demon-
strated soft x-ray imaging with spatial resolution of 50 nm with λ = 1.5 nm 
source [8]. However the practical demonstration of SXR holography proved 
to be difficult in particular for the lack of sufficiently bright and coherent 
sources at short wavelengths. The widespread use has been further restricted 
because spatially and temporally coherent SXR laser sources have historically 
been restricted to large user facilities. 

The emergence of table-top sources of laser-like coherent SXR radiation [9, 
10] opens the feasibility of wide-spread applicability of table-top coherent 
imaging [11-13]. The first demonstration of coherent table-top imaging 
achieved 7 micron spatial resolution with a spatially-coherent high harmonic 
generation (HHG) source [14]; this resolution has been extended to 0.8 µm 
[15]. Time resolved holographic imaging was also implemented with HHG 
sources to study the ultrafast dynamics of surface deformation with a longi-
tudinal resolution of < 100 nm and a lateral resolution of < 80 µm [16]. Lens-
less imaging with HHG sources has been recently demonstrated with 214 nm 
spatial resolution [17]. Recently, we have demonstrated sub-micron coherent 
in-line holography [18] and three-dimensional imaging with a single holo-
gram with numerical optical sectioning [19]. 
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2  Experiment 

In this paper we present a demonstration of holographic microscopy with 
ultimate sub-50 nm resolution with a table-top 46.9 nm EUV laser. A sample 
composed of carbon nano-tubes placed on a thin semi-transparent silicon 
membrane was imaged using a table top SXR laser in a Gabor’s in-line con-
figuration. The hologram was recorded as a relief pattern in a high resolution 
photoresist, digitized using an AFM and numerically reconstructed with a 
Fresnel propagator code. Two independent techniques were used to assess the 
spatial resolution of the image. The 10-90% slope knife-edge resolution test 
giving ~46 nm and a correlation and convolution method yielded a resolution 
of 45.5 nm, which is approximately equal to the wavelength λ = 46.9 nm 
utilized in the recording step.  

The spatial resolution of holography is determined by the numerical aper-
ture (NA) of the recorded holographic interferogram. As holography is a 
coherent process, the hologram NA is set by the object-recording medium 
distance, the temporal and spatial coherence of the illuminating source, the 
resolution of the medium in which the hologram is recorded, and for numeri-
cally processed holograms, the NA of the digitization process. The design of 
the experimental apparatus was optimized so that each of the factors that limit 
the NA listed above did not degrade the imaging resolution. 

The holograms in this work were recorded in the Gabor’s (in-line) 
configuration. The test objects used were multiple wall carbon nano-tubes 
(CNT) with an outer diameter between 50 to 80 nm and a length of 10-20 µm. 
The sample was prepared by depositing a drop of water/CNT mix on the 
surface of a 100 nm thick Si membrane. The membrane was fabricated by 
sputtering a 100 nm thick layer of Si on the surface of a 2 × 0.6 mm2 Si3N4 
window previously defined in a Si wafer. The Si3N4 layer was subsequently 
removed by chemically assisted ion etching leaving only the 100 nm thick 
silicon membrane. The CNT remained attached to this membrane by van der 
Waals forces after the water evaporated. The Si membrane containing the 
nanotube sample was placed at few microns from a Si wafer spin-coated 
coated with a 120 nm thick layer of polymethyl methacrylate (PMMA) 
photoresist. The in-line hologram is recorded directly in the photoresist.  

The CNT object is illuminated by a compact λ = 46.9 nm discharge-
pumped capillary Ne-like Ar SXR laser. The laser and the vacuum chamber 
where the hologram was exposed are connected via a vacuum manifold that 
provides differential pumping of the chamber maintained at ~10-5 Torr.  

The hologram is written by exposing the PMMA photoresist to the in-line 
hologram interference pattern. PMMA exposure requires a photon flux in the 
range of ~ 2×107 photons µm-2. Sufficient doses for exposure were achieved 
in this experimental set up with approximately 150 laser shots. The exposure 
was kept low enough so that a linear response regime of the photoresist was 
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maintained. In this way the holographic pattern was converted after the devel-
opment to a height modulation in the surface of the photoresist proportional to 
the intensity. The temporal coherence of the EUV laser is approximately 
∆λ/λ=10-4  , and a spatial coherence radius at the source-object distance of 
0.75-m of approximately 0.34-mm [20, 21]; the spatial resolution set by the 
laser coherence properties is ~28.6-nm [18].  

The holograms recorded in the PMMA photoresist cannot be reconstructed in 
the conventional way by illuminating with a replica of the reference beam. Instead, 
we digitized the hologram scanning the surface of the photoresist with the AFM 
(Novascan 3D) operated in “tapping” mode. The holograms were digitized into 
1024 × 1024 matrix with a pixel resolution of 9.7 nm and thus a spatial extent of 
~9.9 microns. These sampling parameters limit the in-line holography imaging 
spatial resolution to  32.5 nm (NA ~0.88). Figure 1 (a) shows a digitized hologram. 

The holograms were reconstructed by numerically recreating the illumi-
nation with a EUV readout wave. The amplitude and the phase distribution 
of the field in the image plane was 
obtained calculating the field emerging 
from the hologram illuminated by a 
plane reference wave and numerically 
back propagating the fields with a 
Fresnel propagator. The propagation 
distance to the image plane is estimated 
from the source-object and object-
photoresist distances [22]; an optimal 
object-plane distance is determined 
through a correlation-based analysis of 
the hologram spatial resolution [19]. 
For the specific geometry employed in 
this experiment, the image-plane length 
is approximately the distance between 
the object and the recording medium. 
Using the image-plane distance of the 
hologram the Fresnel free space propa-
gator is evaluated in the spatial fre-
quency domain. The image is found by 
taking the two dimensional inverse fast 
Fourier transform (2D-FFT) of the 
spatial frequency product of the Fresnel 
propagator and the 2D-FFT of the 
hologram. The hologram processed 
with the Fresnel propagation code 
generated the reconstructed images 
shown in Fig. 1 (b). 

 
Fig.1. a) Hologram of CNT re-

corded in the surface of PMMA 
and digitized with an AFM.  b) 
Numerical reconstruction of the 
hologram shown in (a) using a 

Fresnel propagator code 
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3  Image resolution assessment 

The reconstructed in-line hologram presented shown in Fig. 1(b) shows the 
nanotubes. An initial assessment of the image resolution may be obtained by 
line-cuts through the image. This cut was realized in a region where we 
clearly reached a “plateau” in the maximum and minimum intensities to 
recreate the knife edge resolution test. Taking the 10%-90% rise of the in-
tensity along an edge of the line-cut image yields an estimate of the spatial 
resolution approximately 46 nm. Other cuts realized in different points of the 
image indicated a resolution 45.8 ± 1.9 nm where the error bars were deter-
mined by the spread of the different measurement.  

To obtain a more rigorous and global assessment of the imaging spatial 
resolution, a correlation analysis of the reconstructed in-line SXR holograms 
was performed with templates derived from the initial image [23]. This 
method is based on the correlation between the image and a template gener-
ated from a master binary image (pixels with values 0 and 1). From this 
master binary image a sub set of templates with decreasing resolution was 
obtained by applying a Gaussian filter of increasing width. Filtering the 
binary image causes a blurring that increases the size of the features in the 
image and reduces the resolution of the image by the factor inversely propor-
tional to the filter width. In the spatial frequency domain this is equivalent to 
reduce the spectrum width by the same factor.  

The algorithm executes by applying the following procedures. First the re-
constructed image is filtered in the frequency domain to remove the low 
spatial frequency components. Second an intensity threshold is applied to the 
image to obtain a homogeneous background. The value of the applied thres-
hold is arbitrarily adjusted to eliminate the fluctuations in the background and 
simultaneously to keep the object profile unchanged. We corroborate that the 
threshold value does not change the ultimate result of the algorithm because 
this step is only used for the construction of the reference template. Third, the 
image is “skeletonized” using the algorithm described in [24]. The skeletoniz-
ing algorithm produces a 1 pixel wide contour that follows the nanotube 
shape. Fourth, the skeleton is convolved with K different circular templates 
with different radii, ranging from 1 to 6 pixels, equivalent in this case to 
diameters from 19.4 nm to 116.4 nm. The convolution of the circular tem-
plates with the skeleton generates a set of K templates that resembled the 
image of the nanotube, each one with different thickness. All the templates 
generated in this manner are also binary images, with pixel values 0 or 1. 
Fifth, the K templates are degraded in resolution by applying L Gaussian 
filters with different FWHM widths and generate from each of the K binary 
templates, a set of L templates with resolutions ranging from 12 nm to 100 
nm. The whole procedure produces a K x L set of templates of the nanotube 
image.  
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Finally the K x L templates were individually correlated with the original 
image and K x L correlation coefficients were obtained. Plotting the correla-
tion coefficients in the K × L dimensional space corresponding to the K 
different template thickness and the L different resolutions gives a global 
maximum corresponding to a nanotube diameter equal to 70.5 nm and the 
spatial resolution equal to 45.5 nm. The values obtained from this analysis 
compare very well with the expected thickness of the nanotubes used as object 
(50-80 nm normal distribution) and also with the measured diameters ob-
tained from the SEM measurements. The resolution also compares very well 
with the value obtained by the direct knife edge test 45.8 nm. 

4 Summary and conclusions 

We have demonstrated holographic imaging with spatial resolution compa-
rable to the illumination wavelength. Combining the advantages of short 
wavelength SXR lasers with high resolution recording medium such as a 
photoresist enables holographic imaging maintaining sub-50 nm resolution in 
any point of the object that has millimeter scale extension. The method is very 
simple and can be easily extended to shorter wavelengths for imaging biologi-
cal samples in the water-window range. The field of view is limited by the 
AFM scan size and consequently can be increased while the resolution in our 
case was limited by the wavelength of illumination. Extending this idea, 
future holographic imaging with sub-10nm resolution of biological samples 
using a suitable high resolution photoresist will be possible in a compact 
table-top system. 
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Abstract. Results of a recent experiment to measure laser ablation rates from solid 
targets consisting of thin (50 nm) Fe at irradiances of ~ 2x1013 Wcm-2 are presented. 
A Ni-like Ag X-ray laser at 13.9 nm was utilised to probe the targets and measure-
ments of the transmission of the X-ray laser through the target were recorded by a 
flat-field spectrometer. The laser ablation rate is determined by the transmission of the 
X-ray laser through the remaining, unablated, iron layer. A self-regulating model of 
laser ablation is fitted to the experimental data to give a value of the absorption, A, of 
the heating laser in the target plasma of A = 0.01. 

1 Introduction 

Measurements of laser ablation rates are particularly important in laser fusion, 
where the outer surface of a target wall is ablated and results in the implosion 
of the target. Ablation rates are also important in laser deposition and cutting. 
Laser ablation rates are determined by the rate of energy absorption and 
transport within a laser-produced plasma. Absorption of the incident laser 
energy predominantly occurs by resonance absorption or by inverse brems-
strahlung. 

Previous laser-ablation rate measurements have been performed in a num-
ber of ways. The ion flux from the target at a Faraday cup detector can be 
integrated over time and angle to the target to evaluate the full mass of the 
target ablated [1]. The emission from buried signature layers can be used to 
measure depth of heat penetration and hence the depth of ablation [2]. 

Earlier plasma probing experiments with X-ray lasers were undertaken 
using X-ray lasers as an interferometry tool in order to view expanding laser-
produced plasma [3]. These plasma probing experiments also investigated 
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transmission variations produced by the Rayleigh-Taylor growth of surface 
perturbations due to non-uniformities in the heating laser beams [4,5]. 

X-ray lasers are ideally suited to acting as plasma probes due to the fact 
that they have a high average intensity (≈ 1010 – 1011 Wcm-2), have a very 
narrow bandwidth (typically Δν/ν < 10-4) and have a low divergence (around  
5 – 10 mrad). These properties ensure that the X-ray laser is brighter at a 
detector than self–emission from the sample plasma [6]. Edwards et al [7,8] 
showed that X-ray lasers can be used to measure plasma opacity and the rate 
of laser ablation of solid targets. In this paper, we present results where laser 
ablation of solid targets is measured from X-ray laser transmission of thin iron 
targets using a flat-field spectrometer as detector. 

2 Experiment 

The experiment was performed on the VULCAN target area west facility at 
the Central Laser Facility at the Rutherford Appleton Laboratory. A solid 
silver slab target was irradiated using two overlapping pulses to collisionally 
excite a 4d – 4p Ni-like Ag X-ray laser at 13.9 nm wavelength. The pre-pulse 
used to create the pre-plasma was frequency doubled to 2ω, had an energy of 
≈ 10 J in 290 ps duration and was focussed to a line of dimension  
≈ 75 µm x 5 mm on the target, at an irradiance of approximately  
8x1012 Wcm-2. The main CPA pulse contained approximately 35 J in 750 fs, 
resulting in an irradiance of ≈ 3x1015 Wcm-2 in the line focus. The CPA pulse 
remained at its original wavelength of 1ω = 1.054 µm.  

The ablation target was heated and ablated using a third beam of the 1.054 
µm VULCAN laser. The beam contained ≈ 30 J in 290 ps and was focussed to 
a spot ≈ 0.5 mm x 1.0 mm on target with an f/10 refracting lens at an inci-
dence angle of 73o to the target normal. The average peak irradiance of the 
ablating pulse was 1013 Wcm-2. The ablation targets were manufactured with a 
thickness of 50 nm of Fe supported on a 0.1 µm layer of CH and were 
mounted onto circular copper mounts. The transmission of the X-ray laser 
through the targets is dominated by the iron layer and is highly sensitive to 
changes in the thickness of the iron. This sensitivity enables accurate meas-
urements of the changes in thickness of the iron layer as the iron material 
(closest to the laser) is ablated.  

A flat-field spectrometer utilising an Andor CCD camera coupled as a de-
tector to the back of the spectrometer was used to record the transmission of 
the X-ray laser through the iron targets. The CCD camera was filtered using 
various thicknesses and combinations of Al and CH foils in order to reduce 
the signal from the laser at the detector chip below saturation, and also to 
prevent background emission from the target from reaching the CCD detector. 
The X-ray laser light is transmitted through the ablation target at an angle of 
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45o to the ablation target normal and onto the flat-field spectrometer grating. 
Figure 1 shows a typical image from the flat-field spectrometer and figure 2 
shows the corresponding lineout used to deduce the target transmission to the 
13.9 nm radiation. The 13.9 nm lasing lines in both first and second order are 
clearly visible in the image. Around the position of the first order lasing line, 
a large amount of self emission from the heating of the ablation target is 
visible. Due to the problem of self emission, it is necessary to have a bright 
backlighter to probe the plasma. As can be seen in figure 1, the X-ray laser is 
still visible over the level of self emission. However, due to the fact that the 
transmission is more clearly visible through the target in second order, and 
there is a high level of self emission around the first order, all measurements 
of transmission given in section 3 are taken from the second order. 

 
Fig. 1 Flat-field spectrometer image showing self emission from the ablation target 
plasma around the first order 13.9 nm lasing line. The ablation target transmission is 
apparent in the 6 – 9 mrad region in the x-axis.  

The heating and subsequent ionisation of the ablation targets was moni-
tored using a crystal spectrometer which consisted of a ≈ 100 µm vertical 
entrance slit, a flat KAP crystal and an Andor CCD camera detector. From the 
identification of the spectral lines using [9], the spectral emission is identified 
to be predominantly neon-like. This neon-like ionisation of the ablation target 
implies that ablated plasma is heated to approximately 500 eV. 
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Fig. 2 Lineout of the second order X-ray laser transmission from the image shown in 
Figure 1. 

A crossed-slit camera monitored the spatial variation of the x-ray emission 
from the ablation target (Figure 3). A lineout through the vertical direction of 
Figure 3 is shown in Figure 4. From the image in Figure 3 and the lineout in 
Figure 4, it is possible to see that the irradiation of the ablation target is ap-
proximately uniform, but with some evidence of ‘hot spots’. 

 
Fig. 3 Spatially resolved crossed-slit camera image of X-ray emission from the 
ablation target (photon energies > 2 keV). The camera was filtered with 8.4 µm of 
aluminium and 19 µm of mylar. 
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Fig. 4 Lineout in the vertical direction at a horizontal distance of 550 µm, of the 
crossed-slit camera image shown in Figure 3. 

3 Laser Ablation Rate Measurements 

Using the TOPS code developed at Los Alamos [10], it is possible to plot the 
transmission of the 13.9 nm Ni-like silver X-ray laser radiation through an 
iron target of 50 nm thickness at solid density assuming constant areal density 
for different densities as a function of target temperature (Figure 5). For 
ablated plasma with densities decreasing to below 0.1 gcm-3, the iron is almost 
fully transparent at temperatures greater than 100 eV. From the crystal spec-
trometer images, Ni-like ionisation with a plasma temperature of 500 eV has 
been identified. At this temperature the transmission through iron plasma is 
close to 100% and so the transmission through the target is dominated by the 
remaining solid iron transmission.  

 
Fig. 5 Transmission of the 13.9 nm Ni-like silver X-ray laser through iron at varying 
densities as a function of temperature calculated using the TOPS code. 
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Using flat-field spectrometer images such as Figure 1, it is possible to 
measure the transmission of the 13.9 nm X-ray laser radiation through the 
ablation target. By changing the delay between the ablation laser pulse and the 
pulse producing the X-ray laser, the transmission as a function of time can be 
measured (Figure 6). 

The self-regulating model of laser ablation [11] can be used to evaluate the 
material ablated by the laser and using the solid transmission values [12] for 
unablated material, the transmission through the target as a whole can be 
calculated. The self-regulating model applies where inverse bremsstrahlung is 
considered to be the heating source driving the expansion of the plasma 
plume. It is so called as the optical depth in the plasma for absorption of the 
heating beam must be approximately unity [13]. Previous measurements have 
shown that the self-regulating model applies for experiments with longer 
duration (≈ 500 ps) pulses and low irradiance of the heating beam on target 
[14]. The absorbed laser irradiance Ia = AI, where I is the irradiance on target 
of the heating beam and A represents the fraction of the irradiance absorbed 
by the target is employed in the self-regulating model. 

The self-regulating model to calculate the mass ablation rate dm/dt  
(gcm-2s-1) [11] is given by  

  (1) 

where Am is the mass number of the target material, Z is the average charge of 
the plasma, λ is the wavelength of the heating beam laser (in µm) and t is the 
time from the start of the laser pulse. From equation 1 it is possible to calcu-
late the rate of mass ablation from the target as a function of time and to use 
this result to calculate the transmission of the X-ray laser through the target 
using the knowledge of the mass of target remaining from solid iron and CH 
tabulated transmissions [12]. Two curves for the model are plotted alongside 
the experimental data in Figure 6. The curve which most closely matches  
the data uses a value for the absorption of the ablating laser of  
A = 0.01 and the second curve is for a value of A = 0.05, which was found to 
be applicable in previous longer pulse duration experiments [9]. The expected 
value for absorption is typically A = 0.3 at wavelengths of ≈ 1 µm [15].  
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Fig. 6 Experimental (■) values for the transmission of the X-ray laser through the 
target as a function of time are compared with the self-regulating model for a value of 
A = 0.01 (―) and A = 0.05 (– – –). The experimental data points agree closely to an 
absorption of 1 %. The Gaussian curve (---) is added to display the heating beam 
intensity variation as a function of time.  

Measurements of the ablation rate were also made with a large ablating 
beam (≈ 2 mm x 5 mm) focus (Figure 7). The irradiance on the targets is  
≈ 1x1012 Wcm-2, which is an order of magnitude lower than the previous 
measurements. The self-regulating model of transmission at this lower irradi-
ance with A = 0.01 is superimposed in Figure 7. There is an approximate 
agreement of the experimental data points with the model.  

 
 

Fig. 7 Transmission measurements through the target measured experimentally (♦) for 
low heating laser irradiance of ≈ 1x1012 Wcm-2 and compared to the self-regulating 
model (—) for this irradiance at the target and for the same value of  
A = 0.01 as is used in Figure 4. 
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4 Conclusions 

Results have been presented of the use of an X-ray laser as a probe to perform 
measurements of the rate of material ablation by a laser. It has been shown 
that a flat-field spectrometer may be considered a suitable diagnostic by 
which to measure the transmission of an X-ray laser through a sample target. 

The absorption, A, of laser energy calculated by fitting the self-regulating 
model of laser ablation to the experimental transmission measurements was 
found to be low (with A = 0.01). The expected value for absorption at laser 
intensities of ≈ 2x1013 Wcm-2 at an incident wavelength of ≈ 1 µm is typically 
A = 0.3. The absorption, A, measured with the technique represents the frac-
tion of energy transferred to thermal plasma. Energy transferred to superther-
mal electrons or transported laterally does not contribute to ablation. As hot 
spots are visible in the crossed slit camera images (Figure 3), it is possible that 
these regions of higher irradiance may have produced hot electrons so further 
reducing the absorption to thermal plasma. 
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Abstract. Coherent soft x-ray laser speckle has been examined to study the microdo-
main structures of relaxor ferroelectric 0.91PZN–0.09PT. Microdomains with nanom-
eter size of about 400 nm were identified precisely. Temperature variation and electric 
field variation of the micro domain were characterized by a kind of foot print method 
with high sensitivity of a percent order. 

1 Introduction 

The relaxor ferroelectrics (1-x)Pb(Zn1/3Nb2/3)O3–xPbTiO3 ((1-x)PZN–xPT) 
exhibit ultrahigh piezoelectric and electromechanical coupling constant, and 
has been used in ultrasonic devices, solid actuators etc.1, 2 The high perform-
ance of these typical relaxor ferroelectrics have been considered to be the 
contribution of direct polarization rotation from [111] to [100] under an 
electric field, proposed by Hu and Cohen.3 Experimental results show that the 
ultrahigh performance exists in a monoclinic phase near the morphotropic 
phase boundary (MPB).4, 5 Noheda suggested that PZN–PT has a different 
polarization path which is distinguished from PbZrTiO3 proposed by Cohen, 
and forms a different type of monoclinic distortion near MPB.6 So investigat-
ing the response of domain structure among PZN–PT under an external elec-
tric field is vital for the understanding of relaxor’s high performance. Recently, 
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the method of piezo response force microscopy (PFM) has been invested to 
study the domain structures from submicron level to even nanometer scale 
among the relaxor ferroelectric (1-x)PZNxPT. 7, 8 

The relaxor materials exhibit relaxor characteristics most typically near the 
Curies temperature TC, so it is meaningful to explore how the structure vari-
ations take place near TC. An effect of external electric field applied on the 
relaxor material near TC is believed to realize a polarization structure similar 
to that at lower temperatures, which contribute to the ultrahigh electrome-
chanical character of material.9 The variations of microdomain structure in 
relaxor ferroelectrics 0.91PZN-0.09PT versus the temperature variation and 
external electric field E were investigated by means of soft x-ray speckle 
method. Similar experiment has been conducted for the prototype ferroelectric 
BaTiO3.10  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       

Fig. 1 Experimental setup. External electric field was applied along x axis. 

2 Experiment and Results 

The experimental setup is schematically shown in Fig. 1. X-ray laser is a type 
of amplified spontaneous emission (ASE) x-ray source. The x-ray laser media 
here is silver plasma, which is produced by two glass pump laser beam focus-
ing on two silver targets in turns. The width of the pump laser is less than 20 
µm, and the length is of about 6mm. The soft x-ray emitting from the silver 
target with a wavelength 13.9nm, bandwidth 10-4, pulse duration 7ps, and 1012 
photons with one pulse is reflected by a Mo/Si multilayer cylindrical mirror 

Slit 

PZN-PT 

y qx 

qy 

CCD 

Ag target1 

Mo/Si mirror 
Line focus 
Width 20μm 
Length=6mm 

Glass laser 
Pump light 

Ag 
target2 Pl

asma 

E 



High Sensitive Characterization of Microdomain Structures in PZN-PT 375 

which is used to produce a vertically polarized convergent x-ray beam. A slit 
which located at 1.9m from the silver target was used to block the incoherent 
part of x-ray beam. The horizontal dimension of the slit was 80 µm, while the 
vertically dimension could be adjusted. The sample used in this experiment 
was a flux-grown relaxor ferroelectrics 0.91Pb(Mg1/3Nb2/3)O3-0.09PbTiO3 
(0.91PZN-0.9PT) with dimensions of 5mm (h) × 12mm (v) and Curie tem-
perature 175℃. The sample surface has been finished to optically flat at room 
temperature. Sub-millimetre size bright and dark bands have been observed in 
optically finished surface by naked eyes as shown in the insertion in Fig. 1. 
Polarization domain structures existing at room temperature have certain tilt 
angles among them. The tilt angle imbedded in the optically flat surface is a 
kind of foot print of the polarization domains existed at room temperature. 
The sample was located close to the slit with its band boundaries lay along the 
vertical direction (y axis). The temperature of the sample was controlled from 
room temperature up to 200℃ with precision of 0.5℃. The external electric 
field was applied perpendicular to the sample surface. The grazing angle was 
10 degree. The speckle patterns recorded by a soft X-ray camera situated 0.5m 
distant from the slit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Projected image of PZN-PT surface (the vertical sit width is 3mm), diffusive 
scattering pattern was observed. This pattern was measured at 150℃. 
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Fig. 3 Typical vertical scattering pattern when the vertical sit width was adjusted to 
be 80µm. The strong central line along x axis came from horizontally-focusing Mo/Si 
mirror, while the two symmetric and weak lines along x axis are the ±1st order 
diffraction lines. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4 SEM image of 0.91PZN-0.09PT sample surface. 

A horizontally divergent projected reflection image of the 0.91PZN-0.9PT 
sample as illustrated in Fig. 2 are observed from room temperature up to 200 ℃, 
where the vertical slit width was adjusted to 3mm. A diffusive scattering pattern 
was observed, within which tremendous bright bands exist. The contrast of this 
image is attributed to the difference in reflectivity of the each band which is due 
to the performance of the optical polishing among them inherent from the crystal-
lographic difference in mechanical resistivity for the polishing. The typical size of 
the bands estimated from the intensity profile inserted in Fig. 2 below is an order 
of 50µm. The scattering pattern when the vertical sit width was adjusted to 80µm 
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is shown in Fig. 3. With the reduction of slit width, the diffusive scattering pattern 
shrinks to a pattern composed of three explicit and sharp diffraction lines. The 
central line with higher intensity came from the reflection of the horizontally-
focusing Mo/Si mirror. Two scattering lines with relative weak intensity distri-
bute symmetrically according to the central line, which are ascribed to the ±1st 
diffractions respectively. The scattering vector q is defined as q = k ξ / z ey in a 
reasonable approximation, where the ξ is the coordinate on CCD camera along the 
diffracting direction with a unit vector ey, z is the distance between the sample and 
CCD camera. The ±1st order diffraction peaks appear when q = ±2π/d, where d is 
the period of recorded microdomains. From the cross sectional intensity of Fig. 3, 
400nm order domain structures were recognized, which are exist in 50µm order 
bands in Fig. 2. As a complementary way for soft x-ray speckle method, SEM is a 
traditional method in the observation of the surface morphology of relaxor ferro-
electric.11 Micro domain size of about 400nm achieved from the x-ray speckle 
pattern in Fig. 3 is consistent with the SEM image in Fig. 4. Clear micro domains 
with size of about 400nm were observed. The irregular domain boundaries be-
tween 400nm size domains are a chain of 50nm size micro domains as recog-
nizable from the enlarged picture inserted.  

Intensity profiles in Fig. 5 show the temperature dependence of the scatter-
ing pattern with vertical slit width 80µm. The central peak, which is con-
sidered to be the specular reflection, decreases in the tetragonal phase (150℃) 
and in cubic phase (200℃), while the intensity of the right hand side peaks 
(1st order) in tetragonal phase and cubic phase increases about  1/3 compared 
to that of in rhombohedral  phase (24℃). The peak position of the diffraction 
line in rhombohedral phase shifts to the lower scattering angle by 3% com-
paring with the higher symmetric phases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Quantitative vertical intensity distribution at various temperatures 
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Fig. 6 Quantitative vertical intensity distributions before, when and after an external 
high DC field was applied at 200℃. 

Intensity profiles in Fig. 6 show the electric field dependence of the scatter-
ing pattern with the vertical slit width 80µm. Intensity of the specular reflec-
tion increases when the external electric field E was applied perpendicular the 
c-plane in cubic phase (200℃), while the intensity of the 1st order diffraction 
line decreases about 25% comparing with that without the external electric 
field. The peak position of the 1st order diffraction line does not shift inde-
pendent of the external electric field. X-ray diffraction data of the lattice 
structure change with the temperature were shown in Table 1. Table 1 exhibit 
the lattice constant along a, b, c axe and angle  α, β, γ   change slightly, in 
accordance with the corresponding structure phase at certain temperature. 
These variations affect the domain structures and their speckle patterns. 
However, we could not recognize any change in these constants even when 
the external electric field applied. 

 
Table 1 X-ray observation results of the lattice structure 

Temperature Symmetry  a, b, c (0.1nm)  α, β, γ (°) 

30 ℃  Rhombohedral  4.051, 4.076, 4.093  90.00, 90.02, 90.00 

125 ℃  Tetragonal   4.063, 4.064, 4.094  90.01, 89.97, 90.00 

200 ℃  Cubic  4.074, 4.073, 4.072  90.03, 89.96, 90.00 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3 Discussion 

Opposite behaviour in the temperature dependence of the intensity of the 
specular reflection and the 1st order diffraction line in Fig. 5, is due to appear-
ance of the tilts in the polished surface between the 400nm size domain and 
the 50nm size domain: β changes from 90.02° to 89. 97° or 89.96°, and a 
difference in lattice constant appear between a-axis and b-axis when the 
structure changes from the rhombohedral phase to the tetragonal or cubic 
phases. Shift of the 1st order peak position is due to the shrink in size of the 
400nm size domains in higher symmetric phases. The lattice constants in a, b 
and c axe tend to be equal in a higher symmetric phase, e.g., cubic phase, 
which has been confirmed by D. E. Cox in the phase diagram observation on 
the high piezoelectric perovskite system.12 From the rhombohedral phase to 
the tetragonal phase, a shrink of lattice constant in b-axis occurs; while from 
the rhombohedral phase to the cubic phase, a shrink of lattice constant in c- 
axis occurs, just as Table 1 shows. The lattice constant shrinks lead to the 
slightly decreasing of microdomain size, which enlarges the distance between 
the 1st order diffraction line and specular reflection line. External electric field 
applied perpendicular to (100) face results in the orientation of the polariza-
tion of clusters (several nanometres) parallel to each of four [±1±11] direction 
close to applied E direction, 13, 14 or the similar degeneracy effect of microdo-
mains.15  This effect leads a symmetry change toward rhombohedral like 
phase. Thus the tilt between the 400nm size domains and the 50nm size 
domains decreases. As a result, intensity of the specular reflection increases 
and that of the 1st order diffraction peak decreases. However, the lattice con-
stant does not change as confirmed by synchrotron radiation experiment, 
probably because the sample is still in paraelectric phase in average. As the 
mean width of two 400nm size domains does not change in this unknown 
phase, the peak position of the 1st order diffraction peak remains at the same 
scattering angle as that in the case without the electric field. 

In summary, variations of micro domains structure in relaxor ferroelectric 
0.91PZN-0.09PT were investigated by means of coherent soft x-ray speckle. 
The precise variation characteristics of micro domains with temperature and 
external electric field were obtained by soft x-ray speckle foot print observa-
tion. Direct observation of the foot print of the nanometer sized domain has an 
advantage for the hard x-ray diffraction method. This method has high sensi-
tivity, typically a few percent, to the structural changes of micro domains 
comparing with the direct observation of SEM image.  
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Abstract. We report results of the study of warm plasmas generated by focusing 46.9 
nm soft x-ray laser pulses of nanosecond duration onto Si, Cr and Ag targets. The 
absorption is dominated by single photon photoionization, resulting in plasmas that 
are significantly different from those created by visible lasers. Spectra from the soft x-
ray laser-created plasmas agree with 1 ½ D simulations in showing that the Si plas-
mas are significantly colder and less ionized than the Cr and Ag plasmas, confirming 
that, in contrast to plasmas created by optical lasers, the plasma properties are largely 
dependent on the absorption coefficient of the target material.  

1 Introduction 

There is significant current interest in the study of the interaction of intense 
soft x-ray laser beams with materials [1-2]. The mechanism of soft x-ray laser 
energy deposition into the materials differs from that in optical laser-material 
interactions. The high photon energy of soft x-ray beams exceeds the ioniza-
tion energy of all neutral atoms and low charge ions resulting in direct single-
photon ionization of the plasma, an absorption mechanism unavailable to 
optical lasers. The fact that soft x-ray wavelengths are associated with critical 
densities that exceed solid density (eg. nc = 5 x 1023 cm-3 for λ = 46.9 nm 
light) results in greatly decreased Bremsstralung absorption and the direct 
deposition of a large fraction of the laser pulse energy in the solid target, 
where the initial depth of the heated region is mainly determined by the 
absorption coefficient of the material. By using short soft x-ray laser pulses, it 
should be possible to create plasmas with very uniform conditions over rela-
tively large volumes [1].  

Table-top capillary soft x-ray laser beams generate intense pulses of ~ 1.2 
ns duration [3] that when focused onto a solid target readily generates a 
plasma [4]. The recent demonstration of soft x-ray free electron lasers (FEL) 
[5] will allow the extension of the study to plasmas heated by femtosecond 
soft x-ray laser pulses. Motivated by the advent of FELs, theoretical studies 
have been conducted, that predicted the characteristics of plasmas created 
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with intense monochromatic soft x-ray light will depend strongly on the target 
material and differ significantly from those created with visible lasers [2]. 
However, no experimental results of the study of the characteristics of such 
plasmas have been reported. A few groups have investigated the ablation  
of materials with focused soft x-ray laser beams [4,6-10], but these studies 
were focused on the effects on the ablated targets and not on the plasma 
phenomena. 

We have conducted what to our knowledge is the first spectroscopic study 
of plasmas created by focused soft x-ray laser pulses on solid targets, and 
have compared the results to hydrodynamic/atomic physics model simulations 
[11]. Low temperature plasmas were generated by irradiating low Z (Si), and 
mid-Z (Cr and Ag) slab targets with focused laser pulses of 46.9 nm wave-
length light (26.5 eV) from a Ne-like Ar capillary discharge soft x-ray laser. 
The pulses have a duration of ~1 ns duration. The measurements show, in 
accordance with hydrodynamic model calculations, that the much lower 
absorption coefficient for Si at this wavelength results in plasmas that are 
significantly colder and less ionized than Cr and Ag plasmas, in spite of the 
faster expansion of the Cr and Ag plasmas. In the nanosecond regime thermal 
heat conduction and expansion of the plasma into vacuum play a significant 
role by increasing the amount of ablated material and a significant amount of 
hydrodynamic cooling on this timescale. This is a different regime that differs 
and is complementary to the studies that will be conducted at FELs, which 
will employ pulses in the femtosecond time scale. 

2 Experimental Setup 

A schematic diagram of the experimental setup is shown in Figure 1. Si, Cr, 
and Ag targets were irradiated by focusing pulses of ~100 µJ energy and 1.2 
ns duration created by a 46.9 nm Ne-like Ar capillary discharge soft x-ray 
laser [3,11]. The experiments were conducted in a vacuum chamber placed at 
130 cm from the output of the laser. The laser beam was focused onto the 
target using a mirror coated with a Sc/Si multilayers [13], producing a focal 
spot of 10-15 µm in diameter. The targets consisted of thin slabs that inter-
sected part of the incoming laser beam reducing the irradiation fluence on the 
target and making the focal spot slightly asymmetric. Shots with reduced 
irradiation energy were obtained by attenuating the beam with 0.2 µm thick, 
freestanding Al foils with measured transmissivity of ~17% at 46.9 nm. The 
targets were placed on a motorized translation stage that allowed the selection 
of the irradiated area and distance to the focusing mirror. The plasma light 
was collected by a 10 cm focal length fused silica lens to create a 1-to-1 
image of the plasma on the entrance slit of a 0.3 m focal length visi-
ble/ultraviolet spectrometer. The light collection system was sufficiently 
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efficient to produce line spectra from a single laser shot. However, most 
spectra were obtained accumulating several laser shots to improve the signal-
to-noise ratio. 

 
Fig. 1 Experimental setup used for the generation and spectroscopy of the soft x-ray 
laser-created plasmas. 

3 Experiment and simulation results  

Experiments were conducted irradiating the targets with three different soft x-
ray laser pulse energies: 0.5 µJ, 3.1 µJ and 17 µJ; corresponding to peak 
intensities of 4x108 W/cm2, 2.5x109 W/cm2 and 1.4x1010 W/cm2  respectively. 
The plasmas were simulated with a 1½ dimension hydrodynamic-atomic code 
[14]. The 1½ D code includes a collisional-radiative atomic model with multi-
cell radiation transport which solves for the ground state and excited popula-
tions using a quasi-steady state solution. Both inverse Bremsstrahlung absorp-
tion as well as photoionization are included as energy deposition mechanisms 
for the soft x-ray laser. The standard treatment of inverse Bremsstrahlung 
breaks down for these short wavelengths and near solid density. We calculate 
inverse Bremsstrahlung absorption by computing the electron-ion collision 
frequency using the Lee-More model [15], which is valid for densities near 
solid density and includes a region of conductivity for the solid and liquid 
phases. We correct the coulomb logarithm to use the laser frequency and 
include additional corrections for solid density non-ideal degenerate plasma. 
Finally, we calculate the complex permittivity using the Drude model of 
electrical conduction. Values from the absorption model at room temperature 
and solid density were found to be in good agreement with those found in 
Palik [16]. Photoionization absorption is included by calculating its contribu-
tion to the complex permittivity using the ion distribution from the atomic 
model, with the photoionization cross section for each ion. The atomic data is 
obtained from the Flexible Atomic Code (FAC) [17] with photoionization 
cross sections from Reilman and Manson [18]. A post-processor was used to 
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synthesize spectra based on multi-cell radiation transport and the computed 
populations and opacities. To improve the accuracy of the synthesized spectra 
the level energies and transition probabilities were calibrated using experi-
mental data when available [19].  

At the lowest irradiation energy investigated, 0.5 µJ, all three elements 
were found to be below the ablation threshold, in agreement with the simula-
tions. At the intermediate energy of 3.1 µJ plasma radiation from neutral Cr 
and Ag atoms was observed (Fig. 2(b,c)). At this energy Si is very close to the 
ablation threshold, resulting in only very weak emission from two of the 
strongest Si I lines in the ultraviolet spectra (Fig. 2(a)). These observations 
agree with model simulations that predict that the Cr and Ag plasmas reach a 
peak temperature of 2.2 eV and 2.8 eV and a peak degree of ionization of 
Z=0.5 and 1.0 respectively, while Si, that is at the threshold of ablation, only 
reaches a peak temperature of 0.2 eV and a degree of ionization of Z<0.01. 
The different behavior of these materials is to be expected, as the absorption 
length of the 46.9 nm laser light in Si (~300 nm) greatly exceeds that of Cr 
and Ag (~18 nm and ~7.5 nm respectively). Consequently, in Si the soft x-ray 
light interacts with a much larger volume of material which results in a higher 
ablation threshold, and in a colder plasma.  

At the highest irradiation energy (17 µJ) plasma radiation was observed for 
all three elements. Figure 2 shows the measured time integrated visible spec-
tra for Si, Cr, and Ag plasmas for this irradiation condition (Fig. 2(d,e,f)). The 
Si spectra still only displays lines associated with neutral Si. Classified lines 
from singly charged Si (Si II) that fall within the spectral window of the 
measurement (eg: 207.27, 290.43, 290.57 nm) are not observed, indicating 
that this is a very low temperature plasma, in agreement with model calcula-
tions. In contrast, spectra of plasmas created by irradiation of Cr and Ag 
targets with the same soft x-ray laser intensity show lines of Cr II and Ag II. 
The peak temperature for Si is 1.1 eV while Cr reaches a significantly higher 
temperature of 4.5 eV. This again reflects the difference in the photoioniza-
tion cross sections at 46.9 nm: 6.1x10-19 cm2 and 9.5x10-18 cm2 for Si and Cr 
respectively. This difference in the cross section results in more energy being 
absorbed by fewer atoms for Cr than for Si. The hotter Cr plasma temperature 
results in a computed peak degree of ionization of 1.6 for Cr, compared to a 
degree of ionization of only 0.25 for Si. Due to the higher temperature the Cr 
plasma also has an increased expansion velocity that results in significantly 
denser plasma away from the target surface.  
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Fig. 2 Spectra of Si, Cr, and Ag plasmas created irradiating solid targets with 3.1 µJ 
and 17 µJ 46.9 nm soft x-ray laser pulses. At 3.1 µJ Si is only slightly above the 
ablation threshold (a), while for both Cr (b) and Ag (c) strong lines from the neutral 
atoms are present. At 17 µJ only neutral atom lines are present for Si (d), while the Cr 
(e) and Ag (f) spectra show lines from both the neutral atoms and singly charged ions. 

Figure 3 shows simulated spectra for Si and Cr for the irradiation condi-
tions corresponding to the experimental spectra of Fig. 2(d,e). The computed 
Si spectrum matches the experiments, showing only Si I lines. The synthe-
sized Cr spectrum reproduces most of the features of the experimental data, 
but shows a slightly larger ratio between Cr II and Cr I lines and the presence 
of weak Cr III lines. This is in part due to the fact that the synthetic spectra 
are calculated for the plasma conditions on axis of the irradiated spot, where 
the plasma has the highest temperature. A 2D plasma model would be re-
quired to further improve the agreement between the computed and measured 
spectra. Some of the other differences may be due to an incomplete assign-
ment of the energy levels and the bundling of lines in the calculations. Never-
theless, the computed and measured spectra agree, clearly showing the 
signatures of a significantly less ionized, colder Si plasma.  
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Fig. 3 Simulated spectra for Si and Cr plasmas created by 17 µJ 46.9 nm soft x-ray 
laser. The Si spectra is completely dominated be neutral atom lines (Si I) (a), while 
the hotter Cr spectra contains large numbers of both Cr I and Cr II lines (b).  

Simulations were conducted for higher irradiation energies. The results 
show that as the intensity of the soft x-ray laser is increased, the behavior of 
the different elements tends to converge. Figure 4 shows the electron tempera-
ture and mean degree of ionization as a function of the soft x-ray laser inten-
sity. When the laser energy is increased by a factor of 10, from 1.4x1010 
W/cm2 to 1.4x1011 W/cm2, the temperature of the Si plasma is computed to 
increase from 1.1 eV to slightly above 3.5 eV, while that of the Cr and Ag 
plasmas increase from 4.5 eV and 4.5 eV to 9.0 eV and 6.5 eV respectively. 
Additionally, the mean degree of ionization increases to Z= 1.4 for Si and to 
2.5 and 2.7 for both Cr and Ag. If the laser energy is further increased by a 
factor of 100, to 1.7 mJ, (1.4x1012 W/cm2) the electron temperature is com-
puted to reach 7 eV for Si, 16 eV for Cr, and 10 eV for Ag, while the degree 
of ionization of the Si plasma, Z=2.5, is calculated to approach that of Cr and 
Ag, Z=3.0 and 3.2. The predicted convergence of the plasma parameters at 
higher irradiation flux is caused by the increase in the degree of ionization for 
Cr and Ag that causes the depletion of the neutral and singly charged ions that 
are responsible for most of the absorption of the 25 eV laser photons. The 
ratio of the Ag to Si temperature is also plotted. Cr exhibits a similar behavior 
as Ag, but requires higher intensities due to the larger ionization potentials of 
the neutral and first ion. At high irradiation intensity plasmas with a very 
uniform degree of ionization can be created. Figure 5 shows the simulated 
degree of ionization and electron density for Ag 1 ns after the peak of a 
1.4x1010 W/cm2 and 1.4x1012 W/cm2 laser pulse. At the lower intensity there 
is a significant variation in the degree of ionization due to the different photo-
absorption cross sections of the neutral and first few ions. At higher intensi-
ties the Ag plasma is able to reach a degree of ionization of Z=3 at which the 
absorption decreases allowing the hot region of the plasma to become trans-
parent. As a result the laser heats a larger plasma volume resulting in a more 
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uniform degree of ionization. From Figure 5, the degree of ionization is 
computed to vary by less than 10% over 90% of the entire plasma volume. 
However, the electron density within the plasma volume varies over 3 orders 
of magnitude due to expansion. The degree of ionization at which the plasma 
becomes transparent increases with decreasing laser wavelength. Therefore 
shorter wavelength soft x-ray lasers will creates hotter plasmas, and preserves 
the differences between elements until the plasma reaches a higher degree of 
ionization.  

 

 
Fig. 4 Simulated electron temperature (a) and mean degree of ionization (b) for Si, Cr 
and Ag plasmas as a function of 46.9 nm soft x-ray laser irradiation intensity. The 
ratio of the Ag temperature to the Si temperature is also plotted (a).  

 

    
Fig. 5 Simulated mean degree of ionization and electron temperature of soft x-ray 
laser-created Ag plasma 1 ns after the peak of the  irradiation with pulse intensities of   
1.4x1010 W/cm2 (left) and 1.4x1012 W/cm2  (right).  

b
) 

a
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4 Conclusions  

We have conducted the first spectroscopy study of warm plasmas generated by 
soft x-ray laser irradiation and have compared the results to simulations. Plas-
mas were generated irradiating Si, Cr, and Ag targets with focused 46.9 nm soft 
x-ray laser pulses of nanosecond duration. The critical density corresponding to 
this wavelength (5x1023 cm-3) exceeds solid density and absorption is domi-
nated by single photon photoionization. Plasmas created by soft x-ray laser 
irradiation are shown to be strongly element-dependent, with characteristics 
largely determined by the relative position of the laser wavelength respect to 
absorption edges and resonances. Measured spectra agree with model simula-
tions in showing that soft x-ray laser-created Si plasmas, a low absorption 
material at 46.9 eV, are significantly colder and less ionized than plasmas 
created from more highly absorbent materials such as Cr and Ag. This strong 
elemental dependence is computed to soften at higher nanosecond pulse irradia-
tion intensities resulting in large plasma volumes with a very uniform degree of 
ionization. This is a result of the depletion of the low charge species, whose 
photoionization cross sections dominate the plasma absorption. 
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facilities from the NSF ERC Center for Extreme Ultraviolet Science and 
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support from DOE CSGF under Grant No. DE-FG02-97ER25308. 
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and X-Ray Range at IPOE 

Zhanshan Wang*, Jingtao Zhu, Zhong Zhang, Xinbin Cheng, Jing Xu, Fengli 
Wang, Xiaoqiang Wang, Lingyan Chen 

Institute of Precision Optical Engineering, Physics Department, Tongji 
University, Shanghai, 200092  

Abstract. Multilayer coatings are key optical components in the EUV, soft X-ray and 
X-ray range. At Institute of Precision Optical Engineering (IPOE), the development 
of multilayer optics has been impelled for their wide applications in X-ray laser, 
plasma diagnostics, astronomical observation and synchrotron radiation. The paper 
presents our recent results of periodic multilayers of Mo/Si, Cr/C, Cr/Sc, La/B4C, 
Mo/B4C, Si/C, Si/SiC, Mg/SiC Mo/Y and Ru/Y. To improve the reflectivity of Ru/Y 
multilayer mirrors, Mo layers were inserted between Ru and Y layer. The Mo barrier 
layers suppress intermixing between Ru and Y, thereby increasing the reflectivity of 
Ru/Y multilayer. We also discuss the application of Mo/Si, Mo/Y, Mo/B4C, La/B4C 
non-periodic multilayers in EUV broadband polarization measurement. 

1 Introduction 

The research of multilayer structures having nanometer-scale thicknesses has 
been very active in recent years, numerous novel multilayer coatings (MLC) 
have been developed and used as optical key components in a variety of 
applications including plasma diagnostic1, astronomical telescope2, synchro-
tron and medical optics3,4. In this paper we outline ongoing research and 
development of EUV, soft X-ray and X-ray multilayer optics at IPOE.  

The periodic multilayers have been designed as high reflectance normal inci-
dence mirrors and polarized components working around at quasi-Brewster’s 
angle. Multilayers with spacer materials of Si, SiC, C, B4C, Y, Sc, in combina-
tion with the absorber materials Mo, Cr, La, Ru and Mg were investigated. By 
tailoring the period thickness and the thickness ratio for use at and below the 
resonance energy in normal incidence or near Brewster’s angle, an excellent 
performance with respect to reflectance and polarisation was achieved.  

To simplify experimental arrangements in EUV broadband polarization 
measurement, the concept of broadband polarized elements5-7 using non-
periodic MLC has been proposed. Using a pair of non-periodic reflective 
analyzers and phase retarder, a complete broadband polarization analysis 
system can be developed. Various broadband non-periodic polarized compo-
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nents operating at different wavelength ranges have been successfully realized 
in our laboratory, the following material combinations represent the ab-
sorber/spacer: Mo/Si (12.5-20 nm), Mo/Y (8-12 nm), Mo/B4C (6.75-7.35 nm), 
La/ B4C (6.72-8.32 nm).  

All the MLC discussed in the following sections were fabricated by using a 
high vacuum direct current magnetron sputtering deposition system in Ar (99. 
999 %) gas. The trial multilayers were characterized using small angle X-ray 
diffraction working at the copper Kα line (0. 154 nm) then the measured 
reflection curve is simulated as closely as possible to determine the individual 
layer thicknesses, so the deposition rate of each material can be calibrated. 
The synchrotron measurements of these samples were performed at the 
National Synchrotron Radiation Laboratory, China and at the beamline 
UE56/1-PGM-1 at ESSY II Berlin, Germany. 

2 Periodic Multilayers 

2.1 Mo/Si Multilayers  

The Mo/Si multilayer system is perhaps the most well-known and best-
studied owing largely to its important application in photo-lithography as well 
as in solar physics. The normal-incidence reflectance attainable with Mo/Si 
approaches 70% just below the Si L-edge. Figure 1 shows the measured 
reflectivities of Mo/Si multilayers working at incident angle of 5°. At the 
wavelengths of 13.5 nm, 19.5 nm and 29.5 nm, the reflectivities measured on 
BESSY and NSRF are 68.5%, 38.7% and 19.8%, respectively. Although the 
reflectivity decreases with the increasing of the wavelength, the Mo/Si multi-
layers provide considerable reflectivities in a broad wavelength range from 13 
nm to 30 nm, which are widely used in EUV and soft X- ray regions. 

 
Fig. 1 The measured reflectance curves of Mo/Si multilayers with peak wavelengths 
at 13.5 nm, 19.5 nm and 29.5 nm.  
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2.2 Multilayers working at He-II 30.4nm 

He-II (λ=30.4 nm) emission is very important for imaging the solar corona or 
for studying the structure and dynamics of cold plasma in Earth’s plasmas-
phere. At this wavelength, the Mo/Si multilayers are less than optimal. Si-
based EUV multilayers8, 9 other than Mo/Si that have been investigated previ-
ously include Si/SiC, Si/C and Si/B4C. We have recently compared experi-
mentally the performance of all of these coatings, as well as a new multilayer 
system comprising Mg/SiC bilayers, and we present some of our results here. 
Shown in Fig. 2 are the results obtained for an array of Si/B4C, Si/SiC, 
Mg/SiC and Si/C multilayers, designed for use at an incident angle of 10o. 
Clearly, the reflectivity of Mg/SiC system (43.80%) is higher than those of Si-
based ones. In addition to its higher reflectance, Mg/SiC multilayer has a 
narrower bandwidth of 1.35 nm, which can provide considerably greater 
spectral selectivity relative to Si/SiC, Si/C and Si/B4C. 

 
Fig. 2. The measured reflectance curves Fig. 3. The measured reflectance curves    
of Si/B4C, Si/SiC, Mg/SiC, Si/C MLC. of Mo/Y, Ru/Y, La/B4C, Mo/B4C MLC. 

2.3 Short-wavelength EUV Multilayers 

At wavelengths shorter than the Si L-edge, a number of efficient new multi-
layer systems have recently emerged. We have recently compared the multi-
layer polarizing elements comprising Mo/Y, Ru/Y, La/B4C and Mo/B4C 
systems, and the results, obtained using synchrotron radiation at the beamline 
UE56/1-PGM-1 at ESSY II Berlin, Germany, are shown in Fig. 3. In this 
study, Ru/Y indeed provides the higher s-reflectance of 39.5% compared with 
39% for Mo/Y system. Another new multilayer system showing high reflec-
tance below 10 nm is the La/B4C multilayer system10, for which peak normal 
incidence reflectance of 58% has been achieved near the Si VII line at 6.77 
nm, whereas the Mo/B4C gives a low s-reflectance of 21.8% at 7.145 nm.  
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2.4 Mo diffusion barriers for Ru/Y multilayers 

The s-reflectivity of an ideal Ru/Y multilayer is as high as 65.6%, because of 
the lower absorption of Ru around 11 nm. Ru/Y Interface imperfection in-
cluding interfacial roughness and interfacial diffuseness significantly reduces 
the reflectivity. In this work, the interdiffusion processes between Ru and Y is 
limited by using Mo as a diffusion barrier. After theoretical and experimental 
investigations, the optimal thicknesses of Mo diffusion barriers at Ru-on-Y 
and Y-on-Ru interfaces are 0.5 nm respectively. Design parameters of Mo/Y, 
Ru/Y and Ru/Mo/Y/Mo multilayers with ideal interfaces for λ=11 nm are 
summarized in Table 2 and the theoretical reflection curves of these samples 
are given in Fig. 4a. Polarization performances of these multilayers were 
measured using the high precision 8-axis polarimeter on beamline UE56/1-
PGM-1 at BESSY-II, the measured reflectance curves are shown in Fig. 4b. 
Although the ideal Ru/Mo/Y/Mo system provides the lower s-reflectance of 
63.64% compared with 65.63% for Ru/Y multilayer, the measured peak s-
reflectivity of Ru/Mo/Y/Mo system is 43.3 % which is higher than 39.5% for 
Ru/Y multilayer. This evidences that the Mo barrier layer suppresses inter-
mixing of Ru and Y, thereby increasing the reflectivity of the multilayer. 
Further investigations are necessary to achieve the theoretical limit. 

Table 1 Design parameters for Mo/Y, Ru/Y and Ru/Mo/Y/Mo MLC.  

Sample  N  Design Layer thickness 
(nm) 

θ 
(deg)  Rs %  P 

Mo/Y  45  dMo=3.41  dY=4.53  46.7  54.87  0.9998 
Ru/Y  30  dRu=3.25  dY=4.69  47.2  65.63  0.9996 

dRu=2.78  dY=4.19 Ru/Mo/Y/Mo  25  dMo=0.5  dMo=0.5 
47.2  63.64  0.9996 

 
 

 
Fig. 4 The calculated and measured reflectivity curves of Ru/Y, Mo/Y and Ru/ 
Mo/Y/Mo multilayer. 
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2.5 Ultra-Short-period Soft X-ray Multilayers 

We discuss here the availability of ultra-short-period multilayer coatings 
operating near normal incidence in the soft X-ray region between the absorp-
tion edges of Oxygen (2.28 nm) and Carbon (4.36 nm). This spectral region 
provides a good contrast between organic materials and water11, therefore it is 
called “water window”. In the soft X-ray region, the absorption of candidate 
multilayer materials is significantly lower than in the EUV, suggesting, in 
principle, that efficient reflective multilayers can be constructed containing 
hundreds of periods. However, interface imperfections including roughness 
and diffuseness have greatly limited the achievable peak reflectance. Cr/Sc 
and Cr/C are promising material combinations for multilayer mirrors in the 
water window region. High reflectivities can be achieved if the interfaces 
between adjacent layers are extremely smooth. Hence, the deposition param-
eters of the magnetron sputtering process for these materials have to be op-
timized carefully. Figure 5 show the reflectance curves measured near normal 
incidence (5 deg) as a function of wavelength at the beamline UE56/1-PGM-1 
at BESSY-II, Germany. The Cr/Sc and Cr/C multilayers both contain N=200 
bilayers, with periods d=2.22 nm and 2.26 nm respectively. The highest 
reflectivity of Cr/Sc is 5.3%, and Cr/C multilayer provides the peak reflec-
tance of 7.5%. 

 
Fig. 5 Normal-incidence reflectance of periodic Cr/Sc and Cr/C multilayers, 
measured  at BESSY-II. 

3 Non-periodic Multilayers 

To simplify experimental arrangements in EUV polarization measurement, non-
periodical multilayers has been proposed to construct broadband reflective ana-
lyzers and broadband phase retarders. This kind of non-periodic multilayer can 
work in a broad spectral bandwidth at fixed Brewster angle, or exhibit wide 
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angular range at fixed wavelength. So, these broadband multilayer polarization 
optical elements will greatly simplify experimental arrangements in EUV polari-
zation measurement. This section will summarize the Mo/Si broadband polariza-
tion elements and their application in broadband polarization analysis. Figure 6 
shows the measured results of Mo/Si non-periodic multilayer reflection analyzers 
with different bandwidths. The measured p-reflectivities were very low in all 
cases. Mo/Si non-periodic multilayer transmission phase retarder has also been 
designed and deposited on SiN membranes. The phase shift and transmission of 
phase retarder are shown in Fig. 7. The calculated results with the interface 
roughness of 1.0nm are in good agreement with experimental data.  

Using the developed non-periodic transmission phase retarder and reflec-
tion analyzer, we have performed a complete broadband polarization analysis 
of synchrotron radiation from the BESSY-II UE56/1-PGM-1 beamline. The 
measured Stokes-Poincaré parameters of the radiation as a function of wave-
length are shown in Fig. 8. The circularly polarized parameter P3 is close to 
unity while the linearly polarized values, with averages P1=0.007±0.026 and 
P2=0.053±0.005, oscillate around zero over the wavelength range. The fitted 
behaviors agree quite well with model predictions of the circularly polarized 
radiation. The wavelength dependence of polarization of synchrotron radi-
ation can thus be characterized by a complete polarization analysis without 
changing the incidence angles of the broadband phase retarder and analyzer. 

 

 
Fig. 6 The measured s- and p- reflectance Fig. 7 (a) The phase shifts, (b) The Ts 
curves of Mo/Si multilayer analyzers.  and Tp of Mo/Si phase retarder. 
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Fig. 8 Stokes-Poincaré parameters of the circular radiation from the BESSY-II 
UE56/1-PGM1 beamline, at fixed angles of the Mo/Si broadband phase retarder (45°) 
and analyzer (47°). 

Various broadband non-periodic polarized components operating at differ-
ent wavelength ranges have been designed and fabricated in our laboratory 
and the summary were listed in Table 2. All non-periodic MLC provided 
moderate s-polarized reflectivity and high polarization degrees over the wide 
reflection band, which is unattainable using periodic MLC. They will greatly 
simplify future polarization experiments in shorter EUV wavelength region. 

4 Summary  

We have attempted to provide an overview of EUV, soft X-ray and X-ray 
multilayers developed in IPOE. We also outline prospects for operation at 
both longer and shorter EUV wavelengths, and also the ultra-short-period 
multilayers that work near normal incidence in the soft X-ray region. Applica-
tion of non-periodic multilayers in EUV broadband polarization measurement 
is also discussed.  

Table 2 Measurement results of various non-periodic multilayer reflection analyzers 
working at different wavelength ranges. 

Sample  Bilayer 
Grazing 
angle 
(deg) 

λ range 
(nm) 

measured 

Mean Rs 
(%) 

measured 

Mean P (%) 
measured 

Mo/Y  100  46  8.5‐10.1  5.5±1.4  98.79±0.32 
Mo/Y  100  45  9.1‐11.7  6.1±0.7  96.48±0.7 

Mo/B4C  80  45.6  6.75‐
7.35  6.23±0.61  99.93±0.003 

La/B4C  80  45.8  6.72‐
8.32  6.68±0.98  98.87±0.21 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Abstract. We demonstrate a novel experimental method for unusual structural sur-
face modification of various solids (PMMA, amorphous carbon) achieved by simulta-
neous action of XUV (21.6 nm), obtained from high-order harmonic generation, and 
Vis-NIR (410/820 nm) laser pulses. Although the fluence of each individual pulse 
was far below the surface ablation threshold, very efficient and specific material 
expansion was observed after irradiation by a few shots of mixed XUV/Vis-NIR 
radiation.  

1 Introduction 

The study of irreversible surface responses of various organic and inorganic 
solids to extreme ultraviolet (XUV) and soft X-ray radiation is motivated 
mostly by nanotechnology interests [1-3]. The main objective is to realize 
short-wavelength (λ < 100 nm), direct nanostructuring of materials resistant 
to optical radiation. Several research groups have investigated the behavior of 
poly(methyl methacrylate) (PMMA) at short wavelengths under irradiation 
conditions both above [2-4] and also below [1, 5-7] its single-shot ablation 
threshold. Erosion of the organic polymer induced by high-energy photons 
was reported [1-7]. In addition to that, surface modification of organic poly-
mer has been extensively investigated with conventional UV-Vis-IR lasers.  

In this contribution, we introduce a very effective method for structural sur-
face modification of solids achieved by dual action of XUV, obtained from 
high harmonic generation (HHG), and Vis-NIR ultrashort laser pulses. While 
the separate use of the Vis-NIR or XUV beam did not cause any change to the 
sample surface, the application of a mixed XUV/Vis-NIR field resulted in 
clearly visible, irreversible modifications after irradiation by a few shots only.  
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2 Experimental setup 

Fig. 1 shows the experimental setup. For strong HHG a two-color laser field, 
consisting of fundamental and second harmonic (SH) of a femtosecond laser 
pulse, was applied to a gas jet of He [8]. Femtosecond laser pulses at 820 nm 
with an energy of 2.8 mJ and pulse duration of 32 fs were focused by a 
spherical mirror (f =600 mm) into a He gas jet. For SH generation, a 200-µm-
thick beta-barium borate (BBO) crystal was placed between the focusing 
mirror and gas jet so that, after the BBO crystal, the laser field consisted of 
both the SH and the residual fundamental laser fields. For the optimum SH 
conversion the BBO crystal was placed ~40 cm from the focusing mirror and 
the energy conversion efficiency was about 27%. A gas jet with a slit nozzle 
of 0.5 mm width and length of 6 mm was used for efficient HHG in the two-
color laser field [9]. The gas pressure in the interaction region was 150 Torr. 
Generated HHG were first characterized using a flat-field XUV spectrometer 
equipped with a back-illuminated X-ray charge coupled device. The strongest 
harmonic at the 38th order (21.6 nm) reached an energy of about 50 nJ, as 
shown in Fig 2.  

After HHG source optimization, the spectrometer was replaced with a 1 
inch diameter off-axis parabolic mirror (OAP, f = 125 mm at 13 degrees) with 
a Mo:Si multilayer coating (R = 30% at 21 nm) placed 245 mm from the 
HHG source. The sample targets (e.g. 500-nm or 5 µm thick layer of PMMA 
coated on silicon substrate, 46-nm or 890-nm thick layer of amorphous carbon 
on Si substrate) were positioned 125 mm from the OAP, perpendicularly to 
the incident beam. The measured reflectivity of the OAP in the optical region 
was 37%. The measured diameter (full-width-at-half-maximum) of the HHG 
beam incident on the OAP was 280 µm while the diameter of the fundamental 
and SH laser beams was ~4 mm. The morphology of irradiated target surface 
was first investigated by Nomarski differential interference contrast optical 
microscopy, and then with an atomic force microscope (AFM) operated in the 
tapping mode to preserve high resolution. 

To estimate the spot size for both XUV and Vis-NIR beams at the target 
position, we have performed numerical simulations of the employed optical 
layout using the ZEMAX optical software [10]. The modelling predicted an 
XUV spot size of 140 µm, which is about 17 times smaller than that of Vis-
NIR beams. Thus the estimated fluence on the sample surface was 0.1 mJ/cm2 
at 21.6 nm, 15 mJ/cm2 at 820 nm, and 6 mJ/cm2 at 410 nm per shot, respec-
tively. As all these values lie far below the signle-shot ablation threshold for 
PMMA by infrared (2.6 J/cm2 [11]) as well as by XUV (2 mJ/cm2 [12]) radi-
ation, no damage of target surface is expected.  
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Fig. 1 Schematic of the experimental setup. 

 
Fig. 2 XUV spectrum of HHG from the two-color laser field. 

3 Results 

The PMMA sample was irradiated under the following conditions: a) Vis-NIR 
beams only (no gas jet in operation), b) XUV beam only (0.4 µm Al filter 
placed in front of the OAP), and c) mixed XUV/Vis-NIR field (21.6 nm + 820 
nm + SH). In cases a) and b) we have not observed any signs of surface 
damage after irradiation by ~3000 shots, although the accumulated dose was 
significantly higher than in case c). The target surface remained virtually 
unaffected, preserving its original quality and roughness. In striking contrast, 
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the application of a mixed XUV/Vis-NIR field resulted in clearly visible, 
irreversible surface modification after irradiation with only a few shots. 

Figure 3 shows images of the 500-nm thin PMMA exposed to the simulta-
neous action of XUV and Vis-NIR ultrashort pulses. The damage is character-
istic of material expansion, quite different from ablation craters observed in 
experiments with pure XUV pulses [2-4,12-14]. A very interesting feature 
observed in AFM images was the formation of nanoscale spike(s) in the 
center of a uniform flat pedestal. The size of pedestal increased with the 
number of shots applied to the target while the spikes had a radius of the order 
of few microns down to a few tens of nanometers in length.  
 

 
Fig. 3 Nomarski images of 500-nm thin PMMA surface simultaneously irradiated 
with XUV and Vis-NIR laser pulses. 

The experiment was also performed with 5 µm thick PMMA exposed to 
higher XUV flux (200 nJ per pulse). In this case, we have observed a weak 
effect even in the absence of XUV beam (Fig. 4(b)) however AFM analysis 
did not reveal any surface modification, but only radiative coloration of the 
sample. In contrast, material expansion was clearly observed after irradiation 
by mixed XUV/Vis-NIR field (Fig. 4(a)).  

Qualitatively similar results were achieved with a-C samples of various 
thickness, i.e. the application of mixed field has resulted in strong surface 
modification (Fig. 5(a)) while no effect could be observed in the absence of 
XUV photons. Additionaly, laser induced periodic surface structure (with 
period of about 460 nm) were identified in the central part of the impact by 
mixed field. Detailed analysis of a-C samples in underway. 
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(a)     (b) 

Fig. 4 Optical Nomarski images of 5-µm thick PMMA irradiated by single shot of (a) 
mixed XUV/Vis-NIR field, and (b) Vis-NIR only.  

 
 
 
 
 
 
 
 

 

(a)     (b) 

Fig. 5 (a) Nomarski image of 890-nm thin a-C sample irradiated by 10 shots of mixed 
XUV/Vis-NIR field, and (b) corresponding AFM image of the central part. 

4 Discussion 

As the separate application of Vis-NIR or XUV beams did not lead to any 
observable change on the irradiated surface, the expansion must be attributed 
to the dual action of 21.6-nm high-order harmonic and 820-nm laser radiation, 
contaminated with SH in the visible spectral region. The mechanism of this 
dual action can be described in terms of a simplified physical picture. It is 
well known that PMMA exhibits a very weak linear absorption at 820-nm. 
Therefore, the single-shot ablation threshold lies for the near-infrared beam at 
a level of 2.6 J/cm2 even for femtosecond laser pulses [11]. However, if the 
beam contains 21.6-nm radiation, the high-energy XUV photons do indeed 
generate free charge carriers in the nearly transparent polymer dielectrics. The 
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Vis-NIR radiation can then interact strongly with the charge carriers formed 
through simultaneous irradiation by XUV so that its absorption dramatically 
increases in PMMA. The XUV radiation thus creates irreversible rise of Vis-
NIR absorption in the material which is a well known effect of radiation 
coloration of transparent dielectrics which is dose dependent. The irreversible 
coloration might be responsible for the observed nonlinear dependence of 
growth rate of expanded structure on the number of accumulated shots.  

The laser pulse energy deposited in the system due to radiation-enhanced 
absorption also heats the material. It has been shown with synchrotron radi-
ation, as well as using the laser-plasma emission, that the efficiency of soft X-
ray radiation-induced etching processes strongly depend on temperature [1, 
15]. In this way the 820-nm radiation enhances the molecular fragmentation 
and re-arrangement processes following the initial ultrafast action of energetic 
XUV photons on ns-ms time-scales. The influence of a temperature jump on 
the photo-etching of PMMA has been suggested to explain the dual action of 
nanosecond pulses of focused X-rays and ultraviolet-to-optical radiation 
emitted by a laser-produced plasma [7] which causes fragmentation of 
PMMA and forms a liquid, oligomeric phase [16]. The viscous liquid subse-
quently solidifies, forming the central spike(s) through extrusion of the fluid 
core pressurized by surrounding, already solidified, material [17, 18].  

5 Conclusion 

To summarise, we have experimentally demonstrated that the dual action of 
XUV/Vis-NIR ultrashort pulses is capable of producing highly efficient 
structural surface modification of various solid materials. The observed phe-
nomena might be utilized in applications such as surface nanopatterning with 
widely available, table-top radiation sources.  
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Abstract. Samples of plasmid DNA were irradiated with pulsed 18.9 nm radiation 
originating from a Mo X-ray laser pumped in GRIP configuration at the LASERIX 
facility [1]. Surface doses of up to 500 kGray were delivered with a repetition rate of 
10 Hz and average pulse energy of 200 nJ. The occurrence of single and double strand 
breaks not present in controls having undergone the same treatment except for the 
XRL irradiation can be seen as a clear effect of the XRL irradiation. This confirms the 
role of direct effects in DNA damages as previously seen with low energy ions [2, 3] 
and electrons. 

1 Motivation 

Many experimental investigations have been carried out over the last decades 
to understand the effects of DNA irradiation. When being exposed to natural 
or artificially created radiation, the genetic code can be totally or partially 
damaged and induce the death of the cells or a mutation of the genetic code. 
The understanding of such processes is crucial for medical purposes. Radio-
therapy for example is used in cancer treatment to destroy anomalous cells 
while the damage to the healthy cells should be as small as possible. The aim 
of extended bio-physical studies on DNA irradiation is thus to improve the 
efficiency and accuracy of such treatments and find the most appropriate 
irradiation parameters. 

The irradiation can be achieved by sending either particles or photons at a 
given energy onto the sample. They both induce ionization of the medium 
which has direct and indirect effects on the DNA structure itself. Two degrees 
of damage are generally distinguished: Single strand breaks (SSB) can be 
auto-repaired by a living cell while the more dramatic double stand breaks 
(DSB) can induce the death of the cell. 
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Fig. 1 Single and double strand break of DNA structure 

These breaks can be produced via direct pathways such as direct ionization of 
binding electrons in the sugar or the phosphate groups or indirect pathways due to 
water radicals produced in the track. Recently, new processes of bond breaking 
have been observed when charged particles (electrons or ions) interact directly 
with DNA. For example, an important publication [3] has shown that, even with 
quite low energy, slow electrons can induce a large number of single and double 
strand breaks in DNA. These effects are due to resonant dissociative electron 
attachment on DNA. The abundance of secondary electrons with low energy 
(from 1 to 20 eV) thus plays a key role for the radiation induced damage of DNA. 
Such an electronic energy can be obtained by irradiating DNA with soft x-rays in 
the 50 to 100 eV photon energy range. More recently, the group of University 
Paris 11 has demonstrated that low energy ions can also induce severe DNA 
damage which is attributed to charge transfer and binary collisions [4]. 

Up to now, no extended study on low energy x-ray photon interaction with 
DNA has been carried out whereas many have been done at high energies [5, 
6, 7]. This can in part be explained by a lack of easily accessible soft x-ray 
photon beam time, especially with elevated temporal resolution and coher-
ence. Our team at LIXAM-LASERIX has been collaborating since a few 
years on such a subject with colleagues from biology. A preliminary study has 
been carried out in 2004 at the PALS x-ray laser in Prague, and gave first 
indication of single and double strand breaks of dehydrated DNA plasmids 
[8]. At that time, quality issues of the DNA samples and their inability to 
undergo long irradiation periods under vacuum induced a large fluctuation of 
SSB and DSB, even in absence of soft x-ray irradiation. Moreover, the num-
ber of shots that could be delivered on the samples was limited by the laser 
repetition rate, which was no more than 3 shots per hour. The 2004 experi-
mental results thus consist of very few points with low signal to noise ratio. 
At the LASERIX installation, as we show here, we benefit from a more 
convenient mode of operation for extended and quantitative measurements. 
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2 Experiment 

The LASERIX configuration that was used for the present study is the low 
energy/high repetition rate part of the full system. The 1.8 Joules of uncom-
pressed infrared energy per pulse coming out from the last Ti:Sa amplifier 
stage are first equally split into two beams. The first one remains uncom-
pressed (700 ps) and the second one enters a in-vacuum compressor capable 
of providing durations from 40 fs to 10 ps. The optimized duration in our 
configuration was 4 ps. These two beams are focussed into lines with 3 to 4 
mm length and 100µm width. The first one (uncompressed beam) arrives on 
the 4 mm long Molybdenum target at normal incidence while the second one 
is incident after 400 ps at a grazing angle of 19° (GRIP configuration). The 
line foci optimization is done in IR with a high resolution imaging device 
(RILF). The XRL optimization in terms of pulse energy and stability at 10 Hz 
is done using an XUV near field imaging system.  

 
Fig. 2 Experimental set-up for the XRL generation 

The dose that had to be delivered on the DNA samples to observe significant 
amount of DSB is so high that a large number of shots are to be sent: This is 
of the order of a few ten thousands for 200 nJ energy per shot in the soft x-ray 
beam. A dedicated investigation was carried out for the characterization of the 
energy stability both in time and space. We first did 10 Hz films of the soft x-
ray near-field source. The results are presented in Figure 3 which shows the 
energy as a function of shot number for the same target position.  
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Fig. 3 Near-field energy as a function of shot number for the same target position. 

Good energy stability is the result of a specific optimization that includes a 
study of the effect of pre-pulses in the uncompressed beam. In the best con-
figuration, the same energy level can be maintained over approximately 200 
shots, after which a slow decrease occurs. The shot to shot energy fluctuations 
are of the order of 20 % but we checked that from one 200 shot dose accumu-
lation to another one, the integrated dose fluctuations are limited to less than 5 
%. The latter consideration appears to be the most relevant for our biology 
users. We thus decided to irradiate DNA samples by shooting 200 times on 
the same Molybdenum target groove, then moving it by 200 microns in height 
and redo the same operation over the entire available target height of 50 mm. 
If the shot number that has to be delivered is greater than what is achievable 
with one target, a pause of twenty minutes is needed to replace it by a new 
one, including pump-down time. The DNA samples stay under vacuum con-
tinuously. An on-line measurement of the photon number delivered on target 
during the irradiation has been used to monitor the irradiation process. This 
device is composed of a copper grid with more than 80 % XUV transmission 
connected to a picoamperemeter. The photocurrent caused by the photoelec-
tric effect of the soft x-ray photons on the copper surface has been cross-
calibrated with a photodiode and we performed a statistic analysis to check 
the linearity of the process. A measurement system developed under LabView 
can then provide the integrated dose on sample and could stop the irradiation 
after a given dose has been delivered. The automation of such a process is in 
progress. 

The spatial homogeneity of the dose deposition on the samples is obtained 
despite the intrinsic speckle structure of the soft x-ray laser beam. As this 
structure is purely random, the position of the maxima in intensity for each 



Strand Breaks in DNA Samples Induced with LASERIX 413 

single-shot is changed from one shot to another and the structure contrast 

decreases as  where N is the number of shots. As a consequence, the 

large number of shots necessary for the DNA irradiation appears here to be an 
advantage if the repetition rate is large enough. We experimentally checked 
this effect and results are presented on Figure 4. These images prove that a 
few ten thousand shot irradiation will provide excellent homogeneous profile 
for photon deposition. 

 
Fig. 4 Comparison of spatial homogeneity between different integration times. 

Plasmid DNA (pBr322 Euromedex) was purified (Qiagen kit) and dis-
solved in pure water. The DNA was then deposited and dried on Mylar foils 
under controlled atmosphere to form a thin homogeneous sample of 4 mm² 
surface. Several samples were placed in the irradiation chamber on a multi-
target holder wheel and aligned under vacuum in the XRL beam using a 
combination of visible and XUV cameras. The soft x-ray laser beam was 
filtered by a 200 nm Al filter and focussed by an f = 300 mm spherical multi-
layer mirror aligned slightly off-axis to match the sample surface. Surface 
doses of up to 500 kGray were delivered during a time of 90 minutes oper-
ation at a repetition rate of 10 Hz and average pulse energy of 200 nJ with Mo 
target surface changes every 20 s. After irradiation, the DNA was re-dissolved 
from the Mylar surface and analyzed via electrophoresis.  
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3 Results and conclusion 

The results obtained up to date by irradiating DNA samples show reproduc-
ible and quantitative effects induced by the soft x-ray laser photons. Signifi-
cant single and double strand break amounts were obtained. Figure 5 shows 
one example of a 90 000 shot irradiation. T1 and T2 denominate DNA sam-
ples not placed inside the interaction chamber, 1 is the control (witness sam-
ple) that remained under vacuum during all the irradiation time and 2 is the 
irradiated sample. 

 
Fig. 5 Picture of the 1% agarose gel 

As compared to the control (witness), sample 2 shows 23% SSB with 5 % 
noise (SNR>4) and 4.3% DSB with undetectable noise for the control under 
vacuum. This type of irradiation was repeated three times and produced very 
similar results. We thus have the proof of principle for this kind of experi-
ment: the occurrence of double strand breaks not present in control samples 
having undergone the same treatment except for the XRL irradiation can be 
seen as a clear effect of the XRL irradiation. This confirms the presence of 
specific effects in DNA damages as previously seen with low energy ions [2, 
3] and electrons. From the LASERIX team part, the experimental stabilization 
and characterization of soft x-ray irradiation is now sufficient to enter a phase 
of systematic and quantitative study of such effects. This will be done in the 
coming months, by varying the dose deposition, the soft x-ray wavelength and 
the spatial profile of DNA sample. It is evident that this will help understand-
ing the direct effects leading to DNA breaks. 
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Abstract. We developed and experimentally demonstrated a novel X-ray laser back-
lighting technique based on spatial filtering, which allows to dramatically reduce the 
contribution of plasma self-emission. This technique was used for probing of plasmas 
relevant to Ne-like and Ni-like lasers schemes. We report on measurements of 2D 
electron density profiles of line plasmas produced under conditions corresponding to 
X-ray laser amplifiers operating in TCE and QSS regimes. The probed plasmas were 
produced on 1-mm long targets by ~300-ps long laser pulses of 1.3 µm light, at 
intensities of up to 4x1013 Wcm-2. The investigated plasmas were actively probed by 
Ne-like Zn laser, delivering multimillijoule output at 21.2 nm. 

1 Experimental setup 

The experiment was performed at the PALS Centre. The plasma produced by 
the auxiliary 150 mm diameter beam delivering 80 J at the fundamental 
wavelength (1.3µm) in 300-ps (FWHM) pulses, was backlighted by the neon-
like zinc X-ray laser at 21.2 nm [1]. A doublet of spherical f=120cm and 
cylindrical f=400cm lens produced 4mm long line focus (with minimal lateral 
size ~150µm) overfilling 1mm slab targets. The plasmas investigated are 
produced either by a single pulse or by sequence of a weak prepulse followed 
by the main pulse. In the latter case, dogleg arrangement (see Fig 1) was 
employed: the incident beam is split by a 10/90% (T/R) beamsplitter into two 
beams that are recombined back by a 20/80% beamsplitter. The dogleg makes 
changing the delay between the prepulse and the main beam from 2 to 10 ns 
possible. Additional lens in the optical path of the prepulse is used to produce 
prepulse focus larger than the focus of the main pulse. 
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Fig. 1 Experimental scheme. Targets consisting of 1- or 3-mm wide slabs are 
irradiated either by a single pulse or by sequence prepulse / main pulse produced in 
the dogleg. The pulses are focused down to a ~150 µm × 4 mm line by f=120 cm 
spherical / f=400 cm cylindrical lens doublet; the prepulse is separately defocused by 
additional f=3000 cm lens. Upon probing the plasma, the X-ray laser at 21.2 nm is 
reflected by f=250 mm MoSi multilayer spherical mirror and passes through a pinhole 
located in the focal plane of the mirror.  

The size of the studied plasmas was monitored via VIS emission by an optical 
telemicroscope (shown as “context camera” in Fig.1), viewing the target 
under a small angle with respect to the incident laser beam. In the soft X-ray 
spectrum near 21 nm, the output plane of the plasma was imaged to a back-
side illuminated X-ray CCD camera PI-MTE (2048×2048 pixels with size 
13.5 µm). The imaging was carried out by a spherical (f=250 mm) MoSi 
multilayer mirror with magnification of 8. A small pinhole (300 µm) in the 
focal plane of the X-ray laser acted effectively as a spatial filter improving 
strongly the contrast of the X-ray laser to plasma self-emission in the CCD 
data. 

2 Spatial filtering for enhancing contrast in XRL plasma probing 

The principle of spatial filtering can be shown on rays of a (near) parallel 
beam passing freely through a pinhole located in the focal plane of the 
lens/mirror, while majority of (near) isotropic emission from the probed 
object is stopped by the pinhole [2]. For illustration see Fig. 2 showing the 
paths of the optical trajectories for one point on the object.  
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Fig. 2 Principle of spatial filtering. The object being itself an isotropic emitter with 
intensity Is is backlighted by nearly parallel X-ray beam. The self-emission signal is 
collected by a mirror of size dm and forms image with intensity Im. When the pinhole 
is inserted into the focal plane of the mirror, the intensity in the image plane is 
reduced to Ip. The ratio between Im and Ip gives the contrast enhancement.  

To assess contrast enhancement created by the pinhole, we consider a point on 
the axis and assume that the source is isotropic, yielding total intensity Is. The 
emitter is located at a distance a from the imaging mirror. When rays reflected 
from the mirror (focal length f) propagate unobstructed, the intensity Im pro-
duced in the image plane is 

    ,    (1) 

where the spatial angle Ωm is given by size of the mirror dm and the distance a 
between the object and the mirror 

    .    (2) 

When a part of the rays is stopped by the pinhole, the intensity in the image 
plane Ip will be similarly 

,    (3) 

and the spatial angle Ω p directly depends on the pinhole size p projected to 
the mirror plane, and on the distance a between the object and the mirror 

    ,    (4) 

where p is given by Equation (5), dp denoting the diameter of the pinhole  

        (5) 
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Using equations (1) and (3) we find the searched contrast enhancement in the 
image plane: 

      (6) 

For the experimental parameters (f = 250mm, a = 305mm, dm = 25.4mm, 
dp = 0.3mm) the contrast enhancement amounts to about 5000. Figure 3, 
showing experimental data from two otherwise identical shots but obtained 
without and with pinhole inserted into the focal plane, illustrates the strength 
of the technique. 

 
Fig. 3 Comparative CCD data obtained with same experimental parameters but 
differing by the presence of the pinhole. Left picture: shot taken without the pinhole, 
the plasma self-emission completely saturating the CCD. Right image: with the 
pinhole in the focal plane, contribution of the self-emission is dramatically reduced. 

3 Results 

The experiment was dedicated to study 1mm long line plasma generated from 
solid targets. The plasma was created by linearly focused IR (1.3 µm, 300 ps) 
pulses in two different configurations. The first configuration is using tight (in 
the lateral direction) focus of the main pulse or sequence of the main pulse 
preceded by loosely focused prepulse, and XRL probe delivered at 0ns or 
16ns after the main pulse (see Fig. 4). The prepulse and the main pulse have 
nominal intensity 3x1010 Wcm-2 and 4x1013 Wcm-2, respectively. The second 
configuration is similar to the previous one; however, the main pulse is lat-
erally shaped to have “hollow” profile, with minimum intensity at the axis. 
The main pulse has in this case 2x1013 Wcm-2 at the peaks, and the prepulse 
produces 1x1010 Wcm-2 uniformly over the illuminated surface. The plasmas 
produced by the “hollow” focus are studied in the context of searching ways 
for generation of “slab” X-ray laser amplifiers [3]. 
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Fig. 4 The generic scheme of the experimental setup. The XRL backlighter is arriving 
at Δt = 0ns or 16ns after the main pulse. When the sequence is used, the prepulse is 
arriving 10 ns before the main pulse. 

3.1 Zn line plasmas produced by laterally tight focus 

Plasma hydrodynamics is an essential component involved in the performance 
of the zinc laser. Figures 5 and 6 show the morphology of Zn plasmas gener-
ated by the prepulse and the main pulse, applied both separately and in a 
sequence, and probed by the X-ray laser in Δt = 0 ns (Fig. 5) and Δt = 16 ns 
(Fig. 6) with respect to the main pulse. It is seen that the plasma produced by 
the isolated main pulse (Fig. 5a) significantly differs from the plasma pro-
duced by the sequence prepulse-main pulse (Fig. 5b). When the same plasma 
as in Fig. 5b is backlighted by maximum intensity (non-attenuated by filter) 
of the XRL probe available (Fig. 5c), the data indicate the presence of 
strongly absorbing plasma on the periphery of the surface irradiated by the 
laser. Signature of this -presumably cold- plasma is clearly seen in Fig. 6, 
where the XRL backlighter is introduced 16ns later. Although hydrodynamics 
of this plasma is presently not understood, Fig. 6 shows that it plays a role in 
forming morphology of sequentially pumped X-ray laser amplifiers, as it is 
generated even by low-intensity prepulse. This is seen in Fig. 6a, displaying 
Zn plasma generated by prepulse with intensity I=3x1010 Wcm-2 nominally 
employed for pumping the X-ray laser. Figs 6b and 6c show respectively 
plasmas produced by the main pulse alone (I=4x1013 Wcm-2), and by the 
sequence of the prepulse and the main pulse, with intensity contrast 1.3x103. 
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Fig. 5 Columns of 1mm Zn plasmas 

probed by XRL at !t=0ns: (a) main 

pulse at 4x10
13

 Wcm
-2

, (b) sequence of 

the prepulse and the main pulse with 

contrast 1.5x10
3
, (c) same sequence as 

in (b), with non-attenuated XRL probe. 

The scale is indicated by the circle 

with diameter of 1.3 mm. 

 
 

 
 

Fig. 6 Columns of 1mm Zn plasmas 

probed by XRL at !t=16ns with 

respect to the arrival of the main pulse: 

(a) prepulse alone at 3x10
10

 Wcm
-2

, 

(b) main pulse alone at 4x10
13 

Wcm
-2

, 

(c) sequence of the prepulse and the 

main pulse. The scale is indicated by 

the circle with diameter of 1.3 mm. 
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3.2 Zn and Ta plasmas produced with hollow focus of the main beam 

The 2D plasma density profile is an important factor in the development of 
amplifiers for seeded XRLs. To increase the amount of amplified signal, the 
most practicable way is to increase the lateral size of the active region. This is 
because the amplification length is limited by refraction of the injected XRL 
beam in the plasma, and because the active region size perpendicular to the 
target is given by the density and temperature profiles that arise due to plasma 
expansion (although the active region width can be somewhat increased by 
using long prepulse delays, e.g. 50 ns [3]). On the other hand, the lateral 
width of the plasma can be increased as free parameter. Broadening the 
plasma parallel with target surface increases the volume of plasma in which 
the signal is amplified; moreover since the ASE will be very divergent due to 
comparatively small geometrical aspect ratio, ASE contribution to the output 
signal will be small. 

  
Fig. 5 The left side of the picture shows the intensity distribution of the main driving 
IR pulse (prepulse is not applied) on the 1mm long Zn target, creating the “hollow” 
profile with the distance 280µm between the peaks. The right side shows the 
geometry of the created plasma, probed by XRL at Δt=0 (at peak of the driving laser 
pulse). The absorption zone width is ~20µm. 

In searching for generation of laterally uniform line plasmas with width 
significantly greater than 100 µm we used “hollow” line focus, with intensity 
dip on the axis and the distance 280µm between the peaks (see Fig. 7), with 
peak to valley intensity modulation of ~3. When probed by the zinc X-ray 
laser, the probed plasma appears as thin dark region (see Fig.7 right) from 
which the X-ray laser is “pushed out”. To assess the electron density, we used 
ray tracing to follow individual rays propagating near the target surface. This 
tracing assumes exponential electron density fall-off, ne = ne0 exp(-x/L), where 
ne0 is density to be inferred, and L has a value compatible with the extent of 
the detected plasma (20 µm). The result, shown in Fig. 8, indicates that the 
electron density in the region close to the surface is ~9×1021 cm-3.  
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Fig. 6 Trajectories of the probing X-rays, down the axis of the 1mm long line plasma. 
The rays are injected parallel to the target and are refracted away, producing a dark 
region near the surface at the output plasma plane (at 1mm). The electron density 
ne0 = 9×1021 cm-3 at x=0 is adjusted in order for the shadow size to equal to the 
experimentally found value, and to be nearly insensitive to the scale length L. 

 
Fig. 7 Plasmas generated by the “hollow” focus from targets with different Z 
numbers: Zn plasmas probed by XRL at Δt = 0ns (a) and Δt = 16ns (b); Ta plasmas 

probed at Δt = 0ns (c) and Δt = 16ns (d). The circle with diameter 1.3 mm is dimension 
indicator. 
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We further investigated morphology of line plasmas produced by sequence 
of a prepulse and a main pulse, where the prepulse focus has near top-hat 
intensity distribution and the main pulse is delivered in the hollow focus with 
parameters displayed in Fig. 7. We investigated two targets with different Z 
numbers, Zn (Z=30) and Ta (Z=73), and probed the plasmas at two different 
times Δt=0 ns and Δt=16 ns. The example of results is shown in Figure 9.  

Both in Zn and Ta the generated plasmas are laterally fairly homogeneous, 
despite hollow profile of the intensity of the main beam. This may suggest 
that hollow focus may be used for producing “slab” X-ray laser amplifiers. 
However, imprint of the hollow focus is seen in the plasma corona, as well as 
filamentation at Δt=0, and further investigation of this setup is necessary. 
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Abstract. We report the soft x-ray Fourier transform holography using a high bril-
liance and highly coherent x-ray laser at 13.9nm. A Fresnel zone plate generates a 
point reference source and works as a beam splitter. The object is placed close to the 
first order focal spot and the transmitted zeroth order beam illuminates the object 
directly. A Fourier transform hologram is generated by the interference between the 
object wave at a large distance from the object and the spherical reference wave. The 
Fourier transform hologram of a grid pattern was successfully recorded with only one 
XRL pulse and an x-ray CCD camera and successfully numerically reconstructed. 
The spatial resolution is estimated to be about 1 µm. 

1 Introduction 

The holographic imaging was introduced by Gabor in 1948[1], and x-ray 
holography was suggested by Baez in 1952[2]. The optical holographic imag-
ing has found various application fields and has developed by various lasers 
and recording materials. In soft x-ray region, the x-ray holography has been 
investigated by the development of bright coherent x-ray sources, such as 
synchrotron source[3] and soft x-ray laser[4]. Gabor[3] and Fourier 
transformation[5,6] holographic imaging techniques with sub-100nm 
resolution have been developed for soft and hard x-rays. One of these 
holographic imaging techniques is the Fourier-transform holography (FTH) 
which was already successfully investigated with a soft x-ray undulator 
source[6,7]. Recently, the lensless FTH[8,9] is well known an imaging 
technique for the high resolution x-ray microscopy. In order to generate a 
Fourier-transform hologram the object is illuminated by a plane object wave 
and a reference point source has to be situated close to the object. In x-ray 
region, a Fresnel zone plate (FZP) generate a reference point source by its 
first order diffracted beam, and works as a beam splitter. The transmitted 
zeroth order beam illuminates the object directly. A Fourier transform 
hologram is generated by the interference between the object wave diffracted 
from the object and the spherical reference wave in the far field. The 
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wave in the far field. The amplitude and the phase of the object wave can be 
reconstructed by the inverse Fourier transform of hologram. A schematic view 
of the experimental set up is shown in Fig. 1. Here we describe experiments 
of the generation of submicron x-ray beam and the FTH using only one co-
herent soft XRL pulse.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Schematic view of FTH 

2 Experiment 

2.1 Generation of submicron soft x-ray beam with FZP 

In the FTH, the imaging resolution is limited by the reference source size. A 
focused x-ray spot is generated by a highly coherent XRL with FZP. The 
experiment was performed at the JAEA Plasma X-Ray Laser (JAEA-XRL) 
beam line. A highly coherent XRL[10] at a wavelength of 13.9 nm was gener-
ated by the oscillator-amplifier configuration with two targets. The output 
energy of the XRL beam was about 0.1 µJ, corresponding to a flux of about 
1010 photons/pulse. The XRL beam divergences along the vertical and hori-
zontal directions were 0.2 and 0.5 mrad, respectively. The beam pointing 
stabilities along the horizontal and vertical directions were about ±0.12 and 
±0.36 mrad, respectively. The pulse width of the XRL was about 7 ps.[11] 
Figure 2(a) shows a schematic view of the experimental setup used for the 
generation and characterization of the focused x-ray beam. The XRL beam 
was reflected with a molybdenum–silicon (Mo/Si) multilayered mirror with 
an incidence angle of 45° to cut the hard x-ray radiation from the plasma, and 
filtered with a zirconium (Zr) foil to reduce the scattered optical radiation. 
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The image and time-integrated energy of the first-order diffracted x-rays were 
obtained with an x-ray CCD camera. The distance between the XRL source 
and the FZP was 2620 mm, and the distance between the FZP and the CCD 
camera was 240 mm. A pinhole as an order-selecting aperture (OSA) with a 
diameter of 100 µm was placed 8.5 mm away from the FZP in order to select 
the first-order diffraction. The FZP contains a poly(methylmethacrylate) 
(PMMA) zone on a 0.75×0.75 mm2 silicon nitride (SiN) membrane with a 
thickness of 50 nm. The diameter of the FZP was 0.5 mm, and the total zone 
number and outermost zone width were 450 and 280 nm, respectively. The 
focal length was 10 mm for a λ of 13.9 nm. The theoretical spot diameter was 
680 nm (290 nm at FWHM) at the focal position. We have performed hori-
zontal scans at various positions of the focused x-ray beam using the knife-
edge plate. A knife-edge scan profile close to the best focus is plotted in Fig. 
2(b). The line-spread function of the focused beam is derived from the nu-
merical differential of the measured knife-edge scan profiles. Figure 2(c) 
shows the differentiated profile of the submicron x-ray beam in the horizontal 
direction. The beam diameter of the x-ray beam was 0.5 µm at FWHM. The 
measured focal spot diameter was 1.7 times greater than the theoretically spot 
diameter.[12] 
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Fig. 2 Generation of submicron soft x-ray spot with FZP 
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2.2 Generation of Fourier Transform Holography 

The experimental setup of FTH is very similar to the generation of submicron 
soft x-ray beam expect for the sample and the FZP. Figure 3(a) shows the 
experimental setup of the FTH. The FZP contains an Au zone with a thickness 
of 50 nm on a 0.75×0.75 mm2 silicon nitride (SiN) membrane with a thickness 
of 100 nm. The diameter of the FZP was 0.434 mm, and the total zone num-
ber and outermost zone width were 1700 and 64 nm, respectively. The focal 
length was 2 mm for a λ of 13.9 nm. The theoretical spot diameter was 66 nm 
at the focal position. A test pattern was placed at the focal plane of the zone 
plate. A pinhole of 100 µm in diameter was placed 0.5 mm upstream from the 
test pattern. A Fourier transform hologram was recorded by an x-ray CCD 
camera, which was placed at 0.23 m from a test pattern. Figure 3(b) shows the 
tungsten test pattern. The test pattern has vertical 10 lines of each line width. 
Figure 3(c) is the hologram and Figure 3(d) is the whole reconstructed inten-
sity image. Figure 3(e) shows a part of Figure 3(d) in liner scale. The vertical 
and horizontal 1 µm line-and-space pattern can be resolved. 

3 Summary 

We have generated a submicron x-ray spot using the FZP. The spot diameter 
and peak intensity of the submicron x-ray beam were 0.5 µm at FWHM and 
1×1011 W/cm2, respectively. We have developed the Fourier transform holo-
graphy by using a FZP as one of the application of submicron x-ray beam. 
Fourier transform holograms of a grid test pattern were successfully recorded 
with one XRL pulse, and numerically reconstructed. The 1-µm line-and-space 
pattern could be resolved at 13.9 nm. It is necessary for the clearly reconstruc-
tion image to improve the numerically process of reconstruction and the x-ray 
photons. 
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Fig. 3 Fourier transform hologram of the test pattern. 
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Abstract. A very promising high resolution imaging technique currently under rapid 
development is x-ray diffraction microscopy (or lensless imaging), in which a coher-
ent  x-ray diffraction pattern of a non-crystalline specimen is measured. In this tech-
nique, a sample is illuminated by coherent light, and the detailed scatter pattern is 
sampled at a rate higher than the Nyquist frequency. A computerized, iterative phase-
retrival algorithm replaces the imaging optics, thus making it possible to reconstruct 
the image of the sample. Here we demonstrate soft x-ray diffraction microscopy with 
two complementary coherent soft x-ray sources- a capillary discharge soft x-ray laser 
at 47 nm [1] and a high harmonic generation source at 29 nm [2]. By using novel field 
curvature correction in the image reconstruction at high numerical aperture, we 
retrieve images with resolution as los was 70 nm using set-ups that fit on a 4’x8’ 
optical table- including both the soft x-ray source and the lensless microscope.  

1 Introduction 

New and innovative imaging techniques have lead to a deeper understanding 
of the nanometer-scale world, making possible technological advances. One 
approach to obtaining nanometer-scale resolution in imaging is to use short-
wavelength light in the soft x-ray (SXR) region. SXR light is highly desirable 
for nondestructive imaging applications requiring high spatial resolution and 
thick samples (> 0.5µm). Lensless imaging is a relatively new technique 
particularly suited to SXR imaging that enables high-resolution imaging of 
noncrystalline, aperiodic samples such as biological materials [3]. This tech-
nique provides a large depth of field, insensitivity to alignment, and (as we 
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demonstrate here) near-wavelength-limited resolution without the need of 
complex optical systems. In past work, we demonstrated lensless diffraction 
imaging using a tabletop high harmonic (HHG) soft x-ray source at 29 nm, 
achieving resolutions ~200 nm [4,5]. In this work, we significantly enhance 
our diffractive imaging resolution by implementing a new high numerical 
aperture (up to NA=0.62) scheme and field curvature correction. We achieve 
a resolution of 94 nm with a 29 nm HHG source, and a resolution of 71 nm 
using a 47 nm capillary discharge SXR laser [5]. This high numerical aperture 
scheme, a first for diffractive imaging with x-rays, will make possible near-λ 
resolution even as shorter wavelength sources become available. This tech-
nique thus promises an important advance in full-field nanoscale imaging on a 
tabletop system. 

2 Experimental Setup and Sample 

The experimental setup for lensless diffractive microscopy is compact and 
straightforward (Fig.1). The sample is illuminated by coherent, narrowband, 
SXR light. In our microscope, a set of narrowband multilayer mirrors acts as 
both a monochromator and a condenser, to gently focus the beam onto a sam-
ple. Samples are positioned using a closed loop, x-y piezo stage, and are illumi-
nated with either a HHG beam at 29 nm, or a SXR laser beam at 47 nm. The 
diffraction of the SXR light from the sample is then recorded on a large-area 
CCD camera (13.5 µm pixel size). Beam blocks of varying size are placed in 
the center of the diffraction pattern to collect the diffracted light at different 
spatial frequencies, and to maximize the dynamic range of the camera. Al-
though the CCD camera only records an intensity pattern, if the diffraction 
pattern is sampled at a frequency greater than twice the Nyquist frequency, the 
image can be reconstructed using an iterative phase retrieval algorithm [6].  
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Fig. 1 Compact lensless diffractive microscope used with both a 29 nm HHG source 
and a 47 nm SXR laser source [5]. 

3 Results and Discussion 

Figure 2 shows images obtained using a 29 nm HHG source [5]. Figure 2 (a) 
shows a scanning electron microscope (SEM) image of a “waving stick fig-
ure” transmission sample, which was fabricated using e-beam lithography on 
a composite sample consisting of 200 nm of gold on a 100 nm Si3N4 substrate. 
The curvature corrected, high numerical aperture (NA=0.31, sample-to-CCD 
distance is 42 mm) diffraction pattern is shown in Figure 2 (b). The full 
spatial coherence of the HHG source enables very high image contrast. How-
ever, the femtosecond duration of the HHG pulses means that the temporal 
coherence after the two multilayer mirrors is moderate (λ/Δλ~300). The 
reconstructed image is shown in Figure 2 (c); the lineout in Figure 2 (d) 
demonstrates a resolution of 94 nm. 

          
 a b c d 

Fig. 2 a) Electron microscope image of a waving stick figure transmission sample; b) 
curvature corrected diffraction pattern using a 29 nm HHG source c) reconstructed 
image, showing a 94 nm resolution, as shown in (d) [5]. 
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    Figure 3 shows the first results of lensless imaging using a table-top SXR 
laser, here using a numerical aperture of 0.62 (sample-to-CCD distance of 17 
mm) [5]. This laser source has extremely high temporal coherence 
(λ/Δλ>5000) but not full spatial coherence. Thus, a 1 mm diameter pinhole 
was placed about 1.5 m from the source— where the beam is about 1 cm in 
diameter— to ensure full spatial coherence. The waving stick figure sample is 
shown in Figure 3 (a) and was fabricated through e-beam lithography on a 
100 nm thick Si3N4 window. Figure 3 (b) shows the curvature corrected 
diffraction pattern, while Figure 3 (c) shows the final reconstruction and 3 (d) 
a lineout, demonstrating a resolution of 72 nm or 1.5λ. In this case, the higher 
temporal coherence results in higher spatial resolution but with slight noise in 
the reconstruction due to lower spatial coherence.  

 

     
 a  b c   d 

Fig. 3 a) Electron microscope of waving stick figure transmission sample; b) 
curvature corrected diffraction pattern using a 47 nm SXR laser source c) 
reconstruction of sample, showing a 71 nm resolution (d) [5]. 

4 Conclusions 

In the future, shorter wavelength tabletop SXR sources will enable versatile 
soft x-ray diffraction microscopy with sub-10 nm resolution for dynamics 
imaging in biology, materials science, and nanotechnology. Straightforward 
extension of the current work will allow imaging at the technologically im-
portant 13 nm wavelength using both soft X-ray laser sources and high har-
monic sources. Higher repetition-rate lasers, faster phase retrieval algorithms 
using parallel processors, and improved phase matching techniques will 
improve the flux of the high harmonic source and reduce data acquisition 
times, allowing extension of this work to materials and biological imaging 
throughout the soft-x-ray region of the spectrum. At the same time, the short-
pulse nature of the high harmonic source will allow time-resolved imaging of 
dynamic processes with femtosecond timescales. 
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Abstract. The reactivity of prospective capping layer extreme ultraviolet (EUV) 
mirror materials with hydrocarbons, alcohols, and water is studied in the gas phase 
using mass spectroscopy of metal-oxide clusters. We report the results of chemistry 
studies for Si, Ti, Hf, Zr, and Ru metal oxide nanoclusters in which the reaction 
products were ionized with little or no fragmentation by 26.5 eV photons from a desk-
top size 46.9 nm Ne-like Ar laser. Hf and Zr oxides are found to be much less reactive 
than Si or Ti oxides in the presence soft x-ray light. Ru oxides show different chemis-
try and are inactive with water/alcohols, and active with saturated/unsaturated hydro-
carbons.  

1 Introduction 

The implementation of EUV lithography as a manufacturing tool for the 
fabrication of the future generations of computer chips requires a solution to 
the problem of the degradation of the reflectivity of EUV mirrors and masks 
caused by carbon deposition in the presence of soft x-ray light. This motivates 
the study of the reaction of prospective metal oxide capping layer materials 
with hydrocarbons.  

 In general, two primary reactive threats contribute to a loss of EUV mirror 
reflectivity: (1) growth of a carbonaceous layer on the mirror surface caused 
by the soft x-ray induced dissociation of adsorbed hydrocarbons; and (2) 
oxidation of the mirror surface by the radiative dissociation of adsorbed water 
[1-4].  

Silicon is a material that is widely used as the top layer in multilayer EUV 
optics that easily oxidizes on the surface leading to the growth of oxide layers 
upon soft x-ray radiation [2-4]. During the oxidation process, adsorbed water 
molecules are dissociated by secondary electrons from the incident soft x-ray 
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radiation and the oxygen atoms react with the Si surface to create SiO2 [7-9]. 
This is considered to be an irreversible process causing reflection loss. Simi-
larly, carbon contamination occurs when soft x-ray induced photoelectrons 
crack hydrocarbon molecules that are adsorbed on the mirror surface causing 
reflection loss [4,10,11]. Carbon contamination is a reversible process in 
which adding O2 to the system increases time between cleanings of the optics 
[2,12]. 

We have recently completed a series of studies that constitute the first 
demonstration of the use of soft x-ray lasers in photophysics and photo-
chemistry [14]. These studies have primarily focused on finding active cata-
lysts for the improvement of industrial processes. The soft x-ray laser was 
used to provide single photon ionization of neutral clusters for mass spectros-
copy studies, with the significant advantage of reduced cluster fragmentation 
with respect to multi-photon or electron ionization sources. In the present 
study, we are searching for materials that are not active, in the presence of 
common vacuum system contaminants and soft x-ray light, in the process of 
oxidation of or carbon deposition on optical surfaces. For this purpose, 
Si/Ti/Hf/Zr/Ru oxide neutral clusters are generated in a conventional laser 
vaporization/supersonic expansion cluster source by laser ablation of the 
appropriate metal wafer/foil into a He carrier gas mixed with 5% OB2B at 80 
psig. Neutral clusters pass through a reactor cell into which a reaction gas is 
input by a pulsed valve. Single photon ionization of the neutral clusters and 
reaction products takes place using a 46.9 nm (26.5 eV) laser [20] in the 
ionization region of a time of flight mass spectrometer (TOFMS). The capil-
lary discharge soft x-ray laser emits pulses of about 1.5 ns duration with an 
energy/pulse of ~10 µJ at a repetition rate of up to 12 Hz [20] . A time of 
flight (linear/reflectron) mass spectrometer is employed for mass analysis. 

2 Results 

2.1 Silicon oxide nanocluster (SimOn) reactions (reactive) 

Figure 1 depicts mass spectra of the SimOn cluster distribution with no reactant 
present (1a), and reaction products with water (1b), acetylene (1c), ethylene 
(1d), and ethane (1e). In Figure 1a, the cluster distribution, with no reactant, is 
dominated by oxygen deficient clusters such as Si2O2,3, and Si3O4,5. No oxy-
gen rich clusters such as Si2O5, or Si3O7 are observed. These respective clus-
ters are labeled oxygen rich/deficient because the most stable cluster 
configuration is of the nature (SiO2)n; for example, Si2O4, and Si3O6.  

Shown in Fig. 1b, when water is added to the reactor products are gener-
ated through an association forming products SiO2H2O, Si2O4H2O, and 
Si3O6H2O. Generally, the most stable silicon clusters are more active with 
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water than oxygen deficient clusters. The most stable silicon oxide clusters 
are also observed to take hydrogen atoms from water to form SiO2H, 
Si2O4H1,2, and Si3O6H1,2. 

When C2H2 gas is added to the reactor, many new product signals are ob-
served in the mass spectra, as shown in Fig. 1c. The major products, 
SiO2C2H2, Si2O4C2H2, Si3O6C2H2, etc., are generated from the association 
reactions. Additionally, products SiOCH2, Si2O4H2, and Si3O6H2, are found. 
In general, the most stable silicon oxide clusters are more active with acety-
lene than oxygen deficient clusters. 

As shown in Fig. 1d, the major products of the reaction SimOn + C2H4 are 
assigned as SiO2C2H4, Si2O4C2H4, and Si3O6C2H4 generated from an associa-
tion reaction channel. 

Figure 1e illustrates that all cluster signals decrease in roughly the same 
proportion when the saturated hydrocarbon C2H6 gas is added to the reactor 
cell. A similar result is also observed when inert gases are added to the reactor 
cell. No major reaction channel is observed.  

2.2 Titanium oxide nanocluster (TimOn) reactions (reactive) 

The TimOn cluster distribution is dominated by oxygen deficient clusters. 
Oxygen rich clusters such as TiO3, or Ti2O5 are observed although the signals 
are weak. Also, the mass resolution of our experimental setup allows us to 
observe the isotopic structure of the TimOn clusters. 

When water is added to the reactor, products are generated through an as-
sociation channel to form Ti3O4H2O, and products where TimOn clusters take 
H atoms from water to form Ti3O4H, and Ti4O8H are generated. 

When acetylene gas is added to the reactor, the most stable titanium clus-
ters are more active with acetylene than oxygen deficient clusters generating 
association products. Additionally, oxygen stable and rich clusters generate 
new products, TiO2H, TiO2C2, Ti2O4H1,2, and Ti2O6H2. 

When ethylene is added to the reactor, we observe association products 
generated to form products such as TiO2C2H2,3,4, and Ti2O4C2H4. A few reac-
tions involving oxygen deficient clusters are also observed. The most stable 
titanium clusters are also observed to take hydrogen atoms from ethylene and 
break apart ethylene to form products such as TiO2CH2, TiO2CH3, and 
Ti2O4H1,2.  

No major reaction channel is observed when the saturated hydrocarbon 
C2H6 gas is added to the reactor cell. 
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Fig. 1 (a) SimOn cluster distribution with no reactant in the reaction cell, (b) with 
water in the reaction cell, (c) with acetylene (C2H2) in the reaction cell, (d) with 
ethylene (C2H4) in the reaction cell, and (e) with ethane (C2H6) in the reaction cell. 

2.3 Hafnium oxide nanocluster (HfmOn) reactions (unreactive) 

The cluster distribution dominance is shared by both oxygen deficient, and 
oxygen stable clusters of the type (HfnO2n-1)n and (HfO2)n, respectively. Oxy-
gen rich clusters, (HfnO2n+1)n are observed although the signals are smaller 
than the oxygen deficient and oxygen stable clusters.  

When water is added to the reactor, products from the reaction HfmOn + 
H2O are generated through an association channel. 

When acetylene gas is added to the reactor, very few new product signals, 
formed in the reaction of HfmOn + C2H2, are observed in the mass spectra. 
Only the most stable hafnium clusters and oxygen rich hafnium clusters are 
active with acetylene generating association products Hf2O4C2H2, Hf2O5C2H2, 
and Hf4O8C2H2. No reactions occur involving oxygen deficient clusters.  

No major reaction channel is observed when ethylene, or ethane are added 
to the reactor.  

2.4 Zirconium oxide nanocluster (ZrmOn) reactions (unreactive) 

The cluster distribution dominance is shared by both oxygen deficient, and 
oxygen stable clusters of the type (ZrnO2n-1)n and (ZrO2)n, respectively. Oxy-
gen rich clusters, (ZrnO2n+1)n, are observed although the signals are smaller 
than the oxygen deficient and oxygen stable clusters. We find that ZrmOn 
clusters are highly unreactive with any reactant that we introduce into the 
system. 
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2.5 Ruthenium oxide nanocluster (RumOn) reactions 

The reactivity of the ruthenium oxide clusters is difficult to assess due to the 
abundance of isotopes present in the spectra. However, when water is added 
to the system, one observes and intensity switch at mass number 100 and a 
decrease at mass number 99 due to a reaction in pure Ru. This was the only 
observable reaction for RumOn clusters with water.  

When acetylene gas is added to the reactor, new product signals, formed in 
the reaction of RumOn + C2H2, are observed in the mass spectra, involving 
oxygen deficient, stable, and rich ruthenium clusters to generate hydrogen 
abstraction products such as 102RuOH, and 104Ru2O4H2. The reactions are not 
isotopically dependant.  

When ethylene is added to the reactor, we observe the hydrogen abstraction 
products. Again, the oxygen deficient, stable, and rich ruthenium clusters are 
active with ethylene generating hydrogen abstraction products. 

When the saturated hydrocarbon C2H6 gas is added to the reactor cell, once 
again one can observe the same hydrogen abstraction products. This is a 
different from Si, Ti, Hf, and Zr in that none of them react with saturated 
hydrocarbons. 

3 Conclusions 

Our spectra involving SimOn and TimOn metal oxide nanoclusters show that 
they are highly reactive in the gas phase. This suggests that an oxidized Si/Ti 
surface in the condensed phase will be highly reactive. Silicon and titanium 
oxide capping layers in optical coatings may be contaminated easily by resid-
ual gasses in vacuum and should be avoided/protected in the presence of soft 
x-ray irradiation.  

Conversely, our spectra involving zirconium and hafnium metal oxide 
nanoclusters show that they are unreactive in the gas phase. These data sug-
gest that oxidized hafnium and zirconium surfaces in the condensed phase are 
much less reactive than Ti or Si oxide surfaces. Zirconium oxide is less reac-
tive than hafnium oxide. Hf and Zr oxides should make good protective 
coatings for EUV optical surfaces and extend optical lifetimes upon soft x-ray 
irradiation. 

Ruthenium oxide clusters have different and interesting chemistry. They show 
almost no reactivity with water and alcohols, where as they are fairly active with 
saturated and unsaturated hydrocarbons. These data suggest in a low carbon 
environment [1], RumOn protective capping layers may be of great importance. 

Also, if a surface can be tailored to be oxygen poor, this condition could 
also help to protect an EUV optic surface from carbon contamination and help 
to increase lifetime of EUV optics.  
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Abstract. Reactions of neutral vanadium oxide clusters with (1) methanol, ethanol, 
(2) alkenes, and (3) NOx and NH3, in a flow tube reactor, are investigated by time of 
flight mass spectroscopy experiments and density functional theory (DFT). Single 
photon ionization through using a compact soft x-ray (46.9 nm, 26.5 eV) laser is 
employed to detect both neutral cluster distributions and reaction products. Results 
and insights to catalytic processes are presented. 

1 Introduction 

Metal oxides are widely used in chemical reactions for industrial processes, 
and as of yet, there is not a proper understanding of these chemical reaction 
processes due to very complicated environments on condensed phase sur-
faces. Particularly, vanadium oxide is widely useful as a catalytic agent for 
many industrial processes. In our experiments, we explore three of these 
important processes.  

(1) The oxidation of methanol is interesting because of its importance in 
catalytic processes[1, 2]; for example, oxidative reforming of methanol is an 
important catalytic process in fuel cells [3]. Selective oxidation of methanol 
on supported vanadium oxide catalysts has been considered as a simple probe 
reaction for a number of other selective oxidation reactions [4, 5]. The major 
product of methanol oxidation over V2O5 is found to be formaldehyde, with 
minor products of dimethyl ether, etc [6]. The mechanism for oxidation of 
methanol on supported vanadium oxide is suggested to be methanol oxidation 
by the catalyst, and not by gas phase molecular O2 [7]. 

 (2) The oxidation of alkenes over supported metal oxide catalysts is a very 
important catalytic process in the chemical industry. For example, catalytic 
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partial oxidation of propylene (CH2=CHCH3) produces acrolein (CH2CHCHO), 
one of the more employed industrial chemical intermediates. [8-10].  

(3) Nitrogen oxides NOx produced by fuel combustion are among the main 
atmospheric pollutants responsible for acid rain and smog [11]. They are 
greenhouse gases produced both by industry and agriculture and are blamed 
for the formation of ozone and many respiratory problems [12]. Great effort 
has been made to decompose NOx into harmless N2 and O2. Even though  
the decomposition is exothermic, it does not occur without an appropriate 
catalyst.  

2 Experimental Procedures 

The reactions of neutral vanadium oxide clusters with different reagents are 
investigated using a time of flight mass spectrometer (TOFMS) coupled with 
single photon ionization by a desk-top 26.5 eV soft x-ray laser. Since the 
experimental apparatus has been described in detail elsewhere, [13] only a 
general outline of the experimental scheme will be presented in this report. 
Briefly, neutral vanadium oxide clusters are generated in a conventional laser 
vaporization/supersonic expansion source. A 532 nm wavelength laser  is 
employed to ablate a target of vanadium metal foil at 10-20 mJ/pulse. A 
mixture of 0.5% O2 and He is used as a carrier/reaction gas at 80 psig for the 
generation of VmOn neutral species. The reactant gas, formed by flowing He  
through a reservoir containing methanol/ethanol, alkenes, NO, or NH3 at a 
pressure of 15 psi, is pulsed into the reactor tube located ~ 20 mm down-
stream from the exit of the expansion channel. Vanadium oxide clusters 
generated from the ablation source react with reactant gases in the flow tube 
reactor [14]. Neutral clusters and reaction products pass into the ionization 
region of a time of flight mass spectrometer, where these neutral species are 
ionized by the focused soft x-ray laser [15]. 

The soft x-ray laser (26.5 eV/photon energy) emits pulses of about 1 ns 
duration with an energy/pulse of 10 µJ at a repetition rate of up to 12 Hz. A 
pair of gold coated mirrors, a torodial and a plane mirror, is placed in a graz-
ing incidence Z-fold configuration just before the ionization region of the 
TOFMS to provide alignment and focusing capabilities for the laser with 
respect to the molecular beam at the ionization region. Soft x-ray laser light is 
not tightly focused in the ionization region to avoid multiphoton ionization 
and a space charge Coulomb effect due to He+ ions. A large number of He+ 
ions can be produced by 26.5 eV ionization of He in the molecular beam, and 
these could broaden the VmOn, etc. mass spectral features. The microchannel 
plate (MCP) ion detector voltage is gated to reduce the MCP  
gain when He+ arrives at the mass detector, in order to prevent detector circuit 
overload and saturation.  
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3 Results 

In the present experiments, a 26.5 eV laser is employed to ionize neutral 
clusters and their reaction products. The VmOn cluster distribution is displayed 
in the mass spectrum of Figure 1(a). Three categories of vanadium oxide 
clusters can be identified. Oxygen stable clusters VO2, V2O5, V3O7, V4V10, 
V5O12, V6O15, etc. can be expressed as stoichiometries of the form 
(VO2)0,1(V2O5)n. These clusters are the most stable clusters (highest intensities 
for VmOn within a given Vm cluster family) in the neutral VmOn cluster distri-
bution based on both experiments and theoretical calculations. Oxygen rich 
clusters VO3, V2O6, V3O8, V5O13, etc. that have one more oxygen atom com-
pared to the most stable clusters. These oxygen rich clusters are found to 
associate one or two hydrogen atoms to make more stable structures. Oxygen 
deficient clusters VO, V2O3, V3O5,6, V4O8,9, etc. They have one or more 
oxygen atoms fewer than the most stable clusters.  

The reactions of neutral vanadium oxide clusters are investigated employ-
ing 26.5 eV soft x-ray laser and 10.5 eV nm laser ionization coupled with 
TOFMS. In the experiments, nearly identical reaction products are detected 
using 26.5 eV and 10.5 eV laser ionizations. It is well known that no fragmen-
tation occurs with 118 nm ionization because very little energy above the 
vertical ionization energy is left in the molecule for dissociation. We conclude 
that neutral vanadium oxide clusters and their reaction products are not frag-
mented or photodissociated by 26.5 eV photons. 

3.1 VmOn + CH3OH/CD3OH reactions 

Three major reactions are identified for VmOn + CH3OH/CD3OH: 

Association reactions 

Association products VmOnCH3OH are observed for most of vanadium oxide 
clusters in the experiments, indicating that methanol molecules are easily 
adsorbed on neutral vanadium oxide clusters. In the condensed phase, the 
surface of a vanadium oxide catalyst will be very active toward methanol 
adsorption. 

Hydrogen abstraction reactions 

Oxygen deficient vanadium oxide clusters (VO, V2O3, V3O6, etc.) can abstract 
only one hydrogen atom from a CH3/CD3 unit of CH3OH/CD3OH to form  
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Fig. 1 (a) VmOn cluster distribution generated with 0.5% O2/He expansion gas. 
Reactant gases, (b) pure C2H4 (c) pure C3H6. 

VxOy-1D/H products. The most stable vanadium oxide clusters can abstract 
more than one hydrogen atom from CH3 and/or OH to form VxOyDH0,1,2 
products. Oxygen rich vanadium oxide clusters can abstract more than one H 
atom from any kind of hydrogen source in a high vacuum system to form 
VxOy+1H0,1,2 products.  

Intermolecular dehydration reactions 

Strong signals of VO2(CH3)2, VO3(CH3)2, V2O5(CH3)2, and V3O8(CH3)2 are 
observed in the experiments, indicating that the intermolecular dehydration 
reaction, VmOn + 2CH3OH → VmOn(CH3OH)2 → VmOn+1(CH3)2, is one of the 
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major reaction channels for the VmOn reactions with methanol. A concomitant 
product H2O is derived from the OH radicals of two CH3OH molecules.  

3.2 VmOn + alkenes reactions 

VmOn + C2H4/C3H6 

Shown in Figure 1(b), when C2H4 (H2C=CH2) is added to the reactor, the 
products VO2CH2, V3O7CH2, and V5O12CH2, generated from VmOn + C2H4 
reactions, are identified as the main products, as well as several association 
products are observed.  

In Figure 1(c), if reactant propylene (H2C=CHCH3) is added into the reac-
tor, a series of new signals is assigned to products VO2C2H4, V3O7C2H4, and 
V5O12C2H4 for the reactions VmOn + C3H6.  

VmOn + C4H8/C4H6 

The complexes VOC3H6, V3O7C3H6, and V5O12C3H6, are identified as the 
major products, while several small signals at masses corresponding to 
VOC4H6, VO2C2H4, and VO2C4H8 are also observed. 1, 3-butadiene 
(H2C=CH-CH=CH2) is another alkene with a C=C double bond used as a 
reactant.  

VmOn + C6H6/C2F4 

Benzene has a delocalized π double bond system with no particular localized 
single or double bonds; the delocalization of electrons makes it more stable 
typically than alkenes. Products are observed for reactions VmOn + C6H6. 
These products are different with that generated from VmOn + 
C2H4/C3H6/C4H6/C4H8.  

3.3 Preliminary results of SCR reactions of NO with NH3 on Vm/TamOn 
catalysts 

Vanadium oxide reactions 

When NO is added to the reactor (top Fig. 3), no observable products are 
found in the new spectrum. The same inactivity is found if the NO reactant is 
exchanged for NO2. Contrarily, when the reactant gas is NH3, VmOn clusters 
become active. One can observe many reactions including association pro-
ducts. 

In an attempt to model the SCR of NO using NH3 on a vanadium oxide 
catalyst, NO and NH3 are added to the reaction cell. There is no observable 
co-adsorption in the spectrum. 
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Tantalum oxide reactions 

TamOn clusters react with NO, mainly forming association products with 
oxygen rich clusters. This result is much different than VmOn cluster reactions. 
When the reactant gas is NH3, TamOn clusters remain active and behave very 
similarly to VmOn clusters.  

In an attempt to model the SCR of NO using NH3 on a tantalum oxide cata-
lyst, NO and NH3 are added to the reaction cell (Figure 4). Using TamOn 
clusters for the catalyst, one can observe reaction products involving both 
reactants. 
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Abstract. The photoionization process in xenon clusters irradiated with a soft x-ray 
laser pulse (hν=89.2 eV, intensity: ~1010 W/cm2) was examined using a time-of-flight 
mass spectrometer, where the laser photon energy was high enough to ionize Xe 4d 
inner electrons (threshold: 67.55 eV for 4d5/2 and 69.54 eV for 4d3/2). The dominant 
ion yield resulting from Auger decay of 4d hole was Xe3+ ion. This showed that the 
double Auger transition probability would be enhanced in the cluster environments. In 
order to clarify the decay dynamics of 4d inner holes, the electron energy spectrum 
was measured. It was found that the distinct photo- and Auger electron lines were not 
observed, while the energy distribution implies the production of a low temperature 
cluster plasma. 

1 Introduction 

The photoionization process involving an inner shell electron in free rare gas 
clusters has been extensively studied using synchrotron radiation (SR) [1]. As 
one of the applications for it, the site-specific electronic structures that corres-
pond to an isolated atom and to the surface and bulk of an argon cluster can 
be determined using photoabsorption and photoelectron spectroscopy [2]. 
Since the atomic cluster comprises a relatively simple system, a deep under-
standing of the ionization and expansion behaviors is essential for the analysis 
of a more complicated structure, such as bio-molecules.  

SR has proved useful for investigations in various fields of physics and 
chemistry, while high-intensity plasma-excited x-ray laser radiation is also 
expected to become a powerful diagnostic tool in these fields [3]. In addition, 
since the typical brightness of an x-ray laser pulse is approximately six orders 
of magnitude higher than that of radiation from a third-generation synchrotron 
[4], it is feasible to generate fascinating plasmas by the illumination of high-
intensity x-ray laser pulses, such as extremely strongly coupled plasma [5] 
and plasmas induced by inner-shell ionization.  
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On the other hand, the interaction of the clusters with ultrashort, high-
intensity laser pulses from IR to UV wavelength regime has attracted a great 
deal of interest for fundamental condensed matter physics and various appli-
cations [6]. For shorter wavelength region, Wabnitz et al investigated the 
interaction of xenon (Xe) clusters and a vacuum UV free electron laser 
(VUV-FEL, wavelength: 98 nm, pulse width: 100 fs, intensity: 2×1013 
W/cm2) [7]. However, little is known about the ionization process and expan-
sion dynamics of the clusters irradiated with an intense x-ray laser pulse, in 
which the photoionization of inner-shell electrons, followed by Auger decays, 
plays an important role in the generation of highly-charged ions [8]. 

In this study, the ionization dynamics in Xe clusters irradiated with a soft 
x-ray laser (13.9 nm) was investigated using a time-of-flight mass spectrom-
eter (TOF-MS). The photon energy of the x-ray laser (89.2 eV) is sufficiently 
high to photoionize Xe 4d inner electrons (threshold energy: ~70eV). It 
should be noted that the cross section for the inner-shell ionization of 4d 
electron is ~16 Mb, whereas for the outermost valence electron ~1.5 Mb at a 
photon energy of ~90 eV [9]. Subsequently, this inner-hole is filled by the 
valence electron with a decay time of less than or equal to a few fem-
toseconds, resulting in the productions of an Auger electron and a Xe2+ ion. 
On the other hand, Xe3+ ions can also be generated by double Auger (DA) 
decay of a 4d vacancy, although the transition probability for this process is 
small. In the present study, it was found that the ion mass spectra up to Xe4+ 
were observed, which was in contrast to the results of SR experiments. In 
order to clarify the decay dynamics of 4d holes, the electron energy distribu-
tion was measured. Although the photo- and Auger electron spectra were not 
observed, the energy distribution implied the production of low temperature 
cluster plasmas. 

2 Experimental Setup 

The experiment was carried out using the x-ray laser facility at JAEA, Kansai. 
The x-ray laser with a wavelength of 13.9 nm, a pulse duration ~7 ps and a 
resolution of λ/Δλ < 1 × 10-4 was generated by transient collisional excitation 
scheme for nickel-like silver [10]. The maximum laser intensity focused using 
a Mo/Si multilayer spherical mirror was ~2×1010 W/cm2 on target.  

The Xe cluster targets were prepared by injecting the high stagnation pres-
sure gas into vacuum using a supersonic conical nozzle with a throat diameter 
of 200 µm [11]. In order to extract the central part of the injected beam, a 
skimmer with a horn aperture of 3 mmφ was also used. The average cluster 
size was estimated by Hagena scaling law and its range was estimated to be 
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1×102 to 3×105 atoms/cluster [12]. Moreover, a seeding technique (Xe 30%-
He 70%) was also employed to promote the formation of larger clusters.  

The Xeq+ ion stages and their energies were measured using a TOF-MS. A 
dual microchannel plate (MCP) located at the end of a 50 cm long field free 
flight tube was employed to detect ions. In order to prevent the gas break-
down between the electrodes, the TOF electrode assembly was covered by a 
shroud vessel with second skimmer (1 mmφ), as shown in Fig. 1. On the other 
hand, the electron energy spectrum was observed using the other TOF device 
and the flight tube made of µ-metal had a length of 170 mm (not shown). The 
cluster gas jets also included a large amount of free atoms, and thus the ions 
and electrons emanating from these uncondensed atoms would be preferably 
emitted into the polarization direction, while for cluster the distribution is 
likely to be isotropic. To obtain the contribution from the clusters, therefore, 
the observations were achieved in the direction perpendicular to the laser 
polarization and the propagation axes. To measure the incoming laser in-
tensity, a soft x-ray CCD camera was also installed 50 cm from the intersec-
tion of the laser and cluster beam.  

3 Results and Discussion 

TOF spectra for the Xe clusters irradiated with the x-ray laser pulse are shown 
in Fig. 2 for Xe and Xe-He gas jets of backing pressures of 4.4 and 11.2 atm. 
As clearly seen, the Xe3+ ions became the dominant ionic fragment. The Xe4+ 
ions might be generated by the sequential two photon absorptions, that is, Xe
→Xe2+→Xe4+. The radiative decay of the inner vacancy yielding Xe+ ions is 
negligibly small [13]. The Xe+ ion spectrum observed, therefore, was ascribed 
to a charge exchange process of the product ions with ambient gas, such as 
Xeq+ + Xe →Xe(q-1)+ + Xe+. The similar experiments with synchrotron radi-
ations involving isolated atoms revealed that the dominant decay process 
following the inner vacancy is the normal Auger process resulting in the 
production of Xe2+ ions [13]. The ratio of the Xe2+ yield to the Xe3+ yield 
resulting from the decay of the 4d-1 state in the free atom was found to be ~4.3 
(average value for the multiplet states of j=3/2 and 5/2) and was independent 
of the incidence photon energy in the 4d shape resonance region [13]. The 
shake-off process associated with the simultaneous emission of inner and 
valence electrons does not significantly contribute to the Xe3+ yield. The 
distribution of ionic stage, therefore, cannot be explained by the conventional 
interpretations. 
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Fig. 1 Experimental setup for the interaction of Xe clusters and X-ray laser pulse. The 
Xe cluster was injected from the bottom, and the ions and electrons emitted were 
measured in the direction perpendicular to both of the laser polarization axis and the 
gas jet. 

 

 
Fig. 2 TOF spectra observed for Xe and Xe-He admixture gas jets. 
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Fig. 3 Electron TOF spectra observed for various backing pressures of Xe gas jets. 

In order to clarify the decay dynamics of 4d inner hole, the electron spectra 
were measured using the TOF type electron spectrometer. Figure 3 shows the 
TOF signals observed for various backing pressures of Xe gas jets. Figure 4 
shows the corresponding electron energy spectrum, where the background 
components were subtracted. Since the accurate energies and its relative 
intensities for the photo- and Auger electron lines have been examined by SR 
experiments [14], the relevant expected energy peaks taking into account the 
instrumental resolution (Lorentzian profile) are also shown in the figure. The 
experimental curve for photoelectron peaks around 20 eV and N4,5OO Auger 
lines from 10 to 18 eV had a similar structure with the expected ones, while 
the higher energy components were not reproduced at all. On the other hand, 
the energy distribution obtained had a peak value around a few eV. The 
reason might be explained by that the energy relaxations due to electron-
electron and electron–phonon interactions could be very effective within the 
cluster. Moreover, the simultaneous DA decay, in which the Auger electrons 
share continuously the excess energy, contributes to generate the low energy 
electrons [15]. The creation of the low temperature and solid density cluster 
plasma, therefore, is probably feasible by the irradiation of high-intensity x-
ray laser pulses. 

From the analysis of the electron energy distribution, we conclude that the 
most probable explanation for the enhancement in the Xe3+ yield could be a 
reduction in the ionization threshold within the strongly coupled cluster 
plasmas. Indeed, theoretical study shows that the plasma screening effect in 
such cluster plasma is likely to reduce the ionization potential significantly 
[16]. If the energies of the Xe3+ state are reduced within a cluster, the number 
of possible final Xe3+ states will increase and consequently the probability of 
4d decaying to the Xe3+ states via the DA decay will also increase [8].  
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Fig. 4 Electron energy spectrum observed for Xe gas jets. The expected curve taking 
into account instrumental resolution is also shown in the figure. 

4 Summary 

The interaction of Xe clusters with an x-ray laser pulse with a wavelength of 
13.9 nm was investigated using the ion and electron TOF spectrometers. In 
contrast to the results observed in SR experiments involving free atoms, an 
enhancement of Xe3+ yield was observed. The electron energy distribution 
showed the electrons with a few eV were efficiently generated due to the 
electron energy relaxation processes. The most probable explanation for the 
increase of Xe3+ yield could be a reduction in the ionization threshold within 
the cluster plasmas.  
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Abstract. A high resolution grating spectrometer (HRGS) with 2400 line/mm vari-
able line spacing grating for the 10 – 50 Å wavelength range has been designed for 
laser–produced plasma experiments at the Lawrence Livermore National Laboratory 
(LLNL). The spectrometer has a large radius of curvature, R=44.3 m, is operated at a 
2° grazing angle and can record high signal-to-noise spectra when used with a low-
noise, cooled, charge-coupled device detector. The instrument can be operated with a 
10 – 25 µm wide slit to achieve the best spectral resolving power on laser plasma 
sources, approaching 2000, or in slitless mode with a small symmetrical emission 
source. Results will be presented for the spectral response of the spectrometer cross-
calibrated at the LLNL Electron Beam Ion Trap facility using the broadband x-ray 
energy EBIT Calorimeter Spectrometer (ECS).  

1 Introduction 

A high resolution grating spectrometer (HRGS) has been designed to make 
measurements of spectral line shapes as well as precise wavelength positions 
of highly ionized lines emitted from laser-produced plasmas [1]. For this 
study, the main lines of interest are the K-shell oxygen and carbon series lines 
in the 10 – 50 Å wavelength band. An important part of this work is to be able 
to diagnose the emission conditions of these plasmas, in particular the elec-
tron temperature Te and density ne. Several spectroscopic methods have been 
described that allow the determination of these plasma parameters [2, 3]. 
These include Stark broadening of the higher n transitions (for ne), density-
sensitive dielectronic satellite line intensity ratios, x-ray continuum slope (for 
Te), resonance line intensity ratios in the He-like and H-like ion series (for Te) 
as well as satellite to resonance line ratios (for Te). Knowledge of the instru-
ment spectral sensitivity response curve across the waveband is required to 
determine accurately some of the above electron temperature parameters. 
Previous work calibrating a 2400 line/mm flat field variable spacing grating 
spectrometer was achieved by observing a laser-produced plasma source 
simultaneously with a transmission grating spectrometer of known efficiency 
[4]. In this work we report the calibration of the HRGS instrument using the 
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SuperEBIT electron beam ion trap x-ray source located at LLNL. The spectral 
sensitivity consisting of the grating reflectivity R(E) and detector quantum 
efficiency Q(E) are determined against the EBIT Calorimeter Spectrometer 
(ECS) [5]. The thin 200 nm aluminum foil filter used as a light tight filter in 
the laser plasma experiments is calibrated separately using the ECS and 
SuperEBIT [6]. 

In the next section the HRGS instrument, the SuperEBIT source, the ECS 
and the methods for calibrating the spectral sensitivity are described in detail. 
In section 3 the results of the measurements are presented and compared with 
other values in the literature. 

2 Experimental Description 

The high resolution grating spectrometer uses a large radius of curvature, 
R=44.3 m, 2400 line/mm variable-spaced grating as the wavelength disper-
sion element. The grating, with a large active area of 10 × 5 cm2 (L  × W), is 
inclined at an angle of incidence of approximately 2° to the source. The 
instrument is run on laser-produced plasma experiments with a 25 µm slit 
placed at 150 cm from the grating and defines the instrument spectral resolu-
tion. For the operation on SuperEBIT the slit was removed and the instrument 
was set up to focus onto the x-ray emission region of the ion trap. A low noise 
LN-cooled, back-thinned CCD 1300 × 1340 (20 × 20 µm2 pixel) charge-
coupled device records the spectrum and is located approximately 150 cm 
from the grating. This instrument is enclosed in a separate vacuum chamber 
and is bolted and aligned to the laser target or SuperEBIT x-ray source [1]. 
Single-shot spectra with lines resolved to about one part in 2000 are recorded 
from the laser-irradiated targets with energy on target of 0.5 J or more. For the 
SuperEBIT calibration runs the integration times were varied from 10 minutes 
to 60 minutes to record a spectrum with good line intensity. Figure 1 shows 
the layout of the HRGS instrument on SuperEBIT. 

The LLNL EBIT-I was first built in 1986. SuperEBIT has been in operation 
for over 15 years [7]. It has been used to generate precise atomic data, de-
tailed spectroscopy of highly charged ions as well as a calibration source for 
x-ray instrumentation. For this study neutral atoms using the gases CO2, Kr, 
Ne, and SF6, were injected into the trap and collisionally ionized by the elec-
tron beam. The beam electrons are confined and focused by a 3T magnetic 
field generated by superconducting Helmoltz coils. The ions are longitudi-
nally confined by three voltages applied to the drift tube. Radial confinement 
is produced by the electron beam. This produces a trap dimension of  2 cm × 
60 µm  (H × W) where the electron density ne is in the range 2 × 1010 – 5 × 
1012 cm-3. The ionization of the gas is adjusted by the electron beam voltage 
and the trap time defined by gating the drift voltages.  
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Fig. 1 High resolution grating spectrometer on the LLNL SuperEBIT. Grating and 
CCD detector are separated by 150 cm. Other instrumentation used in the experiment 
is located out of view on the opposite side of SuperEBIT. 

A second instrument very similar to the HRGS designed for use on EBIT 
used the same 2400 line/mm R=44.3 m, 2400 line/mm grating and a LN-
cooled CCD as described above [8]. It was set up like the HRGS and run in 
the same way where the instrument was focused on the EBIT x-ray source. 
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Fig. 2 Spectrum emitted from He-like and H-like Ne produced by SuperEBIT and 
measured with the ECS. Strongest transitions are labeled. 

The main calibration spectrometer, the EBIT calorimeter spectrometer (ECS), 
is a solid-state device first developed at NASA’s Goddard Space Flight Center in 
1984 [5]. The present ECS consists of a 6 × 6 array of HgTe pixels cryogenically-
cooled to 50 mK using an adiabatic de-magnetization refrigerator in a liquid 
3He/4He bath. The array consists of 625 × 625 µm2 × 8 µm thick pixels for mid-
energy 0.1 – 10 keV photons interspersed with  625 × 500 µm2 × 100 µm thick 
pixels for high energy 0.5 – 100 keV photon detection. HgTe is chosen as the 
detector material because of high x-ray absorption and low heat capacity. X-ray 
absorption is 100% for photon energy below 4 keV. The energy resolution when 
operated at the 50 mK temperature is ΔE ~ 5 eV at 6 keV and ΔE ~ 25 eV at 60 
keV photon energy. Thermal isolation of the calorimeter is achieved with 4 thin 
foils of aluminized polyimide (C22H10N2O5) with a total thickness of 143.4 nm 
Al/218.2 nm polyimide. The absorption of this filter set has to be corrected in the 
calibration for low energy photons under study here. A typical K-shell spectrum 
for Ne is shown in Fig. 2 where the x-ray photons are detected by the mid-energy 
pixels in the ECS array. High n = 7 transitions can be clearly resolved in the He-
like and H-like series where E/ΔE is 200 at 1 keV photon energy. For filter 
calibration, the filter was placed on a translation stage between the ECS and the 
x-ray source. Several runs of equal integration time were conducted with the filter 
in and out. The signal intensity and ionization balance of the x-ray source were 
monitored in all runs with the two grating spectrometers and the ECS data was 
corrected for small changes. 
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Fig. 3 Relative HRGS spectrometer sensitivity (detector efficiency and grating 
reflectivity) normalized against the oxygen Ly-α spectral line at 18.97 Å. Dashed line is 
second order polynomial fit to data points. 

 
Fig. 4 Measured transmission of a 200 nm Al filter using the ECS. Solid line is 
theoretical data obtained from ref. 9. 

3 Experimental Results 

A preliminary calibration of the relative sensitivity Q(E)•R(E) is determined 
for the HRGS by measuring the change in the sensitivity in the 15 – 23 Å 
range normalized to the O H-like 1s – 2p line at 18.97 Å. The integrated 
signal in the spectral lines was measured for both the ECS and HRGS instru-
ments running and integrating x-ray signal simultaneously. The filter response 
of the ECS was corrected for in the number of detected photons to determine 
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the photon fluence incident on the HRGS instrument. The photon energy in 
each spectral line was taken into account in the analysis of the HRGS results. 
Figure 3 shows the results of the relative spectrometer sensitivity for the 
HRGS. The dashed line is a quadratic fit to the data points. Error bars are 
determined mainly by the photon statistics recorded in each line with the 
largest errors coming from the weaker, higher n transitions. There is a general 
trend of sensitivity falling by approximately 25% with decreasing wavelength 
largely from the grating reflectivity response. The reported reflectivity for a 
smaller radius of curvature 2400 line/mm Hitachi grating in the same wave-
band shows a more rapid fall off in reflectivity [4].  

Figure 4 shows the spectrometer filter transmission for the 200 nm Al 
measured by the ECS as described in the previous section. Good agreement 
between the measured values and the predicted transmission curve [9] is 
shown for the energy range investigated here. The results presented in Figs. 3  
and 4 indicate that the high resolution grating instrument response can be 
accurately calibrated on EBIT. The HRGS is found to have useable reflec-
tivity to below 12 Å. More details of the calibration will be reported at a later 
date, including using the ECS for absolute efficiency calibration. 

The authors would like to thank Joel Clementson and Miriam Frankel for 
their assistance in running SuperEBIT. This work performed under the aus-
pices of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under Contract DE-AC52-07NA27344.  
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Abstract. The application of extreme ultra-violet (XUV) lasers to the probing of 
Rayleigh Taylor instability (RTI) growth on planar targets has been investigated using 
the 2D hydrodynamic code POLLUX. Simulations of XUV probing have allowed 
characterisation of the expected effects of lateral movement of material on 
the transmission of plastic and iron targets. The effects on XUV transmission of 
seeding the Rayleigh-Taylor Instability with varying laser modulations has been 
studied.  

1 Introduction 

The Rayleigh-Taylor instability (RTI) arises when a more dense fluid is 
pushed by a less dense fluid. The RTI occurs when small spatial perturbations 
on the surface between the fluids grow exponentially in size. RTI growth can 
occur under gravity and, equivalently, from acceleration of a lighter fluid into 
a denser fluid [1]. Following Takabe et al [2] the growth rate of a laser driven 
instability, γ, in terms of fluid acceleration, g,  and velocity, v,  for surface 
perturbation wavenumber, k, is given by  

 
Equation (1) indicates that shorter wavelength perturbations (higher k) are 

dampened by material flow. RTI growth can potentially limit the densities 
achieved in laser-fusion [3]. 

Extreme ultra-violet (XUV) probing was applied to studies of the RTI in 
the mid to late 1990’s [4-10]. Spatial perturbations in laser intensity were 
used to seed the RTI and the transmission of an XUV laser (~10 nm wave-
length) through the foil targets used to determine the RTI growth. The use of 
XUV lasers for target probing allowed small variations in areal density to be 
measured, particularly during the imprinting of the instability. More recently 
XUV probing has been applied to iron targets, with iron opacity being of 
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interest [11,12]. As the target material is ablated, the opacity rapidly drops. At 
such times it is the transmission of the remaining solid target that is being 
measured. Ideally the contributions of target ablation and changes in areal 
density can be quantified for different target designs [12]. It is shown that 
interpretation of XUV transmission data to produce areal density changes is 
highly dependent on an accurate knowledge of the plasma opacity of the 
target material. 

2 POLLUX code and Ionised Material Package (IMP) opacity data  

In order to explore RTI growth, profiles of density, temperature and XUV 
probe transmission have been obtained using the two dimensional code POL-
LUX. To calculate XUV transmissions, the POLLUX-deduced densities and 
temperatures are post-processed, using IMP [13] opacities. Examples of IMP 
calculated opacities as a function of density and temperature are shown in 
figure 1. IMP assumes a plasma in local thermodynamic equilibrium. The 
total opacity is obtained by summing bound-bound, bound-free, free-free and 
scattering contributions [12]. 

The hydrodynamic code, POLLUX, written by Pert [14] and later modified 
for studying the growth of seeded RTIs [15], was used to simulate laser abla-
tion on CH and Fe targets. Utilising a cylindrical Eulerian geometry in 2D, 
POLLUX allows simulation of laser irradiation of targets in spot focus. Elec-
tron energy absorption by inverse bremsstrahlung is assumed with a dump of 
laser energy (20%) reaching the critical surface. Energy is transported beyond 
the critical region by thermal conduction with a longitudinal flux limiter of 
0.06 [14-17]. 

 
 
 
 
 
 
 
 
 
 
 (a)  (b) 

Fig. 1(a) (left). IMP opacity data for CH plastic at 120 eV photon energy with the 
opacity of the solid density sample for different temperatures marked. The variation 
of opacity along this line is minimal.  

Fig. 1(b) (right). As (a) for iron at 120 eV photon energy. There is notable opacity 
variation along the line of solid density.  
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3 Model parameters  

Simulations were carried out for small (10 µm) and large (100 µm) plastic and 
iron targets of 1µm thickness using irradiation focal diameters much greater 
than the target size. A 1µm thick target of solid state density was assumed 
embedded in an Eulerian mesh comprising low ambient density plasma (den-
sity = 0.001 gcm-3). A peak intensity of 2x1014 Wcm-2 was chosen, consistent 
with original experiments [10]. A sinusoidal modulation pattern of the laser 
irradiance was imposed in the radial direction with modulation wavelength 
ranging from 200 µm to 1.25 µm in order to induce RTI. The incident irradi-
ance was assumed to be temporally flat-top with a duration of 1 ns.  

4 Simulated profiles  

Calculated XUV transmissions through the RTI perturbations as shown in Figure 
2 can be deduced (Figure 3). The XUV transmission varies corresponding to the 
imposed irradiance perturbation. Smaller perturbation wavelengths show some 
evidence for lateral thermal smoothing.  

In order to investigate smoothing of the RTI growth imprinted by the laser 
irradiance variation, a value for rms areal density amplitude was deduced 
from the calculated transmission of the XUV probe. We follow the experi-
mental procedure originally used to interpret the transmission of experimental 
XUV data, given by Wolfrum et al [10]. The density integrated through the 
target has differing maximum and minimum values as determined from the 
XUV transmission as follows.  

 
Equation (2) relates the areal density, ρr, to the minima and maxima of the 

radiograph fringe pattern, scaled by the mass absorption coefficient, κ, here 
taken to be the solid value. The 2.86 factor arises in conversion to the rms 
value from the maximum value for the sinusoidal modulation pattern [10].  

The ρr results deduced using equation (2) can be compared with density 
variations taken directly from the simulation code output (Fig. 4). At early 
times agreement is good. Both show the roll-over in Δρr for smaller modula-
tion wavelengths, where the imprint is smoothed due to lateral transport.  
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(a) 

 
(b) 

 
(c) 

 
Density (gcm-3) 

 

Fig. 2 POLLUX simulation mass density contours for an ablated planar CH target 
under modulated laser irradiance. The laser peak intensity is 2x1014 Wcm-2 with  
a modulation wavelength of 25 µm. Plots are shown for times a) 10 ps, b) 50 ps  
and c) 100 ps.  

Accurate determination of the RTI growth rate is reliant on reliable opacity 
data. As the CH target is ablated, the opacity remains approximately constant 
(see the contour marked on Fig. 1 (a)) which means that equation (2) will give 
the areal density variation if κ is assumed constant. For the iron target (Fig. 1 
(b)) the opacity changes more rapidly with ablation and so density measure-
ments assuming constant κ will be less accurate. It is important to use a target 
material where the opacity does not change significantly on ablation for these 
RTI growth measurements.  
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Fig. 3(a) (left) Transverse transmission of a 120 eV probe for a 100 µm CH target, at 
220ps. with a laser modulation of wavelength 12.5 µm shown.  

Fig. 3(b) (centre) As for (a) for a 10 µm CH target with 1.25 µm modulation 
wavelength.  

Fig. 3(c) (right) As for (b) for an Fe target and 300 eV probe.  

 

Fig. 4 (a) (left) Rms areal density amplitude for a 100 µm CH target, predicted by 
equation 2 and obtained directly from the simulation code are here shown as solid and 
broken curves respectively. 200 µm and 50 µm wavelength modulations are shown. 
Fig. 4 (b) (right) As (a) with 25 µm and 12.5 µm wavelength modulations.  

(a) (b) 

(c) 

12.5 µm 

25 µm 

200 µm 

50 µm 
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5 Conclusion   

XUV probing can produce high visibility variations of transmission for plas-
mas irradiated by modulated laser intensity variations. The relative rms areal 
density amplitude indicates lateral transport smoothing for modulated irradi-
ation. Consideration of the method by which RTI growth rates are calculated 
from experimental data has highlighted the importance of accurate opacity of 
the target material. Lateral transport is an important factor in determining the 
ablation pattern of planar targets undergoing RTI. Our simulations show that 
lateral smoothing occurs for modulation wavelengths less than ~ 50 µm.  
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Line Focus Geometry for Grazing Incidence Pumped  
X-Ray Lasers 
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Abstract. A new X-ray laser pumping concept Grazing Incidence Pumping (GRIP) 
based on collisional excitation of Ne-like or Ni-like schemes has recently been found 
to increase the laser pumping efficiency. Various optical arrangements to achieve 
grazing incidence irradiation in a line focus are studied and evaluated. 

1 Introduction 

The main goal pursued in the development of X-ray lasers is to reduce the pump 
requirements and provide an easily-accessible source for applications. The pump 
energy required has been reduced from 120 kJ [1] in 1984 to <1 J now and has 
resulted from several major breakthroughs. Introduction of multi-pulse pumping 
around 1994 reduced the pump energy to a few hundred joules [2]. Taking advan-
tage of the chirped pulse amplification (CPA) technique developed for laser drivers 
ensured that plasma production was separated from the heating needed for inver-
sion [3]. The final major advance has been the introduction of grazing incidence 
pumping where the main heating beam is brought in at near grazing incidence to 
the target surface to localize the energy deposition to the region of optimum gain. 
The advent of the grazing incidence pumping geometry enables saturation at wave-
lengths between 13 nm and 19 nm with total pump energy of about 1 J [4]. This 
paper investigates the various optical arrangements that can be used to produce the 
line focus especially for grazing incidence pumping of X-ray lasers. 

2 Tilted off-axis mirrors 

This technique of line focus production was originally proposed by Ross [5]. 
The line focus axis is defined by a point focus and the radius of curvature of 
the mirror. The grazing incidence angle of the pump laser onto the target is 
controlled by adjusting the point focus position relative to the line focus. It is 
possible to achieve a grazing incidence irradiation in a line focus with the 
geometry shown in Fig.1.(a). In Fig.1a, a spot focus C is imaged by a spher-
ical mirror AB into a line focus A’ B’. 
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 (a) (b) 

Fig. 1 (a) 2D Schematic of a line focus produced using a combination of off-axis 
spherical mirror and parabolic mirror producing the spot focus C. (b) 2D Schematic of 
a line focus produced with grazing incidence irradiation using a parabolic mirror. A 
pumping beam with diameter d is incident into the mirror surface with an intersection 
A(x1, y1) and B and reflected into A’(x2, y2) and B’. The focal plane is parallel to the 
pumping beam and passes through the central radius of curvature R at point O’. 

 Following Fig.1(a), we define α as the grazing incidence angle at the line 
focus of the centre ray, θ as the angle of incidence of the central ray onto  
the mirror and consequently also the tilted angle of the spherical mirror  
and the numerical aperture The angle θ1 is represented by 

The line length L can be calculated using as follow: 

  (1) 

 where   

The length L of the line focus is dependent on the radius of curvature R of 
the spherical mirror, the angle of incident angle θ of the laser onto the spher-
ical mirror, the f-number of the optics (=1/2θ2) and the grazing incidence 
angle α. In previous GRIP experiment [4], the optimum X-ray laser output 
occurred for grazing incidence angles ranged from 14° to 25° depending on 
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the experimental parameters. Fig. 2 shows the variation in length of the line 
focus as a function of incidence angle θ for different f-number optics obtained 
using the above equations. We assume that the radius of curvature of the 
spherical mirror is 203.2 mm and the achieved grazing incidence angle is 20°. 
The length of line focus is particularly sensitive to the mirror incident angle. 

 
Fig. 2 Length of line focus as a function of mirror incidence angle for different f-
number optics at a grazing incidence angle =20° produced by imaging a spot focus 
with a spherical mirror of radius of curvature 203.2 mm. 

3 Parabolic mirrors 

If the spot focus is moved far away from the spherical mirror, the diverging 
beam after the spot focus asymptotically approaches a parallel incident beam. 
A line focus can thus be produced by parallel incident rays with the line focus 
plane parallel to the incident beam (see Fig1 (b)). A beam incident onto a 
parabolic mirror placed at α/2 from normal incidence causes focusing into a 
line at α grazing incidence angle. This new geometry is more straightforward. 
It is useful to investigate this as parabolic mirrors are already available for 
many experiments for the production of spot foci. To understand the ray 
tracing programme, we need to calculate the intersection points between rays 
and the parabolic surface. A general ray (x,y,z) incident onto the mirror can 
be represented in Cartesian co-ordinate as: 

                                          (2) 
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where x0,y0,z0 are the initial points and β=π/2-α/2. A parabolic surface with f 
as the effective focal length can be defined by: 

                                         (3) 
Substituting the linear function of ray equation (2) into the parabolic equa-

tion (3), we can find the parameter t in equation (2) 

  

(4) 
We can substitute equation (4) into the linear function (2) to calculate the 

intersection points (x1, y1, z1) of the incident rays with the mirror surface. 
Calculation of normal directions on parabolic surfaces depends on the coordi-
nates used. If the parent parabola coordinate is chosen, the normal direction 
from point (x1, y1, z1) on surface is 

                               (5) 

The incident ray  is the vector which is reflected at the point on the 
mirror surface with the normal N, the reflected ray can be written as [6] 

                                 (6) 
Using the above equations, the reflected ray is defined by: 

                                           (7) 

where 

    

We assume the focal plane is defined by 

                                               (8) 
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where a and b are the x and y intercepts on our co-ordinate plane. Substituting 
equation 7 into equation 8, we can calculate the coordinates of A’(x2, y2). By 
changing the initial point (x0, y0, z0), we can trace all the rays and obtain the 
line focus profile. Fig.3 shows that a pumping beam with diameter of 60 mm 
is focused by a parabolic mirror of 762 mm focal length to achieve ~5.5 mm 
line focus at 20ºgrazing incidence angle. 700 rays have been traced to plot the 
line focus profile. The energy distribution along the line focus can be investi-
gated from the statistics of the numbers of rays within set steps. The length of 
line focus is dependent on the pumping beam diameter d, the radius of curva-
ture of mirror R and the grazing incidence angle α.  

 
Fig. 3 Line focus profile from ray tracing. A parabolic mirror of 762 mm focal length 
is placed 10° from normal incidence which allows the beam to be incident onto the 
target at 20° grazing incidence. 

 
(a)                                                         (b) 

Fig. 4 (a) Length of line focus as a function of focal length with a beam diameter of 
60 mm for grazing incidence angle of 14° and 20°. (b) Length of line focus as a 
function of the beam diameter for grazing incidence angle of 14° and 20°with the 
parabolic mirror focal length of 762 mm. 
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Fig.4 shows that various focal lengths of parabolic mirror do not affect the 
line length much, but the beam diameter is a key factor affecting the line 
focus length. To adjust the length of the line focus over a large range with a 
single parabolic or spherical mirror, it is clearly necessary to adjust the incom-
ing beam diameter using a beam expansion technique. 

In an ASTRA experiment [7], a parabolic mirror of 762 mm focal length is 
utilized to achieve a line focus of 3.4 mm at 14º grazing incidence angle and 
5.5 mm at 20º. Fig.5 (a) shows that a grazing incidence line focus can be 
produced with calculated line focus uniformity close to the measured vari-
ation of soft X-ray emission. Some mismatch of the left edge may be intro-
duced by the profile of the incoming beam. Interestingly, ray tracing shows 
that more uniform irradiation across the width can be achieved by de-focusing 
(see Fig.5(b)). 
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 (a) (b) 

Fig. 5 (a) Comparison of modelling and experimental irradiance distribution along the 
line focus. (b) Irradiance distributions across the line focus for different defocus 
distances as labelled. A 60 mm diameter pump beam with 20º grazing incidence angle 
is assumed.  

4 Conclusion 

Various optics can be used to produce the line foci for grazing incidence 
pumping of X-ray lasers. A combination of a spherical and a parabolic mirror 
is preferred when a longer line focus is needed. A single parabolic mirror is 
easy to setup and produces a sufficiently narrow line focus for experiments 
with shorter (< 6 mm) line focus lengths. A more uniform irradiation across 
the line focus width can be achieved by de-focusing when using a single 
parabolic mirror. 
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Abstract. Soft X-ray microscopy images of nanostructures where analyzed with a 
method developed to simultaneously determine the object feature size and image 
resolution. This method is based on the correlation between the image and a set of 
templates of known resolution obtained from the original image. The analysis was 
applied to images obtained with a Fresnel zone plate microscope that uses 13.2 nm 
wavelength laser light for illumination. The object feature size and the resolution 
obtained with this method are shown to be in very good agreement with independent 
measurements of both magnitudes.  

1 Introduction 

A direct way to improve the resolution of imaging systems is by reducing the 
wavelength of the illumination. With this approach, soft x-ray (SXR) synchro-
tron light has been used to demonstrate full-field zone plate microscopy with 
a record spatial resolution of  13nm [1]. The development of compact SXR 
sources has made possible the realization of tabletop microscopes that can 
render images of nanoscale objects with exposures of few seconds and spatial 
resolution approaching that of synchrotron based microscopes [2-4].  

The spatial resolution can be  expressed in terms of the Rayleigh criterion 
and can be measured by analyzing images of specifically designed objects 
with well-established tests, such as the knife-edge or the grating test [5]. 
Under optimum focusing conditions, the image resolution coincides with the 
resolution of the imaging system and it is simple to obtain the size of an 
object from a microscope image when the object is significantly larger than 
the resolution limit of the instrument. However, this is not the case when the 
size of the object approaches the resolution limit or the image is not perfectly 
focused. When working close to the resolution limit, in full field SXR micro-
scopes with objectives that have ~ 100 nm depth of focus it becomes impera-
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Fig.1. EUV microscope image of a) a 100 
nm full period grating, b) 200 nm full period 
grating, and c) 100 nm full period elbow-
shaped grating obtained with 13.2 nm 
wavelength laser illumination. d), e) and f) 
are the corresponding SEM images of the 
test objects 

tive to use a robust image analysis algorithm that can identify specific object 
features and determine their dimension.  

We present a method for the analysis of SXR microscopy images that can 
simultaneously extract from the image, the size of the object and the resolu-
tion. The method is based on the correlation between a raw EUV image and a 
series of templates with decreasing resolution. These templates are con-
structed applying Gaussian filters with different widths to a master binary 
template constructed from the original image. With this analysis it is possible 
to extract the object’s dimensions even when they approach the spatial resolu-
tion of the microscope. The analysis of images obtained with a tabletop 13.2 
nm wavelength laser-based microscope using this method gives object dimen-
sions that are in excellent agreement with those obtained using scanning 
electron microscopy and resolution values that are consistent with those 

obtained by applying the 
Rayleigh test.  

2 Nanoscale images at 
λ=13.2 nm  

The SXR images used to 
test the correlation method 
described in the next sec-
tion, were acquired with a 
full-field microscope oper-
ating in transmission mode 
at a wavelength of λ=13.2 
nm [3]. The SXR micro-
scope is based on Fresnel 
Zone plate (FZP) condenser 
and objective with numeri-
cal aperture NA= 0.07 and 
0.132 respectively. The 
microscope is illuminated 
by the highly directional 
output from a λ=13.2 nm 
Ni-like Cd laser operating at 
a repetition rate of 5 Hz [6, 
7]. The test objects were 
gratings and periodic elbow 
patterns fabricated by 
electron beam lithography 
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on a 100 nm thick metalized silicon nitride membrane [8, 9]. The images were 
recorded using a 2048×2048 back illuminated CCD camera with 13.5 µm 
pixel size. Images of gratings with 100 and 200 nm period and an elbow-
shaped grating with 100 nm period were obtained at a magnification of 
1080×. At this magnification, the pixel size in the image plane corresponds to 
12.5 nm at the object plane, which ensures that the image resolution is not 
limited by the detection system. The  spatial resolution of the λ=13.2 nm 
microscope was obtained from the analysis of SXR images of gratings with 
periods down to 76 nm [3]. Figure 1 shows the SXR images used to test the 
correlation method described in Section 3, and compares them with scanning 
electron microscope (SEM) images from which the linewidths of the test 
patterns were independently assessed. 

3 Description of the algorithm 

We will illustrate the sequence of steps implemented in our image analysis 
algorithm with the SXR image of the 200 nm full period grating shown in 
Figure 1(b). The sequence is summarized in Fig. 2. First an intensity threshold 
filter is applied to the raw image data to homogenize the background. The 
threshold level is adjusted to maintain the features of the image unaltered 

 
Fig. 2 Sequence of steps in the image processing algorithm. From the original image 
(a) the skeleton is obtained (b) that is convolved with different size circles to obtain a 
binary master template (c).  After spatial filtering with Gaussian filters of different 
widths (d) a set of lower resolution templates is obtained  (e-g) 
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while generating a new image with improved contrast. The thresholded image 
is shown in Fig 2(a). A skeletonizing algorithm is applied to the thresholded 
image [10]  to  produce a template with lines one pixel wide that follows the 
shape of the original image. The skeleton is shown in Fig 2(b). Third, the 
skeleton is convolved with K different circular templates of different diam-
eters. The convolution between the skeleton and the K different circular 
templates generates a set of K binary templates, each one with a different 
linewidth, that resemble the original grating image. One of these K binary 
templates with a diameter of 50 nm is shown in Fig 2(c). The K templates are 
degraded in resolution by applying L different Gaussian filters with selected 
full width at half maximum (FWHM). Applying L different Gaussian filters to 
each one of the  K  binary templates  produces a set of  K × L  templates. 
These K × L templates are individually correlated with the original image. 
The correlation coefficients plotted in  K × L  dimensional space generate a 
surface whose global maximum identifies the template that best resembles the 
original SXR image. We associate K- and L- indices of the template that 
maximize the correlation to the 
size of the feature and the 
resolution of the image respec-
tively. The strict relationship 
between the resolution obtained 
by this method and the Rayleigh 
resolution can be derived by 
applying the Gaussian filtering 
to a set of synthesized images of 
two Airy disks. This analysis is 
presented in [11] and indicates 
that the image Rayleigh 
resolution can be obtained by 
dividing the resolution 
calculated by this algorithm by 
a factor β= 0.786.  

The correlation plots gener-
ated by applying the algorithm 
to the three images of Fig. 1 are 
presented in Fig. 3. From these 
plots we estimated the feature 
size and the image resolution 
for each pattern. The error in the 
image resolution was conserva-
tively assigned to one step size 
used to generate the plots shown 
in Fig. 3, in this case 5 nm. The 

 
Fig. 3  Correlation coefficients plotted in the 
feature size-resolution space for each of the 
three different images of Fig. 1. The dashed 
lines indicate the coordinates of the global 
maxima for each of the data sets:   a) 100 
nm full period grating linewidth 31±5 nm, 
and resolution 54.8±5 nm. b) 200 nm full 
period grating, linewidth 53± 5 nm and 59.2 
± 5 nm  resolution c) 100 nm full period 
elbow-shaped grating, linewidth 29 ± 5 nm 
and  58.3 ± 5 nm  resolution. 
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grating linewidth obtained for all three patterns are in very good agreement 
with those obtained independently form the SEM images. The error bars in 
the linewidths, obtained from the SEM images, correspond to the standard 
deviation of the values measured at ten different locations in the image. Table 
1 summarizes the results. Other images containing patterns with different 
shapes were also analyzed, resulting in similar degree of agreement. The 
Rayleigh resolution obtained from the image analysis is in agreement with the 
measured spatial resolution of the λ=13.2 nm microscope that yielded a 
resolution better than 76 nm  (38 nm half period resolution) [3].  

 
Test Image  

100nm pe-
riod gratings 

200nm period 
gratings 

100nm period 
elbow-gratings 

Linewidth from the 
SEM measurements 

31 ± 2.6 nm 53.8 ±1.8 nm 31.3 ±2.4 nm 

Linewidth from the 
algorithm 

31 ± 5 nm 53 ± 5 nm 29 ± 5 nm 

Image resolution from 
algorithm 

54.8 ± 5nm 59.2 ± 5 nm 53.8 ± 5 nm 

Instrument resolution  < 76 nm < 76 nm <76 nm 
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An Approach to the Generation of Uniform Line Foci for 
Use in X-Ray Laser Experiments 
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Abstract. We report on the results of an investigation into the generation of uniform 
line foci suitable for use in the generation of X-ray lasers. Our approach involves the 
use of specially designed apertures, whose shape depends on the beam profile and the 
focussing optics, the apertures limit the intensity to a predetermined level at each 
point along the line focus, thus generating a uniform line focus at the expense of some 
of the overall beam energy. A ray tracing code was written specifically to find the 
required aperture shapes. The code currently supports only line foci generated by off-
axis spherical mirrors but is able to accommodate arbitrary beam profiles. As high 
energy lasers become more accessible (and hence pump energy becomes less of an 
issue), then due to their low cost and ease of implementation, these apertures are an 
appealing method of controlling the intensity profile of a line focus when overall 
efficiency of the pump system is not a governing factor. 

1 Introduction 

It has long been recognised that there is a correlation between the uniformity 
of a line-focus and output quality of an X-Ray Laser (XRL)1,2,3. As the plasma 
temperature and expansion rate depend on the intensity of the irradiating 
laser, any modulations present in the intensity distribution along a line-focus 
will be imprinted onto the resultant plasma. The resulting variation in distance 
from target surface to optimum gain region along the plasma column means 
that spontaneous emission travelling in a relatively straight line from the end 
of the target will not experience optimum gain conditions. In extreme cases, 
the x-ray pulse may pass through areas of negative gain, thus reducing the 
effective gain-length. The quality of the line focus can also have an effect on 
other output characteristics such as divergence and beam profile. By the use 
of specially designed apertures that we plan to field in our initial XRL cam-
paign, we hope to increase the uniformity of the line foci we are using and to 
study the effect on the output of the XRL. The required shapes for the aper-
tures were found by use of a simple ray-tracing program. 
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2 Optical Systems for Achieving Line-Foci 

The optical set-ups investigated were those that had been chosen for use in 
our upcoming XRL experiments. The first, shown in Fig. 1(a), is the well 
known set-up first proposed by I. N. Ross et al4 using a lens and a spherical 
mirror to achieve a near normal incidence line-focus. In the initial paper, 
apertures are identified as one way in which the uniformity of the line-focus 
could be increased, but as of yet we know of no experiments where an aper-
ture has been introduced. The second set-up, shown in Fig. 1(b), is one which 
has gained popularity recently with the demonstrated increased efficiency 
delivered via the GRazing Incidence Pumped (GRIP) XRL scheme5. This set-
up allows the grazing incidence angle to be achieved and automatically gives 
a travelling wave geometry. 

 

 
  (a)     (b) 

 
Fig. 1 Focussing geometry for producing a) near normal incidence line-foci and b) 
grazing incidence line-foci, with suitable positions identified for placement of 
apertures to modify the intensity distribution at the line focus. 

3 Design of the Apertures 

The program written for this task was a simple ray trace program, and there-
fore could not take into account diffraction effects which may indeed alter the 
intensity distribution at focus. The method for calculating the intensity pro-
files of the line-foci exploits the cylindrical symmetry inherent in both of the 
above systems which can both be treated as symmetric around the line-focus 
(also the XRL axis). The task is then to calculate the function which maps a 
point in the input beam profile onto the line focus. The mapping function for 
set-up shown in Fig. 1(a) is an ellipse and for the set-up in Fig. 1(b) is a 
circle; a visual representation of these mapping functions is given in Fig. 2. In 
order to calculate the intensity at the line-focus the program uses an assumed 
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shape (i.e. rectangular or elliptical) and width for the line-focus itself, as 
geometrical calculations lead to a zero-width line. To find the aperture re-
quired to give a certain intensity level along the line the beam is split into 
cells centred on the points defined by the mapping function and then each cell 
is successively included in a summation until the required intensity at line 
focus has been met. The position of the last included cell defines the boundary 
position. A boundary defining a sharp cut-off at either end of the line-focus is 
defined by the first mapping functions where the required line-focus intensity 
was not reached. 

 

 
   a)              b) 

Fig. 2 a) A schematic showing the mapping function from the beam onto the line 
focus. b) Points along a set of mapping functions (each arc corresponding to a 
different point along the line focus) as calculated by the program. 

4 Apertures Calculated for the QUB X-Ray Laser Set-up. 

 

 
      a)         b) 

Fig. 3 The apertures designed for a) the heating pulse and b) the plasma forming pulse 
in the QUB GRIP XRL. 
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In an experimental campaign due to start in the near future, QUB’s in-house 
laser system ‘TARANIS’ (Tera-watt Apparatus for Relativistic and Non-
linear Interdisciplinary Science’) will be used to pump a GRIP x-ray laser. In 
this section we present apertures required for uniform line-foci, using the 
TARANIS beams as input parameters for the program. The TARANIS laser 
system is described in detail elsewhere in these proceedings6, so only a brief 
summary of the key parameters will be given here. TARANIS is a high power 
laser system consisting of two beams. Each beam can be run independently in 
either compressed (up to 20J in 800fs) or uncompressed (up to 30J in 800ps) 
mode. In Fig. 3(a) the dashed line shows an aperture calculated for the short 
heating pulse. The input parameters were a 5J, 1ps pulse in a beam of diam-
eter 92mm. The aperture shown permits a 6mm×50µm line-focus with uni-
form irradiation of 1×1015Wcm-2. Fig. 3(b) the dashed line shows an aperture 
calculated for the long pre-pulse. The input parameters were 10J, 0.8ns pulse 
in a beam diameter of 65mm. The aperture permits a 5mm×50µm line-focus 
with uniform intensity of 2.5×1012Wcm-2The reason for the discrepancy 
between the line lengths lies in the inflexibility of the grazing incidence focus 
set-up. The line-focus length here depends only weakly on the focal length of 
the mirror but strongly on the beam diameter and grazing incidence angle, 
both of which are heavily constrained by either technical or experimental 
considerations. This means it is not possible to customise the line focus length 
for this set-up.  

In order to illustrate the effect of changing beam profile, each diagram also 
shows the aperture required for a Gaussian beam with full width half max 
(FWHM) equal to the beam radius (dotted line). The energy beyond the 
FWHM is neglected in the simulation. It is noted here that for a Gaussian, 
more energy is needed within the FWHM than in the flat top profile to get the 
same length of line-focus. This is because Gaussian profiles produce more 
strongly peaked intensity profiles, making the aperturing process less effi-
cient. TARANIS, like most lasers, has a near flat-top profile and hence will 
fall somewhere in between these two extremes. What is also recognised as a 
potential difficulty in the use of these apertures is the limitations of the geo-
metrical methods used in their design. It is expected that the actual intensity 
profile of the un-apertured line focus will vary slightly from that for which the 
apertures are designed. It is likely that some iterations may be necessary in 
order to ‘fine tune’ the shapes after their initial installation, but the under-
standing of the mapping that takes place from the expanded beam to the line-
focus, which we have gained from these studies, will be useful in this task. 
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5 Advantages and Disadvantages of Using Apertures 

Aperturing the beam is by no means the only way to achieve a more uniform 
line focus, and each method has its merits. The main advantages of these 
apertures are the relative ease with which they can be installed into a pre-
existing set-up and the small financial cost associated with them. The main 
drawback however is the energy lost by obscuring part of the beam, with 
losses of the order of 40% to be expected even for a relatively optimised 
aperture, as seen in Fig 4. If the pump energy requirements of the desired 
XRL are at the limit of that producible by the pump system, then a more 
suitable alternative to achieving a uniform line focus may lie in the costlier 
form of custom designed optics, or the use of phase plates to alter the in-
tensity profile. But as the accessibility of high energy lasers increases due to 
reductions in size and cost, apertures may become more appealing as a way to 
improve the output of many XRLs. A secondary concern with these apertures 
is the possibility of propagating a diffraction effects down the beam path and 
potentially damaging subsequent optical components. This risk can be  
minimised by placing the aperture as close as possible to the final focussing 
optic. In the case of the set-up shown in Fig. 1(a), this would mean making  
a modification to the shape of the aperture to account for the primary lens. 
This however is not a major task and therefore does not present any real 
difficulties. 

Conclusions 

We have presented a study on the design of apertures for use in tailoring the 
profile of line-foci two popular focussing geometries. Practical examples of 
apertures designed for a GRIP XRL pumped by the TARANIS laser system 
were given. The losses associated with such apertures were investigated and 
they were found to be of an acceptable size in the case of the QUB XRL 
where the energy output of the pump laser is high and pump efficiency is not 
a limiting factor. 
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Fig. 4 Graph showing how the fraction of energy lost and the length of sustainable 
line-focus vary with required intensity 
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Abstract. We have demonstrated a compact interferometric lithography nanopattern-
ing tool based on an amplitude division interferometer and a 46.9 nm wavelength 
desk-top size capillary discharge laser. The system is designed to print arrays of lines, 
holes, and dots with sizes below 100 nm on high resolution photoresists for the 
fabrication of arrays of nanostructures with physical and biological applications. The 
future combination of this amplitude division interferometer with high repetition rate 
table-top lasers operating at shorter wavelengths should allow the printing of arrays 
with features size only limited by the photoresist resolution in a table top set-up. 

 1 Introduction 

Interferometric lithography (IL) is an attractive alternative to print in a rela-
tively simple way arrays of nano-scale periodic features. This technique 
requires the use of a coherent light source and relies on the activation of a 
photoresist by the interference pattern generated by two or more mutually 
coherent light beams [1-5]. Two mutually coherent beams are combined in the 
surface of the photoresist and print periodic lines with a period  p  given by 
p=λ/(2 sinθ), where λ is the wavelength of the illumination and θ is the inci-
dence angle. Several schemes can be implemented based on the same idea but 
in all cases the ultimate resolution, λ/2, is limited by the wavelength of the 
illumination. Thus, reducing the wavelength is a direct path towards realizing 
interference patterns with dimensions of tens of nanometer and below. This 
characteristic has been the motivation for using extreme ultraviolet (EUV) 
and soft X-rays (SXR) synchrotron light for this application [6].  

Feature sizes as small as 19 nm have been printed using a Lloyd’s mirror 
interferometer with synchrotron illumination [5, 6]. However, the widespread 
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use of IL in nanotechnology applications would benefit from the implementa-
tion of more compact and easily accessible set-ups. The increasing average 
power of compact plasma-based SXR lasers offers the possibility of imple-
menting IL on a table-top. In previous work we demonstrated a compact 
nanopatterning systems based on a Lloyd’s mirror interferometer configura-
tion with a 46.9 nm wavelength table-top capillary discharge laser that al-
lowed the printing of gratings and arrays of nanodots and holes [7-9]. 

In this paper we describe a compact interferometric nano-patterning tool 
based on the combination of an amplitude division interferometer (ADI) and a 
desk-top λ=46.9 nm capillary discharge laser. The ADI configuration de-
scribed here has significant advantages as compared with the wave-front 
division Lloyd’s mirror. First, with the ADI interferometer it is possible to 
print larger areas due to its relaxed spatial coherence requirements. Secondly, 
both beams have practically the same intensity and thus produce a higher 
contrast and more uniform interference pattern over the whole printed area. 

2 ADI design 

Figure 1 is a scheme of the ADI interferometric lithography tool. The -1st and 
1st orders diffracted from the transmission diffraction grating, are used to form 
the two arms of the interferometer. The diffraction angle α depends on the 
wavelength λ and the period of the diffraction grating α=arcsin(λ/d). The zero 
order is blocked from reaching the sample plane. By tilting the mirrors it is 
possible to change the incident angle of the beams at the sample plane. This is 
described by the angle β relative to the axis of the interferometer. Assuming 
that the period of the patterned structures is p, the two beams reflected from 
the mirrors will overlap and interfere in the sample with an incidence angle Θ: 

  (1) 

The position z of the sample measured from the center of the mirrors de-
pends on the assumed period as well as on the angle Θ: 

  (2) 
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Where h is the distance between the two mirrors. At this location the over-
lap between two interfering beams should be maximal. However the interfer-
ence will be visible at distances , where  r  defines the overlap 

between two beams: 

  (3) 

Where D is the size of the grating. The parameter  r  may be considered as 
the sample position accuracy. All the parameters mentioned in this analysis 
are depicted in Figure 1.  

In our experimental set up the separation between the centers of the mirrors 
was h=15 mm. The distance between the grating and the center of the mirrors 
was calculated to be D1=32 cm. For a printing period in the sample p=100nm, 
Θ is 13.6o . The beam size on the mirror was then calculated bm=4.6 mm. 
Placing the sample exactly at z=31 mm will produce the interference pattern 
with maximal overlap of the beams. The maximum displacement allowed 
from the optimum position will be r/2=1.3 mm. 

3 Experimental details 

For the demonstration of the ADI lithography tool  we used a “desk top” size 
λ=46.9 nm Ne-like Ar capillary discharge laser configured to emit pulses with 
energy of approximately 10 µJ and about 1 ns FWHM duration. The EUV laser 
can operate at repetition rates up to 12 Hz producing pulses, corresponding to 
average powers up to 0.12 mW. Due to its short capillary plasma column 
length, 21 cm, its spatial coherence length is only a fraction of a millimeter at 
the sample location. The laser longitudinal coherence length is approximately 
470 µm determined by its line width Δλ/λ<1x10-4. The laser unit is extremely 

 
Fig. 1 Scheme of the ADI interferometric lithography tool with all design parameters 
indicated.  The SXR laser impinges the interferometer from the left through the 
diffraction grating. 
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compact, it occupies a footprint of 0.8 × 0.4 m2 including its turbomolecular 
pump, and has a small power supply that can fit under the optical table [10].  

The grating period d~2µm gives a diffraction angle α=1.34o. The transmis-
sion grating used to split the beam was fabricated in a 2 x 0.6 mm2 Si membrane 
approximately 100 nm thick. A thin layer of Si was sputtered on top of a Si3N4 
membrane deposited on a 550 µm thick Si wafer. Subsequently, a 350 nm thick 
photoresist layer was deposited by spin coating on top of the sputtered Si. The 
grating was patterned in the photoresist by electron beam lithography. Finally, 
the Si3N4 layer was removed by chemically assisted ion beam etching through 
the substrate opening leaving a self standing 100 nm thick Si membrane with 
the grating defined in the photoresist. The thin Si membrane provides 15% to 
20% transparency to the λ=46.9 nm photons, while the photoresist that remains 
in the membrane acts as perfectly absorbent regions, constituting an amplitude 
transmission diffraction grating. The resulting open areas were measured to be 
980 nm wide, and to have a period of 2.02 µm. The interferometer was posi-
tioned at 1.4 m from the exit of the capillary discharge plasma where the laser 
beam uniformly illuminates the whole grating. 

The optical path difference between the two branches of the interferometer 
can be easily adjusted within a distance smaller than 470 µm, the longitudinal 
coherence length of the laser source. The required accuracy in the overlapping 
of the two beams at the sample’s surface is defined by the spatial coherence of 
the beams which for the λ=46.9 nm laser used in this experiment is a fraction 
of a millimeter at the location of the sample. The system is very robust, re-
quiring only minor adjustments after its initial alignment. 

4 Results 

Figure 2a shows a dense line grating pattern with a period of 145 nm (72.5 nm 
thick lines) printed on HSQ with the ADI set up. The printed area corresponds 
to the size of the grating beam splitter, in this experiment 2 × 0.6 mm2. The 
penetration depth of the 46.9 nm light in the HSQ photoresist is approxi-
mately 120 nm. The images shown in Figure 2 are atomic force microscope 
(AFM) scans of the sample. To print gratings of smaller period we increased 
the angle between the two beams impinging at the sample by changing the 
angle of incidence at the two Si mirrors and by correcting the position of the 
sample. A dense line pattern with ~ 95 nm period (47.5 nm wide lines) printed 
on HSQ also over an area of 2 × 0.6 mm2 was obtained in this case. An AFM 
scan of this dense line pattern is shown in Fig. 2b. Since the laser was oper-
ated at a repetition rate of only 3 Hz, exposures of more than 10 minutes were 
required. The exposures can be reduced by more than one order of magnitude 
by combining this ADI with the table-top version of the SXR laser that is 
capable of producing mW average powers [11, 12].  
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The 95 nm period lines show an increased noise as compared with the lar-
ger pitch sample. One possible explanation for this lower quality printing is 
the influence of vibrations during the exposure. In addition the print quality 
may possibly be affected by photo-resist scumming, that is particularly severe 
in 50% duty cycle lines with line widths approaching 50 nm, [13]  or by the 
presence of scattering centers in the grating and mirrors  that introduce a 
random noise background reducing the fringe visibility. 

This proof-of-principle experiment can also be extended to demonstrate 
printing of more complex two dimensional motifs, such as arrays of dots or 
holes. This can be realized by performing a second exposure after rotating the 
sample. The shape of the printed features can be altered by selecting the 
rotation angle and the exposure. This requires the incorporation of suitable 
rotation mechanisms for the sample, similar to the experiment described in 
Ref. [9]. Larger areas are also possible by either utilizing a transmission 
grating beam splitter of larger dimensions, or by precise translating the sam-
ple and realizing multiple exposures.  

5 Summary 

In summary, we have demonstrated a compact EUV interferometric lithogra-
phy tool that combines an amplitude division interferometer with a desk-top 
size SXR laser. In this proof of principle experiment we printed gratings over 
areas of 2 × 0.6 mm2 with periods down to 95 nm. These capabilities would 
enable the demonstration of a practical SXR IL tool for the fabrication of 
large arrays of periodic features that so far were restricted to the use of large 
synchrotron facilities. 

 
Fig.2 a) AFM image of a 145 nm period grating printed by interferometric 
lithography using an EUV laser.  b) AFM image of a 95 nm period grating.  
Both images were obtained with the AFM working in “tapping” mode over a 
small section of the printed grating. 
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Abstract. The time-resolved fluorescence spectrum of wide-gap semiconductors, 
single crystals of zinc oxide and gallium nitride, excited by nickel-like silver x-ray 
laser with the wavelength of 13.9 nm were observed. The streak image of fluores-
cence at around 380 nm and 370 nm for each samples were obtained by one-shot 
excitation of the x-ray laser. The fluorescence lifetimes were compared with the 351 
nm excitation cases and evaluated the samples for scintillation materials of EUV 
lithography. 

1 Introduction 

X-ray laser is a characteristic extreme ultraviolet (EUV) source with short 
pulse duration, narrow spectral width, and high coherence. At the Advanced 
Photon Research Center, the x-ray lasers generated with transient gain colli-
sional excitation (TCE) method have been studied1 and have achieved the 
spatially full coherent lasing of a Ni-like Ag x-ray laser at the wavelength of 
13.9 nm.2,3 The TCE scheme have several advantages, such as short pulse 
duration less than ten pico-seconds, and a high gain generation with low 
excitation energy of several tens of Joules. In particular, x-ray laser with the 
wavelength of around 13 nm is expected as a powerful tool of various re-
search fields such as EUV lithography because the multilayer mirror with 
high reflectance is commercially prepared. However, spectroscopic studies of 
materials optically excited with x-ray laser are few while imaging and inter-
ference measurements are intensively studied. In this study, we have demon-
strated time resolved emission spectroscopy of a solid-state material excited 
by Ni-like Ag x-ray laser.  

As an application of the fluorescence measurement excited by x-ray laser, 
the scintillation properties of wide-gap semiconductors such as zinc oxide 
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(ZnO) and gallium nitride (GaN) are evaluated for EUV around 13 nm. These 
materials are prominent candidate of efficient and fast imaging scintillator 
devices for next-generation lithography applications, in aspects of high fluor-
escence yield and availability of large sized homogeneous crystal with a 
reasonable fabrication cost. For the evaluation of these materials, a Ni-like Ag 
x-ray laser operating at 13.9 nm is the ideal light source; having large pulse 
energy up to about micro-joules level and a sufficiently short pulse duration 
down to several picoseconds. 

2 Experimental 

The Ni-like Ag x-ray laser with the wavelength of 13.9 nm was generated by 
TCE method using a chirped pulse amplification Nd:glass laser system. 1 The 
beam divergence of the x-ray laser was improved to be 0.5×2.0 mrad by use 
of two gain media separated for 20 cm.2-4 The typical pulse energy of the x-
ray laser emission was 0.5 µJ and the pulse duration was 7 ps. The narrow 
divergence allowed us to transport the beam using a simple mirror system 
with a small diameter of 1 inch. 

The single crystal samples of ZnO and GaN are grown by solvothermal 
method combined with a platinum inner container.5-7 The x-ray laser was 
focused on the sample using a Mo/Si multilayer spherical mirror suitable for 
13.9 nm. To eliminate continuous emission from the plasma, a 0.2 µm-thick 
zirconium foil was placed before the multilayer mirror. The fluorescence 
spectrum and the fluorescence lifetime of the samples were measured using a 
25 cm-focal-length spectrograph coupled with a streak camera with the tem-
poral resolution of 100 ps in the fastest scanning range. For comparison, the 
scintillation properties were also evaluated using the 351 nm third harmonics 

 
Fig. 1. The spectrum-resolved streak image of zinc oxide single crystal at room 
temperature excited by one shot of 13.9 nm x-ray laser. 
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from the 1053 nm chirped pumping source for the x-ray laser. In this case, the 
ZnO was excited at energy slightly above the bandgap. The pulse duration of 
the third harmonics is measured to be 110 ps. 

3 Results 

As shown in Fig. 1, one shot of x-ray laser was enough to obtain a streak 
image. For the ZnO single crystal, a prominent fluorescence peak of the 
exciton transition was observed at around 380 nm in both 13.9 nm excitation 
and 351 nm excitation.8 Shown in Fig. 2 are temperature dependence of the 
fluorescence spectrum of ZnO crystal.9 Falling the temperature of ZnO, the 
peak position of the fluorescence shifted blue and the spectral width became 
narrower. In generally, this emission originates from the emission of free 
exciton and banding exciton10 and the blue shifts of the exciton emission with 
the decreasing temperature is attributed to the bandgap shift due to the ther-
mal expansion and electron-phonon interaction.11 These spectral properties of 
the x-ray laser excitation at measured temperatures were almost identical  
to that of UV excitation. The time profiles of fluorescence at room tempera-
ture are shown in Fig. 3(a). It could be expressed by a double exponential 
decay with time constants of 1 ns and 3 ns in the both cases. The two decay 

 
Fig. 2. The fluorescence spectrum of ZnO single crystal at the temperature of 298 
K, 192 K, 105 K and 25 K. Excitation source were (a) 13.9 nm x-ray laser and (b) 
351 nm UV. To reduce the noise level, each spectrum of the x-ray laser excitation 
was integrated for 3 shots. The peaks on left hand side of UV excitation data were 
the excitation light reflected on the surface of the sample. 
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constants have been measured in several works for UV excited ZnO single 
crystals. The fast decay is the lifetime of free exciton and the slower decay is 
assigned to be trapped carriers.12 The lifetimes and intensity ratio of the two 
decay components in the both cases were almost similar in spite of the huge 
difference in the excitation photon energy.  

The same measurement was also held for GaN single crystal for room tem-
perature. Shown in Fig. 3(b) are the time profiles at fluorescence peak at the 
wavelength of 370 nm. For GaN, two decay lifetimes of 2.5 ns and 15 ns were 
observed in the case of 13.9 nm excitation. The fluorescence lifetime was 
much longer than ZnO, and the slower component was not similar with the 
UV excitation case with two decay constants of 2.5 ns and 8 ns. To explain 
the relaxation process of each decay component, more detailed time-resolved 
spectroscopic experiments including fluorescence raise profiles and excitation 
EUV energy dependence will be required. 

To consider using ZnO and GaN single crystals for EUV scintillator, the 
fluorescence wavelength are still convenient for high resolution imaging 
devices, since even BK7 glass is transparent at their wavelength. Especially 
for ZnO, the spectrum and the two decay lifetimes observed in both excitation 
conditions were almost similar regardless of the huge difference in the excit-
ation photon energy. The fluorescence lifetime is sufficiently short for the 
characterization of the laser plasma EUV source with nanoseconds duration 
for lithographic applications. In this respect, ZnO is said to be more favour-
able than GaN for EUV scintillation device. In spite of the huge photon en-
ergy compared with the bandgap, no visible color center was observed on the 
ZnO sample after about 50 shots irradiation. Furthermore, a large-sized and 
homogeneous material is potentially attractive for EUV imaging applications 
including lithography. 

 
Fig. 3. The time profiles at the peak of the fluorescence spectra of (a) ZnO and (b) 
GaN single crystal. The grey lines indicate the results of 13.9 nm excitation and the 
dots are 351 nm excitation.  To reduce the noise level, the time profiles of the x-ray 
laser excitation were integrated 3 shots for ZnO and 14 shots for GaN.  
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As shown in this work, a Ni-like Ag x-ray laser is an excellent tool for 
time-resolved spectroscopy and characterization of materials intended for 
next-generation EUV lithography applications. Especially on time-resolved 
measurement, high-speed phenomenon can be observed with resolution of 
several picoseconds using a TCE x-ray laser as an excitation source. 
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Application of Extremely Bright and Coherent Soft and 
Hard X-Ray Free-Electron Laser Radiation 

Th. Tschentscher 

European XFEL Project Team, c/o Deutsches Elektronen-Synchrotron DESY, 
22607 Hamburg, Germany 

Abstract. The first soft x-ray free-electron laser (FEL) is providing extremely bright 
and coherent radiation since 2005 for a wide range of scientific applications from 
atomic physics to life sciences. Successful experiments using the FLASH facility at 
DESY, Hamburg depend critically on radiation parameters such as pulse duration, 
photon number and coherence properties and, in most cases, request the combination 
of these parameters in a single experiment. At the same time the transport and preser-
vation of x-ray FEL radiation parameters leads to extreme requirements for x-ray 
optical elements. The construction of soft and hard x-ray FEL facilities for  
user experiments with many instruments operating nearly simultaneously led to 
specialized facility layouts described here for FLASH and for the European XFEL, 
Hamburg. 

1 Introduction 

Scientific applications of free-electron laser (FEL) radiation in the soft and 
hard x-ray domain had been discussed for several years in preparation of the 
construction of these sources. Proposed applications originated from a wide 
spectrum of scientific disciplines and aimed at taking advantage of the beam 
properties offered by x-ray FEL radiation for the very first time. Investigat-
ions of ultrafast and non-linear phenomena on length scales down to the sub-
nanometer range require in general ultrashort pulse duration, coherence or 
high pulse intensities. In order to penetrate matter, to investigate inner-shell 
atomic states and to enable atomic resolution photon energies in the soft to 
hard x-ray regime are needed. Tunability of the photon energy provides 
element and state selectivity and can also be used to tune the absorption 
coefficient. To furthermore enhance the request many proposed investigations 
require a combination of the above x-ray beam properties. FELs are a unique 
source of x-ray radiation providing these radiation properties simultaneously. 
Other light sources, like optical laser-based methods to produce x-ray radi-
ation or storage ring based synchrotron radiation sources, provide x-ray 
radiation with high performance for many applications, but are facing strong 
limitations in delivering radiation combining the above properties. While for 
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the VUV to XUV regime laser-based high harmonic generation methods can 
achieve performances close to that of a FEL, in the regime of hard x-ray 
radiation at one to ten keV FELs are currently without competition. 

Since 2005 with FLASH the first user facility for soft x-ray FEL radiation 
is in operation at DESY, Hamburg1-3. Initial experiments using FLASH al-
ready came from a wide range of scientific disciplines. These experiments 
have explored a large number of state-of-the-art synchrotron radiation and 
laser experimental techniques and furthermore have introduced new tech-
niques. During the next years the experimental program using FEL radiation 
and the user access will broaden due to the start of operation of new soft x-ray 
facilities as well as the first operation of FEL facilities for the hard x-ray 
regime. The experimental program at FLASH and the experiences drawn from 
it turn out to be very useful in the preparation of the initial experiments in the 
hard x-ray domain.  

2 Requirements of scientific applications 

Most present day x-ray experiments investigate equilibrium properties of 
matter. Synchrotron radiation provides experimental conditions well-suited 
for such studies and the number of facilities world-wide and the growing user 
community prove the success of this development. The improvement of x-ray 
beam properties such as pulse duration and emittance is limited for synchro-
tron radiation by equilibration of the electron bunches circulating in the 
storage ring. This process leads to a settling of the electron bunch lengths 
corresponding to pulse durations of 10–100 ps and to a limitation of the 
emittance in the horizontal plane affecting the spatial coherence. Operating 
with several MHz repetition rates the number of photons per pulse is much 
reduced compared to FEL sources and is typically far below 108. The investi-
gation of dynamical processes and excited, non-equilibrium states of matter 
has been initiated through the development of femtosecond x-ray sources 
using laser sources4 and storage rings5. While pulse durations of the order 100 
fs have been obtained, scientific applications using these sources are limited 
due a relatively small number of photons per pulse.  

Going beyond todays x-ray scientific applications has been proposed for 
many areas. In the following we discuss three major fields of application and 
introduce exploratory experiments carried out using vacuum-ultraviolett and 
soft x-ray FEL radiation. The x-ray investigation of the dynamics and of non-
equilibrium states of matter with atomic resolution in space and time explores 
mostly the temporal domain and could involve many experimental techniques. 
Natural time scales of solid-state dynamics, like acoustic and optical phonons 
or chemical reactions request time resolutions of the order 100 fs. Investiga-
tion of solid-state electronic excitations in the time domain will require pulse 
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durations typically of order femtoseconds. One challenging task for time-
domain experiments is to measure the pulse duration of x-ray pulses using 
cross-correlation and auto-correlation techniques. Cross-correlation measure-
ments involving ultrashort near-visible optical laser pulses and FEL radiation 
have been carried out by creating photo-electrons in the strong optical laser 
field6,7 and by modifying the reflectance of an optical substrate8,9. These 
experiments have reached temporal resolutions limited by the pulse duration 
of the optical laser to ~150 fs10. Even more demanding are auto-correlation 
experiments using mirror optics to split the beam into two parts, to create a 
delay of one part with respect to the other, and to recombine the two pulses. 
Varying the delay and observing a non-linear response by the probe allowed 
first application of this technique for soft x-rays11. Among the first experi-
ments to use this time-resolution the investigation of two-color above-
threshold ionization of helium12 and loss of long-range order in solids after 
interaction with an intense optical laser pulse13 have been studied. 

Scattering techniques using the interference of a coherent x-ray pulse will 
enable atomic resolution spatial resolved investigation of single nanoscale 
structures on solid substrates, e.g. quantum dots, or even of single particles, 
cluster or biomolecules injected into vacuum. In particular experiments on 
injected single particles are extremely demanding with respect to soft x-ray 
radiation properties14. High photon numbers are required in order to achieve 
significant scattering within a single pulse. These photons have to be focussed 
to a small spot maximizing the overlap with the particle. The reconstruction of 
the density distribution from the two-dimensional scattering pattern requires a 
known wavefront at the sample position. To fulfil this requirement the x-ray 
pulse should exhibit high spatial coherence which has to be preserved by the 
beam transport and focussing optics. In addition, the x-ray pulse needs to be 
as short as possible to overcome sample damage effects due to the interaction 
with the intense radiation. Although atomic resolution will require the use of 
hard x-ray radiation the principles of this technique could be studied for the 
first time using ion beam produced test structures15 and have meanwhile 
shown to work for single particles16.  

Exciting sample systems using very intense and ultrashort x-ray pulses en-
ables the investigation of fundamental multi-photon and non-linear processes 
and can be applied further to the formation of well-defined plasma states of 
matter. Using the ultrashort pulse duration, tight focusing and the high photon 
numbers per pulse it is possible to achieve intensities up to 1017 W/cm2. 
Despite this value the interaction process is considerably different compared 
to near-visible radiation. Due to the high photon energy, respectively short 
wavelength, the ponderomotive energy Ep ∝ λ2  is smaller by a factor 

~4×103 for 92 eV radiation and interaction occurs primarily by multiphoton 
processes leading to multiply ionized atoms17. Furthermore the high photon 
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energies enable one-photon photoionization opening an interaction channel 
not accessible for near-visible radiation. Combining the high intensity with 
enhanced single-photon absorption due to resonances new absorption pro-
cesses have been observed for Xe clusters18 and atoms19. Interaction of FEL 
radiation at these intensities with liquids and solids leads to formation of near-
solid density plasmas with temperatures of several electronvolt20.  

In many cases the application of high repetition rates is advantageous. Al-
beit being an average effect it occurs that several of the new scattering tech-
niques lead to moderate count rates per event and sampling many events will 
improve the statistical accuracy. Most prominent example here are studies of 
extremely dilute systems. These experiments often require high peak fluxes in 
order to obtain signal-to-noise ratio in single pulses while high repetition rates 
are needed for statistical accuracy. Spectroscopic studies on trapped highly 
charged ions21 and beams of molecular ions22 furthermore take advantage of 
the narrow spectral bandwidth of FEL radiation. Experiments studying single 
particles injected into the vacuum in cross beam geometry require effectively 
many FEL pulses to obtain a good hit16.  

3 Description of x-ray FEL facilities 

Free-electron lasers are based on relativistic electrons travelling through a 
periodic magnetic field. The interaction with the magnetic field leads to 
spontaneous emission of synchrotron radiation. This radiation co-propagates 
with the electron and in a very long undulator it can act back on the electron 
bunch by forming a density modulation with the period of the radiated wave-
length. The bunched electrons emit in phase leading to a strong increase of the 
radiative field. The increased field enforces the bunching and this again 
increases the coherent radiation. This so-called FEL instability leads to an 
exponential increase of the radiation power (linear gain regime) until the 
majority of electrons are bunched and saturation occurs. Necessary require-
ment for this interaction are a normalized emittance of ~1 µm rad, a peak 
current of 1-5 kA and a bandwidth <0.1% of the electron beam. Electron 
bunches of such a performance can until now only be obtained using low 
emittance linear accelerators. Since in the x-ray regime mirrors have limited 
reflectivity it is needed to obtain high gain and saturation in a single pass. 
This scheme of self-amplified stimulated emission (SASE)23 uses undulator 
lengths of 30-200 m for generation of soft to hard x-ray FEL radiation, re-
spectively.  

The FEL process leads to a very intense x-ray pulse produced by a highly 
collimated and small source. The length of the electron bunch determines in 
first order the duration of the x-ray pulse of typically tens of femtoseconds. 
The most appropriate number to describe such sources is their peak brightness  
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with the wavelength  is valid for soft x-rays and is 
nearly reached for hard x-ray radiation. In the spectral-temporal domain FEL 
radiation is in general not transform limited, but exhibits several longitudinal 
modes leading to a spiky temporal and spectral distribution. This difference 
can also be analysed in terms of the coherence of x-ray FEL radiation. While 
the angles of coherent radiation  are close to  for all 

photon energies, the longitudinal coherence length  is usually 
shorter than the pulse length. For hard x-rays and 100 fs pulse duration a ratio 

 is calculated while for soft x-rays and 10 fs pulses1 this ratio is 
~2.5. In general, the coherence properties of FEL sources require a complex 
description24 and have to be subject of measurements25. 

In the case of diffraction and bandwidth limited FEL radiation the peak 
brightness is determined by  only. This number depends on the number of 
electrons per bunch and on the electron energy. The peak power of an x-ray 
FEL can reach several tens to hundreds of Gigawatt with typical source sizes 
of 100 µm and highly collimated beams. Table 1 lists typical values of peak 
power densities of soft and hard x-ray FEL radiation. Despite the large dis-
tance one obtains considerable peak power densities at x-ray optics and in-
struments. Stable operation of these elements leads to the requirement to use 
high reflectance optics to minimize the effects of energy deposition and optics 
damage. The repetition rate of FELs is determined by the accelerator repeti-
tion rate. Warm technology accelerators can operate up to 100 Hz and pro-
duce an average output power less than one Watt. No effects in terms of heat 
load are to be expected for these machines. Super-conducting technology 
allows increasing the frequency to several 10 kHz thus delivering few 10 W 
averaged output power. However, present-day technology allows operating 
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super-conducting accelerators only in pulsed mode with a frequency of order 
10 Hz. Within one radio-frequency pulse several thousand electron bunches 
can be accelerated using this technology. The averaged output power within 
one radio-frequency pulse of typically 1 ms duration is therefore of order few 
kW. Such  a power combined with small FEL beam sizes at the optical ele-
ments lead to challenging heat load requirements for the optical elements. 

Table 1 Peak power density values for soft and hard x-ray FEL radiation calculated 
for several photon energies. Distances for x-ray optics of 40/200/400 m and for 
instruments of 70/400/1000 m are taken for FLASH1 and European XFEL26, respec-
tively. Focusing is assumed without losses.  

Photon 
energy [eV] 

Source 
[W/cm2] 

X-ray optics 
[W/cm2] 

Instrument 
[W/cm2] 

1 µm focus 
[W/cm2] 

921 3,5×1013 6,9×1010 2,2×1010 8,9×1017 

80026 3,4×1015 3,2×1012 8,0×1011 1,7×1019 

1240026 5,2×1014 1,5×1013 2,5×1012 2,5×1018 

 
The operation principle of the first generation of FELs is based on the 

SASE scheme amplifying from shot noise. This leads to statistical variation of 
the spectral and temporal distributions and to fluctuations of the output power. 
Improvements of these parameters are to be expected if the FEL process is 
seeded using coherent radiation. The difficulty lies in providing a coherent 
radiation seed with appropriate photon energy and intensity. Various schemes 
have been suggested and some are currently investigated27. Seeding is con-
sidered to be easier for soft x-rays and the first soft x-ray FEL facilities now 
plan to implement these schemes. However, for hard x-rays above 

 yet no concept could be validated. 
Most FEL facilities are built with the purpose to provide FEL radiation for 

scientific experiments carried out by internal or external users. This concept is 
analogue to the operation of synchrotron radiation user facilities. However, 
since the FELs are based on linear accelerators sending the beam into single 
undulators one has to develop new concepts to distribute the FEL radiation to 
a variety of instruments fulfilling user needs from a wide range of scientific 
communities. In the following we briefly describe the examples of the 
FLASH28 and European XFEL26 photon beam installations as possible realiza-
tions of x-ray user FEL facilities. Figure 1 shows the FLASH experimental 
hall with the photon beam distribution and the locations of the instruments. At 
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FLASH the electron beam with energies up to 1 GeV is steered through one 
fixed-gap undulator before being bent down to an absorber. Tuning the pho-
ton energy is achieved by tuning the electron energy in this scheme. The FEL 
radiation produced in the undulator is transported ~40 m to the experimental 
hall, where it is distributed by flat mirrors to the different beamlines.  

 

 
Fig. 1 Schematic view of the FLASH experiments hall with an area of 20×30 m2. The 
FEL beam comes from below and is distributed by means of mirrors to five possible 
instruments. Distribution of optical laser radiation from the central laser room and the 
transport of THz and visible synchrotron radiation from the accelerator tunnel are 
indicated. 

Entering into the hall the FEL beam first hits a double mirror system to se-
lect the two principal beamlines for high intensity and for monochromatic 
beam. The deflection angle is increased by a second mirror in both beamlines 
to total four degrees in the horizontal plane for both beams. In addition to 
separating the two beamlines the four mirror system has the function to stop 
highly energetic Bremsstrahlung radiation produced in the undulator section 
and transported together with the FEL beam. In the monochromator beamline 
a plane-grating monochromator is installed to provide a spectral resolution 
from few hundreds up to about ten-thousand. A port to use 0-th order radi-
ation is provided29. Between monochromator grating and exit slit a focusing 
mirror is used to steer the FEL beam to two instrument locations. In the high 
intensity beamline the beam can be steered to three instrument locations using 
double mirror reflections to achieve a significant angular separation from the 



516 Th. Tschentscher 

initial beam direction. At four of the five instrument locations no instrument 
is permanently mounted, instead user groups bring their own instruments and 
install them here. This concept provides large flexibility, but can lead to long 
setup times in case of complicated instruments. At the fifth location a high 
resolution spectrometer for Raman-type experiments is permanently installed. 
The focal spot properties at the five locations vary from 20 to 100 µm 
(FWHM) employing as last mirror ellipsoids or toroids for focusing. These 
mirrors inside the beamlines enable standardized vacuum interfaces towards 
the instruments. To obtain smaller focal spots shorter focal lengths are needed 
therefore requiring to include the focusing optics into the instrument itself. 
This approach has become feasible at 92 eV, using unfocused beam and 
spherically and parabolically shaped multilayer optics19. All mirrors are 
carbon coated therefore limiting operation of the facility in the present con-
figuration to below the carbon K-edge at ~284 eV. Nevertheless the overall 
layout of the FEL optics at FLASH has allowed observing harmonics of FEL 
radiation28 and even to use them in experiments.  

FLASH allows due to a relatively small distance from the experiments hall 
to the electron beam the transport of THz radiation, produced by an additional 
radiator behind the FEL undulator and used for cross-correlation and pump-
probe experiments30, and of visible synchrotron, produced by a bend magnet 
and used to monitor the synchronization between optical laser and FEL10, 
from the accelerator tunnel to the experiments hall. 

At the European XFEL it is foreseen to use a similar concept for five beam-
lines. Each beamline has its own undulator, a much longer beam transport and 
an experiments area inside the experiments hall of approximately 15×40 m2. 
Initially three of the five beamlines will be constructed with two FEL undula-
tors for hard x-ray radiation and one for soft x-ray radiation (compare Tab. 2). 
It is foreseen to operate the accelerator at fixed electron energy of 17.5 GeV 
and to enable tuning the photon energy  using gap adjustment of the undula-
tors. The undulators for the hard x-ray regime have been optimized such that 
one device operates at fixed photon energy of 12.4 keV while the other can be 
tuned from 3.1-12.4 keV. The third undulator uses the spent beam of the fixed 
energy device to deliver FEL radiation in the soft x-ray regime tuneable in the 
range 0.775-3.1 keV. Operating the accelerator at reduced energy of 10 GeV 
the soft x-ray FEL undulator could provide FEL radiation in the range 0.25-
1.0 keV. This low energy operation allows closing the gap with respect to 
photon energies provided by FLASH but a thorough design has to show the 
feasibility to transport this extremely intense soft x-ray FEL radiation.  
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Table 2 Design parameters of the FEL undulators at the European XFEL26. Lsat and D 
indicate saturation length and distance from undulator exit to experiments hall.  

Source Electron 
energy 
[GeV] 

Photon 
energy 
[keV] 

Period 
[cm] 

Lsat 
[m] 

D   
[m] 

Prioritized 
instruments 

SASE 1 17.5 12.4 35.6 133 1000 SPB, MID 

SASE 2 17.5 3.1 – 12.4 48 174 1000 FDE, HED 

SASE 3 17.5 

10.0 

0.77 – 3.1 

0.25 – 1.0 

80 81 400 SQS, SCS 

 
The beam transport includes long flat mirrors to displace the FEL beam from 

the direct beam and to distribute the FEL beam to the various instruments. The 
mirror grazing angle for hard x-rays is with 1-5 mrad much smaller than at 
FLASH. Therefore locating the mirrors inside the long transport tunnels between 
undulators and experiments hall enables to efficiently reduce radiation back-
ground due to Bremsstrahlung and to maximize the separation of beam transport 
to the various instruments. Crystal and grating monochromators for hard and soft 
x-ray radiation, respectively, will also be placed inside the tunnels. Each of the 
experiments areas in the  hall shall accommodate in the future up to three instru-
ments. For initial user experiments six instruments have been prioritized (com-
pare Fig. 2). Structure determination of single particles, like atomic clusters, bio-
molecules, virus particles or cells will be the prime target of an instrument dedi-
cated to ultrafast coherent diffraction imaging from gaseous samples (SPB). The 
Materials Imaging and Dynamics (MID) instrument will focus on structure 
determination of nano-devices by coherent diffraction imaging techniques and on 
dynamical processes at the nanoscale using x-ray photon correlation spectroscopy 
techniques. Time-resolved investigations of ultrafast dynamics in solids, liquids 
and gases will be carried out using a large variety of methods at the Femtosecond 
Diffraction Experiments (FDE) instrument. Matter under extreme conditions, e.g. 
very high pressures and plasmas, will be the target of the High Energy Density 
(HED) physics instrument. A Small Quantum Systems (SQS) instrument will be 
specialized for the investigation of atoms, ions, molecules and clusters in intense 
fields and of non-linear phenomena. The Soft x-ray Coherent Scattering (SCS) 
instrument will bundle coherence applications using soft x-rays, like e.g. the 
investigation of structure and dynamics of nano-systems and of non-reproducible 
biological objects using soft X-rays using imaging and spectroscopy techniques. 
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Fig. 2 Schematic layout of the European XFEL experiments hall with a size of 
50×100 m2 and the five areas for each of the beamlines. Beamlines U1 and U2 will 
not be constructed initially. The FEL beams arrive in tunnels from the left. In addition 
to the six prioritized instruments (see text for abbreviations) one or two laser rooms 
will be placed on the experiments floor. 

4 Conclusions 

The investigation of dynamics of matter and of high-intensity or non-linear 
processes using x-ray radiation requires sources of very high brightness. First 
experiments using soft x-ray FEL radiation provided by FLASH at DESY, 
Hamburg, show the possibilities and challenges to use these new sources. 
Other soft x-ray FELs under construction will become accessible for user 
experiments in the coming years. Another big step will be the provision of 
hard x-ray FEL radiation by the LCLS31 in Stanford, U.S.A., scheduled for 
2010, the SCSS32 in Harima, Japan, scheduled for 2011, and the European 
XFEL in Hamburg, Germany. Construction of the European XFEL as a large-
scale user facility with international partners has started and first beam is 
scheduled for 2014.  
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Abstract. X-ray generators utilizing Thomson scattering fill in the gap existing 
between conventional and synchrotron based X-ray sources. They are expected to be 
more intensive than X-ray tubes and more compact, accessible and cheap than syn-
chrotrons. In this work two operation modes of Thomson X-ray source: quasi CW 
(QCW) and pulsed are considered for material sciences and medical applications 
being implemented now at synchrotron radiation (SR) facilities. The system contains 
a ~50 MeV linac and a few picoseconds, few hundred W average power laser. 
Thomson X-ray source can provide up to 5·1011 photons in a millisecond flash and 
average flux 1012–1013 phot/sec. To achieve these parameters with existing optical 
and accelerator technology the system must also contain a ring for storage of e-
bunches for 103–105 revolutions and an optical circulator for storage of laser pulses 
for 102 passes. As possible applications of the considered X-ray source XAFS 
spectroscopy, small animal angiography and human noninvasive coronary 
angiography are discussed. 

1 Introduction 

An infrared photon scattered by relativistic, ~50 MeV, electron in a head-on 
collision changes its energy from ћωL~1 eV to ћω~20–30 keV depending on the 
scattering angle. This process of relativistic Thomson scattering can be used for 
efficient generation of X-rays if the reliable synchronization of dense electron 
bunches with high power laser pulses in space-time domain is provided. The 
radiation sources based on this principle can occupy the position between com-
mercial tube based X-ray sources and conventional synchrotrons. The related 
technology as well as application field for such laser-electron X-ray generators 
(LEXG) was extensively studied during last 10–15 years [1-12]. In the next 
section we will give a brief overview of existing X-ray generators to find out 
whether there is a niche for LEXG among present and developing X-ray facili-
ties. In section 3 the temporal structure, X-ray flux, and main technical parame-
ters of QCW LEXG are determined. In section 4 the application of QCW LEXG 
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in XAFS spectroscopy and 3D imaging are discussed. It is shown that 3D imag-
ing technology can benefit considerably if LEXG is used as an X-ray source for 
microtomography. New equipment will combine high density resolution of 
medical tomographs with high spatial resolution of microtomographs based on 
microfocus sources. Section 5 deals with pulse repetition mode of LEXG which 
is necessary for study of live objects. Possible applications of pulsed LEXG are 
cardiovascular diagnostics and the study of very small vessels and capillary. 
These problems pose the highest requirements on the generated X-ray flux. 

2 Overview and motivation 

X-ray generation is among the key and frontier technologies in such important 
fields as medical imaging, material studies, drug development and public secu-
rity. Conventional laboratory sources and user X-ray facilities utilize radiation of 
electrons in metals or magnetic fields. Few tens keV X-ray photons are produced 
in ~100 keV X-ray tubes or in bending magnets and insertion devices installed at 
one – few GeV electron accelerators. Further we will briefly give and compare 
some characteristics of tube and accelerator based X-ray generators. 

(a) X-ray tubes are inexpensive, compact and robust devices which convert 
electric to X-ray power with the efficiency 0.1–1%. Their radiation is nearly 
isotropic but the main disadvantage is that it is not monochromatic and gives 
poor possibilities to manipulate with the spectrum. However the advanced 
apparatus for absorption spectroscopy has been developed. An example of 
commercially available XAFS-spectrometer [13] capable to analyze the 
compounds of 60 elements is presented in Table 1. 

Table 1 

#  
elements 

Spectral 
 resolution  

Source type Power  Sizes Time of 
400 points 

 scan 
60 3·10-4  Rotating 

anode 
18 kW 2x3 m2 12 hours 

 
The main problem is that achieving spectral resolution and elemental sensi-

tivity needed for a wide class of applications often require too long acquisi-
tion times due to low X-ray photon flux. 

(b) Conventional accelerator based sources – dedicated synchrotrons offer 
at least 4 orders of magnitude higher average X-ray flux in the beam and 
allow spectroscopic analyses of diluted samples and investigation of fast 
processes in live objects. The spectra requiring hours of acquisition time at the 
X-ray tube based apparatus can be taken in minutes at the synchrotrons. 
Table 2 demonstrates statistics of 2 largest and 2 middle size synchrotrons.  



Design Study of Compact Thomson X-Ray Sources 523 

Table 2 

 
Facility 

 
ESRF 

 
SPring-

8 

 
Canadian 

Light Source 

Australian 
Synchrotron 
Storage Ring 

Energy GeV 6.4 8 2.9 3 
Circumference, m 844 1436 147.4 216 

Current, mA 200 99.8 250 200 
Cost,  $106 > 

1000 
> 1000 194 170 

 
There are 70 synchrotrons in operation or construction stage in about 30 

countries. However their cost, sizes, power supply exceed corresponding 
values of advanced X-ray tubes by a factor of 200–500. 

(c) Higher brightness and femtosecond time structure are provided by free 
electron lasers (FEL). The experiments at the first X-ray FEL FLASH 
(DESY, see Table 3) designed for the wavelength range of 50–6.5 nm started 
in 2005 [14]. Construction of the first user FEL facility, XFEL begins also in 
Hamburg in 2008 [15]. It will combine extreme peak and very high average 
brilliance in hard X-rays. Six more European countries have projects for 
building FELs in the nearest future. Compared with conventional synchro-
trons these facilities present the next step in the technology of accelerators 
and also their sizes and cost (see Table 3). 

(d) Meanwhile the European Union makes efforts to further develop FEL-
based research infrastructure [15]. The three year project has been supported 
as a Design Study – the European FEL (EUROFEL) and completed in 2007. 
EUROFEL is focused on the basic technologies for the next generation FELs: 
electron injectors, synchronization, high duty-cycle and CW superconducting 
accelerators, beam dynamics, seeding and harmonic generation [16, 17]. The 
goal is high-repetition-rate FELs in soft and hard X-rays (see also [18]). The 
development of FELs is motivated by one of the fundamental and eternal 
scientific challenges: to understand and control the structure and properties of 
materials and living matter.  
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Table 3 

 
Facility 

 
FLASH 

 
XFEL 

X-ray range 50–6.5 nm 0.1 nm 
Electron energy 730 MeV 17.5 GeV 
Overall length 0.33 km 3 km 
Bunch charge 1 nC 1nC 

Bunch duration 400 fs 88fs 
# of bunches per beam pulse 7200 3000 

Repetition rate 10 Hz 10 Hz 
Emittance 2 mm mrad 1.4 mm mrad 

Beam pulse current 5 mA or 2.5 
kA in a bunch 

5 mA or 
10 kA in bunch 

Cost  1081.6 m€ 
 
At the same time much of fundamental and applied research is routinely 

made now not only at large facilities but also in universities, academic and 
industrial labs, medical schools etc. However a middle size university pres-
ently cannot afford even conventional synchrotron. The problem is recognized 
by the European Commission that approved the COST Action MP0601 “Short 
Wavelength Laboratory Sources” [19], claiming “…Although expansion in 
application areas is due largely to modern synchrotron sources, many applica-
tions will not become widespread, and therefore routinely available as ana-
lytical tools, if they are confined to synchrotrons. This is because 
synchrotrons require enormous capital and infrastructure costs and are often, 
of necessity, national or international facilities. This seriously limits their 
scope for applications in research and analysis, in both academia and industry. 
How many universities, research institutes or even industrial laboratories 
would have electron microscopes if electron sources cost 100 M€ or more? 
Hence there is a need to develop bright but small and (relatively) cheap x-ray 
sources, not to replace synchrotrons but to complement them.” 

LEXG based on relativistic Thomson scattering have the potential to be-
come such a new X-ray source and fill in the gap between X-ray tubes and 
synchrotrons for a wide variety of fundamental research and practical applica-
tions. In the following sections we will consider the LEXG schemes meeting 
requirements of material composition analysis, high density resolution micro-
tomography, small animal angiography and human noninvasive coronary 
angiography. 
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3 Quasi CW mode 

Consider a simplified generator scheme shown in Figure 1. A laser and a 
source of relativistic electrons (linac) synchronically direct laser pulses and e-
bunches of approximately equal duration 2–10 ps into an interaction chamber 
IC. To enhance the number of collisions the laser pulses are trapped for 
nC ≈ 100 revolutions in an optical circulator and electron bunches are stored in 
a ring of the same perimeter ≈ 3 m for nS = 103–105 revolutions. The values nC 
and nS are limited by radiation damage of optical materials and the lifetime of 
the e-bunch emittance in a storage ring. Thus linac injects a bunch into a ring 
with the rate νe and laser with the same rate νL = νe emits a train of nL= nS/nC 
pulses into a circulator. Each head-on collision of a laser pulse (photon energy 
ħωL = 1.16 eV) and e-bunch (electron energy Ee = 43 MeV) results in genera-
tion of an X-ray burst with a maximum photon energy ћω ≈ 33keV. A number 
of X– ray photons generated in one collision equals: 

                                           ,                                          (1) 

where Ne, NL are the total numbers of electrons and photons, σT = 6.6·10-25 
cm2, se = 2πσe

2, sL = 2πσL
2; σe, σL are transverse sizes of electron and laser 

beams, σe = , where ε is the emittance and β is beta function of electron 
bunch in the interaction point. The most part of photons (1) is contained in a 
narrow angle ~γ-1, where γ = Ee/mc2 ≈ 0.01. 

 

 
Fig. 1 A principal scheme providing efficient arrangement for e-bunch – laser pulse 
collisions. 

For further estimations we will take the following parameters of existing 
and being projected low emittance linacs: Ne = 6·109 (1 nC bunch charge) εn = 
1 mm·mrad – normalized emittance, σe = σL = 20 µm. Then by the reasons of 
damage of circulator mirrors and reliability and commercial availability of the 
laser we restrict the design by laser micropulse energy 10 mJ and laser aver-
age power PL ≤ 0.5 kW. Anyway the X-ray beam consists of picosecond 
bursts radiated in the collisions of 1 nC bunches with 10 mJ (or less) laser 
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pulses. The total amount of X-ray photons emitted in one “building brick” 
collision for IR (ћωL = 1.16 eV) laser is: 

                (2) 

The goal of the design is to arrange these standard collisions in a compact, 
cost effective system so as to meet the requirements of specific application. 

The X-ray flux  provided by the generator in Figure 1 equals to: 

                            (3) 

The 3 m circulator (and ring) perimeter allows the product νe nS up to 
100 MHz. This is the value of linac frequency considered in the design of the 
next generation CW light sources involving warm and cryogenic accelerator 
structures [16, 18]. To achieve it the problems connected with radiation and 
electrical damage of cathodes and availability of photocathode UV lasers (see 
[11]) are to be solved. The storage ring in LEXG reduces the linac frequency 
down to 0.5–5 kHz (see further this section) and no problems with cathode 
and photocathode laser arise. 

To find the design features resulting from limitations on the laser power 
PL = 0.5 kW and laser micropulse energy EL ≤ 10mJ consider two relations 
following from (2) and (3): 

(4) 

Firstly, eq. (4) gives maximum X-ray photon flux in a QCW mode which is 
proportional to average laser power. Secondly it determines the lower limit of 
the product νe nS. On the other hand νe and  nS   by technical reasons cannot be 
too large to avoid overloading of the photocathode and to achieve the system 
compactness and reasonable cost. For EL = 10 mJ the realistic compromise is: 

                                       (5) 

Note that for fixed amount of laser pulses per second νL nL= νe nS /nC  some 
freedom remains for the time structure of laser beam, i.e. for the choice of νL 
and nL. Various approaches to laser design to produce trained laser beams for 
circulators of laser electron X-ray generators are considered in [6, 11]. 

So formulas (4) and (5) and other relations of this section determine the out-
put flux and main parameters of QCW LEXG. In the next section we will 
briefly discuss possible applications. 
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4 Applications of QCW LEXG 

As was shown in the previous section the LEXG is expected to provide a 
photon flux ~2·1013sec-1 that is sufficient for applications in material sciences. 
For example a standard method to determine material chemical composition 
and structure is X-ray Absorption Fine Structure Spectroscopy (XAFS) [20]. 
One XAFS spectrum typically contains ~600 measurements in narrow spec-
tral intervals δλ/λ ≈ 10-3–3·10-4 and for practical reasons must take not more 
than 1–2 hours. From this the photon flux before monochromator can be 
estimated as 1012 sec-1 [20, 21] that is well below the value given by (4). 

Another possible field for application of LEXG is X-ray computer tomogra-
phy (CT) which is widely used now for 3D imaging in medicine, industry, 
applied research etc. Normally for 3D image reconstruction 100–200 projec-
tions are required. Medical CTs provide very high accuracy ~few tenths of 1 
percent of the contrast measurement that is of principal importance for diagnos-
tics of many human diseases. The spatial resolution provided by medical CT 
reaches ~100 µm whereas standard value is four–five times larger. In practice 
spatial resolution is a compromise of several factors: source and pixel sizes, 
source power, exposure time, absorbed radiation dose etc. However some kinds 
of applications require higher spatial resolution than that provided by medical 
CTs (see the next section). The problem is overcome by microtomographs 
(micro CTs), that are based on combination of table-top microfocus tubes and 
CCD detectors [22]. Micro CT is a compact device designed for imaging of 
~1 mm–5 cm objects. Due to the reduced source size its spatial resolution 
reaches ~ few microns. In fact it is reached at the expense of accuracy of con-
trast measurements that is limited by relatively low average photon flux pro-
duced by microfocus sources – air-cooled < 50W power X-ray tubes with a 1–
10 µm focal spot. So the density resolution of micro CT is now by far lower 
than that of medical CTs. Therefore it was always a challenge for micro CT to 
visualize most essential for biomedical research low contrast tissues (vessels, 
membranes, blood, nerves, muscles, brains etc.). This can be achieved by 
illuminating every voxel with a sufficient enough amount of X-ray photons to 
obtain high signal-to-noise ration and improve density resolution. Hence the X-
ray tube has to be replaced by another also microfocus but more powerful X-ray 
source.  
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Fig. 2 QCW Laser-electron X-ray Generator for micro-CT or XAFS applications: 
circulator based on second harmonic generation in a high-Q cavity. 

Taking this into account, the requirements for the new source are the fol-
lowing. To keep the acquisition time of one projection in the range of 0.1–
10 sec (as in standard micro CT) and increase the accuracy of the absorption 
measurements the source must provide 100–1000 times more photons deliv-
ered and registered in every single pixel of the detector. Then the number of 
photons incident on the object and needed for 0.1% accuracy of contrast 
measurement can be estimated as 1012 per one projection (105 pixels). The 
flux needed to collect one tomographic dataset (200 frames) in one hour is 
~2·1011 sec-1 which is also in reach of LEXG as estimated in the previous 
section. Figure 2 shows the principle scheme of such X-ray generator with an 
optical circulator based on frequency doubling of a pumping IR laser radiation 
(see [11]). 

5 Pulsed operation mode for life sciences. Coronary angiography 

For some medical and industrial research and applications the pulsed X-ray 
beam is more advantageous. Average X-ray power is determined by the same 
equation (4), but the linac rate νe depends on the specific application. For 
example to observe breath, heart beat and other physiological motion, the 
exposure 0.1–1 ms and the rate of frames ν = 30 Hz are needed. In LEXG this 
is achieved by collision of pulse trains. The resulting 30 Hz X-ray signal 
consists of trains of nS micropulses separated by 10 ns. If consider life sci-
ences than νe = 30 Hz that limits laser power (see (3)) and hence the X-ray 
output: 

. (6) 
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As optimistic values EL = 10 mJ and nS = 105 have been used in estimate (6) 
it gives the maximum X-ray flux that can be reached in the pulsed repetition 
mode. Further we will discuss two possible applications of such a source in 
angiography that are currently made at synchrotron beamlines.  

A number of new medical technologies for imaging and therapy for which 
the X-ray flux of conventional sources is not sufficient are being developed 
during 1–2 decades on synchrotron radiation sources [23, 24]. Partly with the 
hope that if successful they may be implemented on a new intense, compact 
and available source appropriate for application in clinics. This could be an 
important and promising field for expansion of LEXG. 

One of these new technologies is aimed at selective coronary angiography 
which is the most widespread tool for diagnostics of cardiac diseases. In this 
invasive method X-ray images of arteries expected for affection or pathology 
are produced at arteries catheterization for delivering a contrast agent directly 
to the investigated area. Millions of patients a year undergo this investigation. 
The procedure is not absolutely safe for patients due to (small) probability of 
arteries damage and sometimes negative effects caused by contrast agent, and 
for medical personnel acquiring radiation dose. So the screening is not always 
recommended though the diagnostics is very desirable at the earliest stages of 
ischemic disease. Therefore several noninvasive methods of coronary arteries 
imaging are being developed [25]. However presently  selective coronary 
angiography remains the “gold standard” for diagnostics of most heart dis-
eases as other methods do not provide comparable image quality.  

A new noninvasive method utilizing synchrotron radiation was suggested 
to replace selective coronary angiography. It was suggested that the high 
power of a synchrotron beam allows improving image quality by digital 
subtracting of images obtained on two sides of absorption K-edge of iodine 
contrast agent [26]. This substantially reduces the concentration of the con-
trast agent and gives possibility to inject it intravenously (noninvasively). 
After ~400 tests at synchrotron DORIS that showed very good image quality 
and acceptance of the new noninvasive procedure by patients [27]. Then a 
project of 1.6 GeV storage ring was published as a step towards facilities for 
noninvasive coronary angiography to be installed in medical centers and 
clinics [28]. However further progress in this field came slower. Probably the 
reason is that everyday medical exploitation of a facility with GeV-scale 
storage ring and 42.2x37.6 m sizes is not economically justified.  
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Fig. 3 A scheme of LEXG designed for human K-edge subtraction imaging 
angiography. 

A conceptual design of LEXG for noninvasive coronary angiography based 
on subtraction imaging was considered in [29]. The design contained a 
~50 MeV linac, 1 m radius storage ring and a picosecond laser. The storage 
ring increases average current and makes easier the requirements to photo-
injector. The usage of trained (~102–104 micropulses) laser beams for Thom-
son scattering allows to decrease X-ray photon flux employed for video 
screening in human angiography (~1013) and also to reduce the radiation dose 
on a patient. Though the obtained value is in agreement with estimations of 
other authors [3] it is difficult to say now without the experiment whether this 
flux will be sufficient for practical angiography. An updated LEXG scheme 
for noninvasive coronary angiography is given in Figure 3. Two lasers are 
needed for taking images on both sides of iodine K-edge. 

Synchrotron radiation due to high X-ray photon flux is being applied to animal 
studies for new treatments in medical practice. It enables an ex vivo and in vivo 
research with high spatial and temporal resolution. Special synchrotron radiation 
microangiography (SRM) systems have been developed for visualization of 
vessels and cardiac pathologies in small animals: mice, rats, dogs and rabbits [30-
32]. The latter, at SPring-8, has the following parameters: field of view 7x7 mm 
or 4.5x4.5 mm; pixel size 7x7 µm or 4.5x4.5 µm; spatial resolution 6 µm; mini-
mum detectable vessel diameter 20 µm; shortest exposure time 2 ms; rate 30 
frames/sec. Note that conventional angiography does not allow to visualize 
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vessels of less than 200 µm diameter. This SRM imaging system was used to 
evaluate morphometric and physiological evaluation of coronary collateral mi-
crovessels development at stem cells transplantation in rats. The 6 µm resolution 
images were firstly obtained on beating hearts that was not previously available 
for conventional angiography as well as for micro CT. For example coronary 
collateral growth was earlier studied by micro CT but with spatial resolution three 
times larger – 18 µm, and as was discussed in section 4 this could be performed 
only at postmortem examination [33] with long enough exposures. Now the 
efforts are being done to improve the system in two respects: (a) to reduce the 
exposure time down to 0.1 ms in order to obtain blur-free images and completely 
use the resolving potential of the detector (b) to switch from ex-vivo to in-vivo 
experiments with individual animals. For this purpose the photon flux will be 
increased with X-ray optical system. 

Let us discuss the design of LEXG system for microangiography meeting the 
above mentioned requirements. As SRM utilize radiation above the iodine K-
edge and does not use the subtraction of images only one laser of two shown in 
Figure 3 is needed. Then the estimation of the number of photons to obtain one 
frame gives ~1010 which leads to average photon flux ~3·1011 sec-1. Again we 
see that this type of research is within the reach of LEXG. Special measures can 
be taken to provide 0.1 ms exposure and reduce the source size below 10 mi-
crons. 

6 Discussion and summary 

Main characteristics of two Thomson X-ray sources (LEXG) designed for 
material science applications (quasi CW) and imaging of live objects (pulsed 
repetitive) are presented in Table 4. The first four rows characterize the output 
beam of 33 keV photons. The last three concern the IR pumping laser. 

Table 4 

Operation mode quasi CW Pulsed repetitive 
Average flux, sec-1 2.5·1013 1.5·1013 

Rate of flashes = linac 
operation rate, Hz 

500 30 

X-ray pulses in a flash 104 105 

# of X-ray photons in a flash 5·1010 5·1011 
Laser pulse energy, mJ 10 10 

Laser average power, W 500 300 
Laser pulses in a train 102 103 
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The schemes of X-ray sources considered in this paper contain an optical 
circulator and a compact storage ring. Both are necessary to make LEXG 
competitive with conventional tube based sources. The optical circulator with 
nC = 102 revolutions was described in the previous paper [11]. Figure 4 dis-
plays the scheme of a compact storage ring.  

 
Fig. 4 Compact storage ring for Thomson X-ray generator. 

The main e-bunch parameters correspond to those used in sections 3–5: 
charge is 1 nC, diameter σe = 14 µm, emittance ε = 1 mm·mrad, β = 2 cm, 
emittance lifetime > 1 ms. Calculations have been made with the code BEA-
MOPTICS created by H. Wiedeman.  

In conclusion the designs of two types of laser-electron X-ray generators 
based on Thomson scattering are presented for control of materials and imag-
ing of live objects. To be realistic the pulse energy of IR laser was restricted 
by ≤ 10 mJ and average power ≤ 0.5 kW. Other requirements of this study to 
lasers, accelerators and their synchronization are also close to current technol-
ogy and well correspond to the level stated in [17]. The realization of compact 
Thomson scattering X-ray source will make many modern methods developed 
on synchrotron radiation facilities available to a wide community of material 
and medical scientists. This perspective and technical feasibility attract more 
and more researches to the field [34]. 

The work was supported by the Program “Laser systems” of Russian Acad-
emy of Sciences and RFBR Grant 08-08-00108-a. 
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Abstract. An attempt was made to use the ASTRA laser system at the Rutherford 
Appleton Laboratory to generate an X-ray Laser (XRL) via an inner-shell photo-
ionisation pumping scheme, in which a laser produced plasma acts as an x-ray flash-
lamp to excite electrons from the inner-shell of the lasant material and hence generate 
a population inversion. The rise time of the x-ray source must be extremely fast in 
order that lasing can dominate over other relaxation routes such as Auger decay. The 
lasing line chosen was the K-alpha line of carbon at 44.6 A. The targets consisted of a 
volume of low density carbon foam (ranging between 3-10 mg/cc) over-coated with 
500 nm of Al2O3 as a high pass x-ray filter, and an Au flash-coating between 70-100 
nm thick on the surface as the x-ray pump. Evidence of lasing was seen, but the 
results were not conclusive. Detailed simulations exploring the feasibility of such an 
XRL scheme were carried out to optimise the pump design requirements. During the 
experiment the ASTRA laser delivered 0.6 J in ~60 fs pulses which was only mar-
ginal in terms of achieving significant gain according to our simulations. With the 
advent of new generation laser systems with shorter pulse duration and higher ener-
gies, we should then be able to access significant gain within this scheme.  

1 Introduction 

The inner-shell photo-ionisation (ISPI) scheme, first proposed by Duguay and 
Rentzepis in 19671 is, schematically, a very simple method of achieving a 
population inversion across an energy gap of X-ray wavelength. An x-ray 
flash-lamp providing a pulse with photon energy just above an absorption 
edge of a material causes the ejection of inner-shell electrons, automatically 
generating a population inversion. In practical application however, many 
problems exist preventing laser action from taking place. One of the biggest 
obstacles is overcoming the competing relaxation mechanism of Auger decay, 
which happens on a much shorter time-scale than radiative decay. Other 
problems include the quenching of the lower lasing state by ionisation of 
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upper levels via electron impact or photo-ionisation by lower energy photons. 
The problems can be somewhat solved by the design of the x-ray flash lamp 
and the target. An x-ray flash-lamp with an extremely fast rise time is needed 
to beat Auger decay and low density targets can reduce the effect of electron 
impact ionisation. The problem of photo-ionisation by lower energy photons 
can be mitigated by placing a high pass filter between the generator layer and 
the target material. A study by Moon et al in 19982 provided a set of pump 
laser requirements for achieving lasing on the Kα line of carbon which were   
1 J of energy in less then 50 fs in a line focus 1 cm × 10 µm. These laser 
parameters have become available recent years by the implementation of high 
energy Ti:Sapphire lasers such as ASTRA3. In the experiment that we have 
performed, the ASTRA system was capable of delivering 500 mJ to the target 
chamber in pulses of duration down to 60 fs.  

2 Experimental Layout 

A plan of the experiment is shown in Figure 1. The line focus was generated 
through the combination of an off-axis parabola (a) and a tilted spherical 
mirror (b), which gave a line focus of absolute length 12 mm with a travelling 
wave speed of 1±0.1 c. The principle diagnostic observing the X-ray laser 
output was a flat-field spectrometer (c). Diagnostics used to monitor the line 
focus uniformity and x-ray flash lamp spectrum was a differentially filtered  
4-channel pinhole camera (d). 

 
Fig. 1 Chamber layout for the experiment. 
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In order to minimise hot electron production via resonance absorption, the 
laser was incident on the target in an s-polarised state. The targets were fabri-
cated by filling grooved substrates with low density foam (3, 5, 8 or 10 
mg/cc) and then over-coating this with 500 nm of Al2O3 as a high pass filter. 
For the x-ray generator layer, a flash coating of Au, of thickness 50, 70 or  
100 nm was deposited. In the majority of cases the targets also had a thin 
layer of smoked (foam-like) gold. Smoked Au forms a structured target, 
which it is believed to improve absorption of a laser pulse by modifying the 
surface properties. This is produced by depositing gold onto the target surface 
in the presence of an inert gas, causing the gold to form into nanometre scale 
clumps with large cavities between them thus giving a large surface area for 
laser absorption to take place and causing the laser to undergo multiple reflec-
tions on impact, rather than a single reflection as is the case for smooth tar-
gets. They have been shown to increase the x-ray output of laser plasma 
sources by up to 20 times4. 

3 Results and Discussion 

3.1 X-ray Flash Lamp 

A typical image from the differentially filtered pinhole is shown in Figure 2. 
 

 
Fig. 2 Pin-hole-array image of linefocus. The filters on the pin-holes, from top to 
bottom are 1 µm Zn, 1 µm CH + 0.2 µm Al, 1 µm Ag and 6 µm Al. 

  The different filters were chosen to transmit various regions of the spectrum 
in the energy range we were expecting. The transmission coefficients for the 
filters are shown in Figure 3. The count numbers on each channel can be used 
to estimate a temperature for a blackbody emission spectrum. Equation 15 was 
used for this purpose. 

7.5mm 
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where i = 1 to 4 and represents the filter, Fi is the experimental data through 
filter i, E is photon energy, Ti(E) is the transmission coefficient of filter i, 
R(E) is the detector response and σi, is the uncertainty in the experimental 
data. χ2 was minimised by performing a scan over a large parameter space for 
A and Te. A temperature of 400 eV is estimated for the x-ray flash lamp. 

 
       a)       b) 

Fig. 3 Graphs showing the transmission coefficient for the filters used on the pinhole 
camera (a) for the entire response range of the CCD and (b) in the region where the 
majority of the emission from the plasma was expected. 

Figure 4 shows the estimated blackbody spectrum and the spectrum after 
passing through the Al2O3 filter. It can be seen that the flashlamp-filter com-
bination is optimised spectrally, emitting very little below the C K-edge, but 
heavily above. 

The intensity profile along the line focus was seen, in many shots, to ex-
hibit strong spatial modulations which varied from shot to shot. These were 
thought to arise from modification to the foam during the coating process for 
the x-ray filter and generator. Previous work with the foam had shown that the 
coating process caused collapse of the foam close to the surface. This caused 
a slight increase in the density of the foam in the gain region and also would 
be able to produce spatial modulations as seen in the pinhole images. Both of 
these effects would have a negative impact on the gain conditions.  
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Fig. 4 The estimated blackbody spectrum and the spectrum after passing through the 
filter layer. 

3.2 X-ray Laser Output. 

 
Fig. 5 Spectral lineout of an image taken from the flat-field spectrometer observing 
the axial output integrated over 5 mrads The position of the potential lasing line is 
indicated. 
 
It was necessary to observe the 3rd order of the Kα line due to conflicts with 
other lines and reduced grating efficiency of the lower and higher orders. A 
typical spectrum of the axial output from the plasma column is shown in 
Figure 5. Just on the longer wavelength side of the potential lasing line, the 
4th orders of the C VI 2p-1s and C V 3p-1s lines can be seen. The 3rd order 
Kα is almost perfectly overlapped with 4th order C V 1s-4p line, and so 
special care must be taken when measuring the contribution to the signal 
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from Kα emission. In order to do this the ratio between the 3rd orders of the 
C V 1s-4p and 1s-3p line is taken. The intensity of the 4th order C V 1s-3p 
line can then be used to calculate a contribution to the lasing line from the C 
V 1s-4p transition. The C VI 1s-2p line, which is closer to the potential 
lasing line can not be used for this purpose as it is itself overlapped with 5th 
order C VI 1s-4p emission. Using this method, the Kα signal strength inte-
grated over 5mrad was estimated at ~105 photons. 

5 Conclusions 

We have presented the results of an investigation of the viability of using the 
ASTRA laser to generate an X-ray laser on the Kα transition of carbon. The 
data show that the x-ray flash-lamp produced was generating pump radiation 
in the desired wavelength region, while the results regarding the demonstra-
tion of lasing action are still inconclusive due to the low gain. The rise time of 
the x-ray pulse, due to unfavourable laser conditions, combined with unavoid-
able inhomogeneities in the target surface which are present by virtue of the 
target material and structure are identified as problems which need to be 
overcome. It is thus concluded that further investigation into this scheme is 
warranted. 
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Abstract. The origin of electron trapping at the back of a ‘bubble’, which is formed 
when the electrons are expelled from an under-dense plasma by an intense laser pulse, 
is investigated using a reduced model wakefield. The subsequent acceleration and 
transverse oscillation produces betatron radiation. Such electromagnetic radiation 
emitted by trapped electron in an ionic bubble is estimated using the Lienard-
Wiechert potential. 

1 Introduction 

Laser-wakefield accelerator is a promising candidate for a compact electron 
accelerator. Very high acceleration gradients are produced by an ion bubble-
like structure following laser pulse over a few centimeters in an under-dense 
plasma [1]. The intense laser pulse drives a large amplitude plasma density 
wake that produces huge electric field of the order of 100 GV/m which enable 
the acceleration of particles to relativistic energies (GV), which is three orders 
of magnitude higher than what can be achieved with the same length conven-
tional RF accelerator. The intense laser pulse expels all the plasma electrons 
from its axis of propagation leaving a completely evacuate tens of micron 
sized ion cavity behind. This highly nonlinear regime is sometimes called the 
‘bubble’ regime [2]. The expelled electrons then flow backwards, with respect 
to the bubble motion, along the surface of the bubble and may be trapped at 
the rear of the bubble. These trapped electrons are then accelerated by the 
electric field of the bubble while undergoing transverse motion called betatron 
oscillation. This transverse motion gives rise to copious radiation in the for-
ward direction. A compact next-generation source of radiation based on 
betatron emission could find use in many areas of science and technology [3]. 
One of the central issues to be resolved is to pinpoint the mechanism of elec-
tron trapping and subsequent acceleration in a plasma channel [4-6]. In this 
paper we show that the mechanism of electron trapping can be described 
using a simple modelled static wakefield potential. The model also naturally 
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incorporates the subsequent betatron oscillation and radiation. We compare 
our reduced model with the 2-D particle-in-cell (PIC) simulation undertaken 
using OSIRIS [7]. Section 2 describes the result of electron trapping, and the 
structure of static wakefield using the PIC simulation. Section 3 shows how 
our model can be used to simulate on electron trapping and betatron motion. 
Section 4 shows the calculation of X-ray emission from the trapped electrons 
using our model potential. 

2 2D PIC simulation 

We focus on laser plasma interaction in the ‘bubble’ regime [5] and have 
undertaken 2D particle-in-Cell (PIC) simulations of the interaction of the laser 
with the plasma using the OSIRIS code [7-8]. The incident laser pulse is 
chosen to be circularly polarized, and have a Gaussian envelope and a peak 
intensity , where  is the laser vector potential. The 

plasma density is given by , where  cm  is the 

critical plasma density for a laser wavelength of 0.8 , and is the Lor-
entz factor for the laser group velocity. In our simulation we have considered 

 cm  for . Fig. 1 shows a snapshot of the spatial 
distribution of the electron density. The void shape is determined by the 
ponderomotive potential of the laser pulse. From Fig. 1 we can trace a moving 
void which can be divided into: (i) A void core region, i.e., the cavity with 
totally depleted electron density and a large positive space charge, (ii) the 
transverse boundary region where the electrons are compressed and form the 
radial sheath around the cavity, and (iii) the front (nose of the laser pulse) and 
rear (end of the void) cavity boundaries. As time evolves we observe that 
electrons are trapped by the strong wakefield, and acquire a relativistic energy 
and accelerate forward as a bunch. A model for particle trapping in spheri-
cally symmetric space charge has already been discussed by Kostyukov et al 
[5].  However, in their model, the application of the laser perturbation in the 
bubble, in addition to the onset of coupling with the plasma, was not con-
sidered.   
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Fig. 1 PIC simulation: Snapshot (at time 588 ) of the electron density and 
formation of the bubble. 

3 Model 

Here, we discuss a simple model of a predefine shape of the space charge void 
and use this to investigate the mechanism of electron trapping. We considered 
that the laser pulse is linearly polarized, and travels along the x-axis. Single 
electron trajectories are described in the co-moving coordinate  

where is velocity of the wakefield, which is equal to the moving coordinate 
is 

                                                                                        (1) 

where,  is the canonical momentum of electron,  

is the vector potential of the laser field, and and  are the slowly varying 
vector and scalar potentials, respectively [5,9]. Here, is the longitudinal 

momentum,  is the static normalized wakefield potential for 
our calculation.  We approximate the void region by a sphere to obtain an 
analytical result [10].  
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Fig. 2 Trajectories of trapped electrons: Using our model (a), one of the selected 
tracks from OSIRIS simulation (b). 

The electron sheath around the void screens the ion in the surrounding plasma. 
We model the wakefield potential as  

                    ,              (2) 

where,  is the width of electron sheath,  is the radius of the void, 

, and  is a function of .We solve the coupled 

equations of motion in the co-moving frame for a spherical bubble of radius 
, and a sheath width . Initially the electrons are 

placed at the front of the bubble, where the Gaussian linearly polarized laser 
profile is situated. Our model calculation self trapping is shown in Fig. 2(a). 
One can estimate the turning points where the electrons get trapped by the 
bubble as . To compare our model calculation we 
show one of the selected electron tracks using OSIRIS (see Fig. 2(b)).We 
observe that the electrons undergo betatron motion soon after they get trapped 
with a betatron frequency , where  is the plasma fre-
quency, and  is the Lorentz factor associated with the electrons. As we 
know that an accelerating charge radiates electromagnetic radiation. Very 
recent experimental observation of synchrotron X-ray radiation from relativ-
istic electrons produced from a gas target illuminated by a petawatt laser pulse 
has been discussed in [11]. Below we discuss on the theoretical estimate of X-
ray radiation by electron undergoing betatron using our model.  
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Fig. 3 X-ray emission spectrum from betatron oscillation of self-trapped electrons 
inside the bubble. 

4 Betatron radiation 

The electromagnetic radiation from electrons, observed in the far field, can be 
calculated from the betatron oscillation of the electron using the Lienard-
Wiechert potentials [12], where the velocity field is neglected and only the 
accelerated field is considered, and is given by  

                              (3) 

where  is the energy radiated into unit solid angle  at 

frequency ;  is a unit vector along the direction of observation point, is 
the position of electron,  is the normalized velocity of electron normalized 

to velocity of light,  is the acceleration, and  is the total time over which 
the electron oscillates after they are trapped. The characteristics of the radi-
ation depend strongly on the betatron amplitude, i.e., for near-axis oscillation 
( ), only the fundamental wavelength of the undulator like radiation is 
emitted, which is given by , where is the betatron wavelength. 
When the amplitude of betatron oscillation is a few microns, then high har-
monics are radiated with a broadband wiggler-like spectrum rising to a peak 
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and then dropping exponentially [13]. Fig. 3 shows a typical X-ray spectrum 
with peak at roughly 150 KeV. 
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Abstract. We have used the XUV FLASH laser at DESY to irradiate solid targets with 
intense XUV pulse at 13.5nm and ~1016 Wcm-2. XUV emission spectroscopy using a 
grating spectrometer has been used to observe both continuum radiation and line emis-
sion from Al IV. We present some preliminary results that indicate time integrated 
temperatures of below 20eV while simulation indicates higher initial temperatures. 

1 Introduction 

The use of intense XUV and X-ray pulses to create samples of warm dense 
matter (WDM) has been proposed by several different authors1-3, being moti-
vated by the development of free electron laser technology that has pushed 
operation into the XUV and, soon, the X-ray regime. One of the advantages of 
such heating is that not only are the pulse lengths of the proposed sources 
short (generally ~100fs or less) but they do not suffer from the critical density 
issue that occurs with optical short pulse lasers. In the latter, the energy is 
absorbed at critical density, which is about two orders of magnitude lower 
than solid density. The transport of energy to high density by either thermal 
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conduction or fast electron transport is then needed to create warm dense 
matter samples. With XUV or X-ray heating it is expected that we may be 
able to create foil samples of greater than a micron thickness at solid density 
and temperatures in excess of 1eV, the hydrodynamic timescale for expansion 
of such a sample is such that investigation is possible with time resolved 
absorption spectroscopy and expansion measurement techniques such as 
Fourier domain interferometry (FDI)4. Such states of matter are of intrinsic 
interest because of the combination of strong coupling and partial degeneracy 
that means neither classical plasma physics nor solid state physics can be used 
to describe them. They are also of interest because of their occurrence in 
planetary science and in fusion capsules. 

In this paper, we report some initial experiments in which we have irradi-
ated solid targets with an XUV-FEL beam in order to create WDM samples as 
record subsequent emission in the XUV wavelength regime. 

2 Experimental Layout 

A schematic plan of the experiment is shown in Figure 1. The FEL beam at 
13.5nm was focused using a MoSi multi-layer optic with a focal length of 
250mm. After an adjustable aperture, the beam size was ~5mm resulting in f/50 
focusing. Initially, the reflectivity was ~60% at 13.5nm with a full-width at half-
maximum of ~0.5nm. Contamination of the surface was noted after the experi-
ments, due to the chamber environment. On further analysis, the reflectivity was 
found to have dropped to ~45% at the centre of the optic. During the experiment, 
typically ~5µJ on target per shot was achieved in a pulse width of ~15fs. The 
target mount allowed multiple flat foil samples to be held, including PMMA as 
well as metallic foils and SiN. The target drive was fitted with externally con-
trolled motorized actuators capable of micron level control of motion.  

A Questar QM1 long distance microscope coupled to a high quality mirror 
was used to image the front of the target surface during the experiment. The 
damage spots created by the incident FEL beam could be readily observed to 
check that during a shot series a fresh surface was exposed for each shot. This 
telescope was also used to establish, prior to the experimental runs, that the 
target surface remained within a few microns of the pre-set focal position was 
the target was rastered a distance of ~20mm across the focus- thus focussing 
conditions were consistently well within the Rayleigh depth for a particular run. 

The sample foil could be moved in and out of the focal plane to vary the 
focal spot. By changing the incident energy and varying the focus onto the 
PMMA we were able to make a focal spot analysis from the ablation craters. 
Figure 2 shows the results from using a Normarski differential interference 
contrast (DIC) microscope to analyse 5 craters from each of the focal spot 
positions and an atomic force microscope (AFM) to image the spots. 
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Fig. 1 Schematic layout for the experiment. 

At best focus, we get a focal spot full-width at half maximum (FWHM) of 
~2 microns. This gives a fluence of ~160 Jcm-2 and an intensity on target of 
~1016 Wcm-2. Gaussian beam optics would predict that for this spot size and 
focus the Rayleigh range is ~ 330 microns. The lower figure seems to indicate 
that the crater area doubles when the focus is moved by ~160 microns- Gaus-
sian optics would therefore yield a best focal spot of ~1.5 microns FWHM, 
roughly consistent with the best estimate from craters at best focus. 

 
Fig. 2 Left: An AFM image of a typical crater from near best focus exposure. Right: 
Average crater area for ablation of PMMA. The distance scale on the right is in units 
of 1/10 rotation of the actuator (=31.75 microns). 

The emission from the irradiated target was recorded with a grating spec-
trometer situated with the grating ~50cm from the target. The grating was a 
1200 l/mm variable spacing grating that produced a flat spectral focus onto a 
back-thinned CCD (Andor DX420-BN) cooled to -10° C. The spectral range 
was from ~12-35 nm with resolution of  λ/Δλ ~150. The cooling of the CCD 
allowed us to record hundreds of  data shots accumulated into one image 
whilst moving the target foil across the focal plane. 
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3 Results and Discussion 

In Figure 3, we can see some typical collected data from an Al target. A total 
of 1800 shots are integrated. In the top figure we see the resultant raw CCD 
image. In the lower figure, we can see a line-out showing scattered FEL 
radiation in both first and second order. We also see an emission feature that 
we identify5,6 as the Al IV 2p6-2p5 3s 3P and 1P doublet at 16.01nm and 
16.17nm respectively. We can also see this in second order. We do not see 
strong evidence of Al V lines and indeed, these are not expected to be signifi-
cant compared to Al IV below ~20eV. This puts an upper limit on the tem-
perature.  
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Fig. 3 Spectrum recorded by integrating 1800 shots on an Al target at ~1016 Wcm-2. 
Top raw image from CCD; bottom: The emission line-out showing the FEL in 1st and 
2nd order as well as Al IV emission at ~16nm and at ~13nm in 2nd order. 

We can see this latter point illustrated in Figure 4, which shows Saha-LTE 
spectra derived from data on the NIST online database5,6. The spectra are 
derived for Ne~3x1021 cm-3 which is in the estimated density range, based on 
the line widths. Clearly, the Al V  lines would start to be noticed in the spec-
trum somewhere between 10-20eV. 

We can compare this to the temperature estimated by considering energy 
absorbed by the target. For 13.5nm radiation the linear absorption depth7 is 
approximately 30nm for both Al and the few nm oxide layer expected to be 
on the surface. This means that, for example, within an absorption depth of 
the surface we expect an average of >1010 JKg-1 absorbed. If we assume the 
density of the warm dense matter created to be solid density for Al, and allow 
the Saha-Boltzmann equation to govern ionisation with only ground states 
accounted for and the Stewart-Pyatt8 model to account for continuum lower-
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ing then we estimate that the plasma reaches Te~150eV on initial creation 
with Z*~9. At this temperature we should certainly expect to see Al V emis-
sion as well as higher ionisation stage emission. 

  
Fig. 4 Saha-LTE spectra with Doppler broadening for Al showing how Al IV 
dominates below ~20eV 

One explanation for this apparent discrepancy could be that at densities of 
around solid, the plasma continuum lowering and strong Stark broadening of 
emission features does not allow clear emission lines of higher ion stages to 
be seen. After rapid expansion to lower density, the plasma temperature may 
have cooled to a significant degree. For example, let us assume an adiabatic 
expansion where; 

 
 

 
where T is temperature, V is specific volume and γ is the adiabatic index, 
equal to 5/3 for a monatomic gas. For solid density with Z*=9 we expect an 
initial Ne~5x1023 cm-3. From the width of the lines seen in the spectrum, we 
can estimate that the effective electron density of the emission is broadly 
between ~1021-1022 cm-3. With the equation above, we can then estimate a 
range of temperatures of 2-11 eV, which is certainly in agreement with the 
observation of no Al V lines. 

Since there is some uncertainty about processes such as inverse bremsstrah-
lung in the XUV regime for initially cold metals such as Al, we have run a 1-
D HYADES9 code simulation of FLASH XUV-FEL heated Al by assuming a 
dump of energy into electrons and allowing evolution to occur. Some results 
are presented in Figure 5. In this simulation we have simulated the energy 
absorption as decreasing with Beer’s law into the target. The average energy 
absorbed per atom in the top 30nm is ~2.7keV. We can see from the figure on 
the right, that the electron temperature is predicted to drop below 20eV after 
approximately 50ps. At this time much of the layer is between Ne~1021 -1022 
cm-3. Thus we might say that, for a time integrated diagnostic, it is no surprise 
if the Al IV emission dominates.  
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Clearly a more detailed analysis with time dependent ionisation dynamics 
would be needed to correctly estimate the averaged emission density and 
temperature that would be observed when the emission is integrated over the 
entire emission history. Nevertheless, the preliminary analysis indicates that 
Al IV may dominate because of rapid adiabatic cooling of a thin initially 
heated layer and the effect of high density Stark broadening and continuum 
lowering on the higher ionisation stage emission at earlier times. 

 
Fig. 5 Hyades simulation of the top 30nm of a solid Al target. Left: average electron 
temperature in layer for planar and spherical expansions. Right: Upper and lower 
bound to electron density in planar case.  

4 Conclusions 

We can conclude that we can generate warm dense matter samples using an 
intense XUV laser pulse such as the FLASH facility in DESY. It is possible 
also that longer established alternatives may also be used, such as plasma 
based X-ray lasers. However, the short pulse and tunability of the XUV-FEL 
facility, combined with 5Hz operation, make it a valuable, flexible tool for 
WDM research. The modest temperature of below ~20 eV seen from the 
existence of Al IV but absence of Al V emission is consistent with strong 
adiabatic cooling combined with integration of the spectrum over the entire 
emission duration. It is expected that in future experiments, it will be possible 
to integrate many shots using a streak camera synchronised with the FEL 
beam to provide time resolved data averaged over many shots with time 
resolution of a few picoseconds or better. This will help resolve the issue of 
the maximum initial temperature reached. At 150eV, we might expect to look 
for K-shell emission from low-Z elements up to perhaps Al, using crystal 
spectrometers. 
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Abstract. Another attempt to verify the innershell x-ray laser scheme in sodium is 
about to run at the end of 2008 at PALS Centre in Prague. In this contribution we will 
present new experimental setup that provides more pumping power at the target. Also 
a numerical code solving the rate equations in 1D has been developed. This code 
enables to find optimum density of the sodium (controlled by its temperature) for 
different pumping conditions to fit with the parameters of the x-ray laser driver 
available at PALS. 

1 Introduction 

Innershell photoionization scheme is one of the promising ways to reach x-ray 
lasers (XRL) at wavelengths that are not achievable with the commonly used 
electron collisional excitation or recombination. However, creating the popu-
lation inversion by photoionization of an inner electron was so far demon-
strated only for wavelengths in visible and VUV spectral range with the 
shortest wavelength of 90.7 nm for Auger-type laser in Kr III [2]. One of the 
very first proposals for an x-ray laser scheme is the Duguays’ innershell 
scheme in Na vapor at 37.2 nm [1]. There have been few attempts to realize 
this scheme, however all without success. The Ne-like Zn XRL at 21.2 nm at 
PALS facility seems to be the ideal pumping source for Duguays’ scheme. 
The new experimental arrangement that ensures more pumping power and 
optimum gain medium properties found by new 1D numeric code are pre-
sented below. 

2 Physical principles 

The Duguays’ innershell laser scheme in sodium is based on creation of 
inversion population by ionization of 2p electron in atomic sodium by soft x-
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ray radiation (hν > 38.5 eV) without significant influence on population of the 
3s level. For radiation near 20 nm (i.e. hν ≈ 60 eV) the photoionization cross-
sections ratio of 2p and 3s electron is σp/σs ≈ 200. The 2p53s state is four-
times degenerated and only radiative decay 2p53s (1P1) → 2p6 (1S0) at 37.2 nm 
is allowed. There is no other possible depletion of the upper laser level (like 
Auger type transitions). 
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  a)                   b) 

Fig. 1 a) Schematic diagram of sodium electronic structure: photoionization of an 
innershell electron and radiative decay of the electron from the upper level.  
b) Simplified energy level diagram of the transitions. 

3 Experimental setup 

In the planned experiment at PALS facility, the Ne-like Zn XRL (λ= 21.2 nm; 
hν = 58.5 eV) will be used for pumping. It delivers up to 10 mJ in 200 ps 
pulses in double pass mode with beam divergence 3×5 mrad (horizontal × 
vertical) [4]. Its beam will be focussed with a toroidal mirror into the sodium 
vapor generated in the oven. 
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Fig. 2 Draft of the experimental arrangement of the incoming PALS experiment. 

For focusing the Zerodur toroidal mirror at incidence angle of 10 deg (f = 
1500 mm) imaging the source with demagnification factor of 1.5 will be used. 
The diameter of focus is expected to be ≈ 80 µm. The XRL focus will be 
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monitored on the PixeLINK camera PL-A741 covered by P43 phosphor 
(using 1 retractable flat mirror at 21 nm for 80 deg. incidence). 

The vapor streams out of a nozzle head, which has 800 µm holes on both 
sides and a length of 10 mm. The oven is located in a vacuum chamber, which 
will be attached to the target chamber of the x-ray laser. 

Behind the oven there will be a chamber containing diagnostics (flat field 
spectrometer or transmission grating spectrometer). In front of spectrometer 
there will be another chamber to check the footprint and/or absorption in 
sodium of 21 nm XRL. 

4 Modelling of population inversion 

4.1 1D code for solving rate equations 

We have developed a new one–dimensional code solving the system of rate 
equations (described in [3] in detail) along the axis of pumping (z-axis) that 
takes into account all physical parameters of the future experiment at PALS 
facility, i.e. neutral sodium atoms density distribution, pumping pulse shapes, 
and pumping beam intensity distribution that is affected by focusing and 
absorption in gain medium. 

Typical values of physical conditions considered are shown in Fig. 3 and 4. 
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         a)                                                                  b) 

Fig. 3 Input of the code. a) Sodium density profile. Density inside the oven N0 = 1016 
cm3. b) Example of measured pulse shapes of the Zn XRL at PALS. 
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        a)                                                                 b) 

Fig. 4 Input and output of the code. a) Solid line: Beam profile along the z-axis (beam 
waist w0 = 50 µm, divergence θ = 8 mrad); dashed line: pumping intensity 
distribution. Gaussian beam is considered. b) Time dependent gain-length product for 
double pass pump pulse with energy 3 mJ in focal spot. 

It was revealed that that maximum gain is strongly dependent on the rising 
edge of the pumping pulse, because for the considered pumping intensities the 
population of the ground state is depleted very quickly (all sodium atoms are 
ionized) in times that are much shorter then x-ray pumping pulse duration. To 
generate high gain a steep rising edge in conjunction with sufficiently high 
intensity is necessary, therefore the gain in the single pass pumping regime is 
comparable with the gain reached by the double pass pumping pulse, although 
the energy of the double pass pulse is higher approximately by one order of 
magnitude. 

4.2 Search for optimum pumping conditions 

Sodium density and energy of the pumping pulse were scanned to obtain the 
optimum conditions (high gL) of the Na x-ray laser. The gain-length product 
was observed for various focus diameters (pumping beam waists) and real 
pulse shapes. 

The results of this modelling for pumping by single pass pulse are shown in 
Fig. 5. The optimum sodium density in dependence on energy of the pumping 
pulse can be easily found. Sodium vapors density is determined by tempera-
ture with empiric formula [5] 

                                        (1) 

Optimum conditions for different diameter of the foci are plotted in Fig. 6 
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Fig. 5 Dependence of the peak gain-length product on the energy of pumping pulse  
in single pass mode (w0 = 50 µm, θ  = 8 mrad) and on the sodium density inside the 
oven. 
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a)                                                                 b) 

Fig. 6 a) Optimum temperature of sodium (determined by the optimum density of 
sodium vapors) in dependence on pulse energy and focus diameter for double pass 
pulses. b) Peak gain-length product (black lines) and time averaged gain-length 
product (grey lines) at optimum sodium density. 

5 Conclusion 

According to the results of the detailed numerical simulations with regard to 
relatively high pumping source shot-to-shot stability and mechanical stability 
improvements of the sodium apparatus, there is a very good chance to verify 
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the original Duguays’ innershell scheme within the next experimental cam-
paign at PALS that will take place in the first half of 2009. The sodium XRL 
is expected to produce up to 0.5 µJ of radiation at 37.2 nm in 100 ps pulse. 
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