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Preface

These proceedings comprise invited and contributed papers presented at the 13th In-
ternational Conference on X-Ray Lasers (ICXRL 2012) which was held 11–15 June
2012 in Paris, in the famous Quartier Latin, inside the historical Center of Corde-
liers. This conference is part of a continuing series dedicated to recent developments
and applications of x-ray lasers and other coherent x-ray sources with attention to
supporting technologies and instrumentation.

New results in the generation of intense, coherent x-rays and progress towards
practical devices and their applications are reported in these proceedings, includ-
ing areas of research in plasma-based x-ray lasers, 4th generation accelerator-based
sources and higher harmonic generation.

Recent achievements related to the increase of the repetition rate up to 100 Hz
and shorter wavelength collisional plasma-based soft x-ray lasers down to about
7 nm are presented. Seeding the amplifying plasma with a femtosecond high-order
harmonic of infrared laser was foreseen as the required breakthrough to break the
picosecond frontier. Numerical simulations based on the Maxwell-Bloch model are
presented in these proceedings, transposing the chirped pulse amplification tech-
nique to the x-ray domain in order to increase the time over which the femtosecond
seed can be amplified.

These proceedings also include innovative applications of soft x-ray lasers based
on techniques and diagnostics relevant to topical domains such as EUV lithography,
inertial confinement fusion, or warm dense matter physics.

We would like to thank the International Advisory Board for helping to organize
the scientific program and the Local Organizing Committee for operation of the
meeting. Also we would like to thank the Conference Secretary and the supporting
staff for running the conference smoothly and editing these conference proceedings.

Stéphane Sebban
Julien Gautier

David Ros
Philippe Zeitoun

Paris, France
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Chapter 1
Coherent Pulses from a Seeded Free-Electron
Laser in the Extreme Ultraviolet

E. Allaria, D. Castronovo, G. De Ninno, S. Di Mitri, W. Fawley, E. Ferrari,
L. Froehlich, L. Giannessi, B. Mahieu, G. Penco, C. Spezzani, and M. Trovo

Abstract We report results of a free-electron laser operating with the high gain
harmonic generation configuration in the wavelength rage from 60 to 20 nm. With
the recent experiments done at the FERMI free-electron laser facility in Trieste we
demonstrated the capability of the used method to produce highly coherent pulses
allowing to improve the performances of FELs in the EUV spectral range overcom-
ing some of the limitations that are typical of systems based on the self amplified
spontaneous emission (SASE). Taking advantage of the seeding scheme adopted for
FERMI high photon energy stability and a very high longitudinal and transverse
coherence have been measured. The operation of the FERMI FEL facility will al-
low improving the use of the FEL light for those experiments that require a small
spectral bandwidth or a precise control of the photon energy.

1 Introduction

FERMI@Elettra is a fourth generation light source under commissioning that has
been built at the Elettra laboratory in Trieste. When in operation FERMI@Elettra
will allow the Elettra user community to perform new kinds of experiments that
could exploit the characteristic of such a new light source like short pulses and high
peak intensity.

Free electron lasers have been recognized since the first proposal [1] and demon-
stration [2, 3] as possible sources that could be efficiently used for the generation
of laser like pulses in the x-ray spectral range. Although it has been necessary to

E. Allaria (B) · D. Castronovo · G. De Ninno · S. Di Mitri · W. Fawley · E. Ferrari ·
L. Froehlich · L. Giannessi · B. Mahieu · G. Penco · C. Spezzani · M. Trovo
Elettra-Sincrotrone Trieste, S.S. 14—km 163.5 in Area Science Park, 34012 Basovizza, Trieste,
Italy
e-mail: enrico.allaria@elettra.trieste.it

G. De Ninno · E. Ferrari · B. Mahieu
Dept. of Physics, University of Nova Gorica, Nova Gorica, Slovenia

L. Giannessi
ENEA, Frascati, Italy

S. Sebban et al. (eds.), X-Ray Lasers 2012, Springer Proceedings in Physics 147,
DOI 10.1007/978-3-319-00696-3_1,
© Springer International Publishing Switzerland 2014

1

mailto:enrico.allaria@elettra.trieste.it
http://dx.doi.org/10.1007/978-3-319-00696-3_1


2 E. Allaria et al.

wait for the technology to be mature in order to support the requirements for x-rays
FELs, the theory of high gain single pass FELs was developed [4, 5] showing how
the self amplified spontaneous emission (SASE) FELs could be designed to operate
in the x-ray spectral range. Since the first theoretical works, several projects have
been done for demonstrating and use such a capability.

After first experiments in the infrared [6] and in the visible [7] the wavelength
range has been rapidly extended from the VUV [8] up to the soft x-ray [9]. More
recently the final goal to reach the hard x-ray spectral range has been achieved show-
ing FEL operations at 1.5 and 1.2 Ångstrom [10, 11].

The recent progress on short wavelength FELs has been accompanied by the
progress of other sources of laser-like pulses in the VUV and soft x-ray spectral
range. Several methods have been proposed and studied for the generation of x-ray
laser-like pulses that use the nonlinear response of materials to very high power
laser pulses in the visible and near infrared [12–16].

In this work we will report about the recent results achieved at FERMI@Elettra
with the first seeded FEL operated in the range between 65 and 20 nm.

2 The FERMI@Elettra Free Electron Laser

The FERMI FELs will produce photons in the ultraviolet and soft x-ray range, be-
tween 80 and 4 nm (Fig. 1).

Three experimental programs define the scientific case and have driven the de-
sign of the facility. The three FERMI experimental beamlines, Diffraction and Pro-
jection Imaging (DiProI), Elastic and Inelastic Scattering (EIS), Low Density Matter
(LDM), require for their experiments high peak brightness, fully coherent, narrow
and stable bandwidth photon pulses. Wavelength tunability and variable polariza-
tion, circular and linear, are also required [17, 18].

In order to cover the large spectral range FERMI has been designed with two
FEL lines. FEL-1, based on a High Gain Harmonic Generation (HGHG) [19] single
stage, is seeded by an external UV laser at about 260 nm [20]. FEL-1 produces
photons in the wavelength range between 80 and 20 nm (15 eV to 62 eV). To reach
4 nm wavelength (310 eV), starting from an external seed laser in the UV range,
a double stage HGHG cascade has been adopted for FEL-2.

Both FELs use the high energy and brightness electron bunches produced by a
linear accelerator (Fig. 2). The accelerator is based on a normal conducting LINAC
working at 3 GHz RF frequency and 50 Hz repetition rate. The high brightness elec-
tron beam is generated by a photocathode RF gun. Two stages of magnetic compres-
sion are used to get extremely short electron bunches (less than 1 ps) with high peak
current.

A fourth harmonic RF structure (12 GHz, X-band) provides the longitudinal
phase space linearization needed to optimize the compression process. At high com-
pression factors, i.e. high peak bunch currents, micro-bunching instabilities are pre-
dicted; to cure them, a laser heater [21] is installed at 100 MeV to increase in a
controlled way the incoherent energy spread of the electron beam.
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Fig. 1 Diagram showing the
expected performance of
FERMI in terms of peak
brilliance as compared to
other FEL and synchrotron
radiation facilities (Image
from: P. Schmüser,
M. Dohlus, J. Rossbach, and
C. Behrens, Free-Electron
Lasers in the Ultraviolet and
X-Ray Regime: Physical
Principles, Experimental
Results, Technological
Realization, 2nd edition to be
printed in Springer-Verlag,
Berlin (2013))

Each stage of the two FEL lines is made up by the modulator, where the electron
beam is seeded by the external laser, a dispersive bunching section, and the radiator,
where the interaction between the electron beam and the produced coherent radia-
tion produces the exponential growth of the FEL radiation. In Fig. 3 we show the
schematic layout of the first FEL, FEL-1, that is based on a single stage harmonic
generation.

For both FEL-1 and FEL-2 the final radiator is made up by six APPLE-II undu-
lators, with magnetic periods of 55 and 35 mm respectively. APPLE-II undulators
provide full control of the polarization of the FEL radiation and the variable gap
allows changing the wavelength of the emitted radiation.

Fig. 2 Schematic layout of the FERMI linear accelerator. Electron bunches are produced in the
Gun by 5 ps pulses from a Photo-Injector Laser (PIL). A first acceleration structure (L0) is used
to accelerate the beam up to 100 MeV, where there is the laser heater (LH). Further acceleration
is produced by L1, and an x-band cavity is used to linearize the phase space before the first bunch
compressor (BC1). Further acceleration is produced by L2 and L3, L4 and if needed additional
compression can be achieved using the second bunch compressor chicane (BC2)
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Fig. 3 Schematic layout of the FERMI first FEL, FEL-1. One modulator (MOD), a dispersive sec-
tion (R56) and 6 APPLE-II undulators for the final radiator (RAD) define the first FEL of FERMI

Table 1 FEL parameters
achieved so far with FERMI
FEL-1

Parameter Value achieved Units

Wavelength range 65–20 nm

Photon energy range 19–62 eV

Bandwidth (rms) 22 (@32 nm) meV

Relative bandwidth (rms) 5e–4 (@32 nm)

Polarization Hor/Circ

Energy per pulse 20–50 µJ

Pulse length (FWHM) ∼100 fs (estimated)

FEL mode TEM00

3 FEL Achieved Performance

During the first year of commissioning the FEL performance has been continuously
improving. After few months from the first produced photons it has been possible
to achieve the level of several tens of micro joules over the FEL-1 spectral range
(Table 1). It has been also possible to demonstrate the high quality and coherence of
FERMI FEL pulses [22]. This significantly improved what was generally available
from other FEL sources working in a similar spectral range.

Taking advantage of the adopted scheme and of the variable gap undulators
adopted for FERMI also the tunability of the FEL wavelength has been easily imple-
mented and changes of wavelength over the whole spectral range have been done.
Figure 4 reports a series of FEL spectra acquired during a shift where the FEL wave-
length has been varied from about 20 nm up to 40 nm.

With the FEL parameters reported in Table 1, FERMI also started to provide
photons to the three experimental stations [18] for the first pilot experiments [23].

4 Conclusions

The first FERMI FEL, FEL-1, has been operated since two years and recently
reached fairly intense photon fluxes, producing tens of µJ, approaching the project
design goals. With the already achieved photon flux the FEL-1 is showing the bene-
fit of the seeding scheme adopted at FERMI demonstrating good single shot spectra
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Fig. 4 Series of FEL spectra acquired during experiments that required the FEL tuning in the
range 20–40 nm. Reported data are an average of 100 consecutive spectra showing that FERMI
spectra are not only narrow bandwidth (tens of meV) but also very stable

with narrow bandwidth and excellent central wavelength stability. A very good de-
gree of transverse coherence has been also observed. FEL tunability and variable
polarization have been successfully set into operation.
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Chapter 2
Enhancement of Efficiency of XUV Generation
in Atomic Gases Irradiated by Intense Laser
Fields

A.V. Andreev, S.Y. Stremoukhov, and O.A. Shoutova

Abstract We present the results of the theoretical study of the high-order harmonic
generation (HHG) in atomic gases. It is shown that the photoemission spectra ex-
hibit unusual behavior when the laser field strength approaches near-atomic values.
In subatomic field strength the cut-off frequency increases linearly with laser pulse
intensity. However, when the field strength approaches near-atomic region firstly
cut-off frequency slows down and then saturates. To interpret such kind of pho-
toemission spectrum behavior we have proposed the light-atom interaction theory
based on the use of eigenfunctions of boundary value problem for “an atom in the
external field” instead of the traditional basis of the “free atom” eigenfunctions.

1 Introduction

In spite of the twenty-year history, the effect of the HHG is still under a great in-
terest of both experimentalists and theoreticians. From a practical point of view,
the HHG is one of the effective mechanisms for producing a coherent emission in
broad region of electromagnetic wave spectrum. The presence of plateau region in
the harmonic amplitude distribution in extreme ultraviolet (XUV) region affords
grounds for development of subfemtosecond pulse formation methods. As a result,
the new frontiers are opened up in science by extending the nonlinear optics and
time-resolved spectroscopy to the XUV region [1] and pushing ultrafast science to
the attosecond domain, enabling XUV spectroscopy and imaging of molecular or-
bitals [2], surface dynamics [3], and electron motion. The HHG is the reliable route
to produce attosecond light pulses [4, 5] and is therefore fundamental to attosecond
science [6].

At present days, the efficiency of conversion to high-order harmonics is really
too small to consider this emission as a real coherent XUV source for biology,
plasma diagnostics, medicine, microscopy, photolithography, etc. Hence, the search
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for ways of increasing the cut-off frequency and the HHG efficiency in the XUV
spectral range is still among the most topical problems of nonlinear optics.

The HHG effect was observed with the large number of periodic table elements
having usually small and middle atomic numbers [7]. Up to now, there has been
developed a number of different theoretical models to describe the dynamics of an
atomic electron in a strong laser field. These models are based on different approx-
imations, which are usually valid in the restricted area of laser pulse field strength.
Here, we use the non-perturbative theory of light-atom interaction [8] which is
equally applicable for both weak and strong laser fields.

2 Basic Statements of Theory

In the non-relativistic case, the theory of light-atom interaction is based on the time
dependent Schrodinger equation TDSE:

i�
∂ψ(�r, t)

∂t
=

[
1

2m

(
�p − e

c
�A(t)

)2

+ U(r)

]
ψ(�r, t), (1)

where U(�r) is the potential energy of electron in the intra-atomic field, and �A(t) is
the vector potential of the external electromagnetic wave. The traditional approaches
to the analysis of the TDSE are based on the expansion of the wave function in the
series of “free atom” eigenfunctions.

The eigensolutions of the boundary value problem for Hamiltonian of the TDSE,[
1

2m

(
�p − e

c
�A(t)

)2

+ U(r)

]
ϕN(�r, t) = ENϕN(�r, t), (2)

have been found in [8]. There are the following relationships between the eigen-
functions of the problem (2) and the “free atom” eigenfunctions un(�r):

ϕN(�r, t) = un(�r)V̂ −1, V̂ = exp

(
−i

q

�c
�A(t)�r

)
. (3)

The eigenvalues of the problem (2) coincide exactly with the “free atom” eigenval-
ues EN = En.

The bases of the eigenfunctions of a “free atom” boundary value problem and the
basis of ϕn(�r, t) are related one-to-one by the transformations [9, 10]. So, we can
expand the wavefunction of the TDSE (1) into series of free atom eigenfunctions

ψ =
∑
nlm

anlm(t)unlm(�r)

and then use the relations of one-to-one transformations [9, 10] to calculate the
matrix elements of operators. Executing some evident transformations we get the
following set of differential equations for probability amplitudes of discrete and
continuum spectrum states

i�
dan

dt
=

∑
m,k

V −1
nk EkVkmam.
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Fig. 1 Cut-off frequency as a
function of the laser pulse
intensity

It is well known, that the number of discrete states of any hydrogen-like atom
is infinite and there is an innumerable number of continuum spectrum states. The
developed approach provides the consistent mathematical procedure of a selection
of atomic levels playing the main role in evolution of a state of the atom in an
external laser field.

3 Numerical Research

In numerical simulations we assume that a single silver atom interacts with the pulse
of Ti:Sapphire laser (the wavelength λ = 800 nm). The pulse duration is assumed
as τ = 27 fs. The amplitude of the laser field strength E0 is varied in the wide
range starting from a significantly subatomic to near-atomic values. As we have
discussed in our previous work [9] if the laser field strength lies in the interval
I < 1.83 · 1016 W/cm2 then the approximately complete basis of states forms the
following 284 levels of a silver atom: 5s (GS), 5p, 5d , 6p of the discrete spectrum
and 280 states of continuum spectrum with orbital quantum numbers l = 0–3.

The spectrum of atomic response field in the far-field zone is proportional to the
spectrum of the atomic current, which is given by

�J (t) = q

m

∑
n,m,p,q

a∗
n(t)am(t)V −1

np (t) �ppqVqm(t). (4)

Our numerical calculations yield a series of harmonic emission spectra. In sub-
atomic region the spectrum consists of the sequence of the odd harmonics of inci-
dent field carrier frequency. When the laser field strength approaches to near-atomic
ones, the shape of the response spectrum is changed. There appear tendencies for
growing of its width and formation of plateau. Further increase in the amplitude of
the external field strength allows us to observe well-defined plateau with the definite
cut-off frequency (CF). The results of computer calculations of the CF as a function
of the laser pulse intensity is presented in Fig. 1. One can see that in the weak field
range (I < 2.9 · 1013 W/cm2) there is the quadratic growth of cut-off frequency
with the field strength. However, at laser pulse intensity I > 1014 W/cm2 the CF
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is saturated, i.e. it ceases to be intensity dependent. The reason of such behavior is
quite obvious if we take into account that the probability of electron ionization ap-
proaches to unity in this region of pulse intensity. It means that the atomic electron
is mostly localized in the continuum spectrum states and it does not collide with its
parent ion. So, the results of computer modeling show that the most probable reason
of the cutoff frequency saturation is the total ionization of the irradiated atom. The
behavior of cut-off frequency dependence presented in Fig. 1 is in a good agreement
with experimental observed results [7].

4 Propagation and Dispersion Effects

In order to illustrate qualitatively the difference between the frequency-angular
spectra of a single atom response and an ensemble of atoms we shall use further
the simplest dispersion model.

In the case when the atoms of an ensemble are identical, the spectrum of the
atomic current (4) is

�J (�k,ω) =
N∑

i=1

�Ji(ω) exp

[
i
ω

c

(�n(ω) − �n0(ω0)
)�ri

]
= �J0(ω)f (�k, �k0),

where �J0(ω) is the spectrum of a single atom current and the form factor f (�k, �k0) is
defined by

f (�k, �k0) =
∫

ρω(�r) exp

[
i
ω

c

(�n(ω) − �n0(ω0)
)�r

]
dV. (5)

Here, ρω(�r) is an effective density of responding atoms, which is the product of
density of atoms and the ω/ω0 power of the amplitude spatial distribution of driving
laser pulse in irradiated volume.

According to the Lorentz classical theory the refractive index for electromagnetic
wave propagating in ionized gaseous medium is given by

n(ω) ≈ 1 − 1

2

[∑
α

ω2
pα

ω2 − ω2
0α + iωγα

+ ω2
pe

ω2 + iωγe

]
,

where

ωpα(e) =
√

4πe2Nα(e)

mV

is the plasma frequency corresponding to neutral atoms (α = I ), ions (α = II), and
free electrons (e); Nα is the number of neutral atoms and ions in the irradiated
volume V , and Ne is the number of free electrons.

In the case of the Gaussian incident beam the effective density of responding
atoms can be approximated as follows

ρω(�r) = N0

V

[
exp

(
− z2

L2
− ρ2

d2

)]ω/ω0

,
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Fig. 2 The comparison of photoemission spectra generated in silver by a single atom (a) and an
ensemble of atoms (b) at the laser pulse intensity I = 2.37 · 1015 W/cm2

Fig. 3 The CF of an
ensemble of atoms as a
function of a laser pulse
intensity

where d is the focal waist of a driving laser beam, and L depends both on the
confocal parameter of driving laser beam and a spatial distribution of an atomic
density in the laser plume produced by the pump laser pulse. We have assumed that
the laser beam is propagated along the z axis.

By taking into account the typical experimental conditions we have calculated
the function |f (�k, �k0)|2 defined by Eq. (5). Figure 2 shows in comparison the sin-
gle atom response spectrum (Fig. 2a) and spatially distributed ensemble of atoms
(Fig. 2b). One can see that the CF in atomic ensemble spectrum is significantly
shifted in the long wave region in comparison with the CF in spectrum of single
atom response. Figure 3 shows the integral dependency of the CF as function of
laser pulse intensity which is calculated for spatially distributed ensemble of atoms.
In these calculations we have taken into account that the ionization probability de-
pends on the peak pulse intensity [9].
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5 Conclusions

In this paper, the saturation of the CF of the photoemission spectra generated in a
silver by a femtosecond laser pulses has been demonstrated theoretically. The theo-
retical analysis is based on the non-perturbative theory of nonlinear atomic response,
which enables us to vary the laser field strength in wide region from a subatomic to
an over-atomic values. The results of computer simulations have shown that the CF
of single atom response is saturated. However, the dispersion effects in spatially dis-
tributed ensemble of atoms reduce CF significantly. Hence, the development of the
dispersion-suppressed schemes of HHG can play the decisive role in the practical
applications of this effect.
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Chapter 3
All-Optical Raman XFEL,
Based on the Electron Emission in a Transverse
High Intensity Optical Lattice

I.A. Andriyash, E. d’Humières, V.T. Tikhonchuk, and P. Balcou

Abstract We present a new scheme of X-ray free electron laser, based on the in-
teraction between a moderately relativistic electron bunch, and a transverse high
intensity optical lattice. Gain scaling laws in the small signal regime are derived
analytically, and confirmed from Particle-In-Cell simulations. The nature of ampli-
fication and saturation are discussed. The resulting all-optical Raman X-ray laser
opens perspectives for ultra-compact X-ray coherent light sources.

1 Introduction

Numerous applications of UV/X-ray radiation in science and industry demand com-
pact sources of high-quality coherent light in very short wavelength ranges. A well
known solution is represented by X-ray free electron lasers (XFEL), where electrons
with relativistic energies scatter X-ray light in a magnetic undulator. Most conven-
tional XFELs are based on the mechanism of stimulated inverse Compton scatter-
ing (SICS), and require long amplification lengths and highly mono-energetic, low
divergent electron beams. Such restrictions result in large sizes and costs of such
devices.

A more compact solution is possible using a laser wave as an “optical wiggler”,
and reaching a regime of parametric instability called stimulated Raman scattering
(SRS). Resonant coupling of electron collective oscillations with the scattered and
pump waves provides much higher gain than SICS and this scheme may be applied
to the relativistic electron beams obtained via laser wake-field accelerators (LWFA).
The challenge here is in the severe limitations on the quality of electron beam [1],
which cannot be met in presently existing compact laser accelerating systems [2].
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A new promising scheme, recently proposed in [3], considers overlapping two
transverse co-polarized laser pulses of equal frequency, thus obtaining a standing
electromagnetic wave, called a high intensity optical lattice, with a wave-vector
perpendicular to the beam axis [4]. The optical lattice provides a transverse con-
finement for electrons via the ponderomotive force and at the same time acts as a
pump for the scattered radiation. Confinement of electrons prevents beams diver-
gence along lattice wave-vector, and creates a new, controllable collective electron
mode defined by the laser field. We investigate amplification in numerical simula-
tions and describe it analytically using a hydrodynamic model of electron plasma
interacting with laser and scattered fields.

2 Dynamics of Relativistic Electrons in a High Intensity Optical
Lattice

We consider the geometry, where electrons are injected along z-axis into the optical
lattice formed by two laser pulses, counter-propagating along x-axis. Laser radiation
is considered of sub-relativistic intensity, I � 1018 W/cm2, so the dimensionless
amplitude, a0 = 0.85 · 10−9 · λ0

√
I is small, where intensity I is in W/cm2 and λ0

is the laser wavelength in microns.
The dynamics of relativistic electrons in electromagnetic field is conveniently

described in the reference system moving with an average electron velocity
vb = cβb � 1. In this frame an observer “sees” laser beams as oblique to the beam
axis with an angle, defined as k0⊥/k0‖ = 1/γbβb 	 1, where γb = (1 − β2

b )−1/2 is
the beam Lorentz factor. Electron motion in this frame is non-relativistic, and the
wavelength of the scattered electromagnetic wave is close to the one of the pump.

Injection of electrons into the lattice may be described as a relatively slow switch-
on of the external electromagnetic field given by sum of the laser pulses

aL = a1 + a2 = 2a(t) sin(k0⊥x) cos(ω0t + k0‖z), (1)

where the field amplitude grows during the time tinj up to a0. Electron with trans-
verse velocity, v⊥ ≤ √

2a0c, may be trapped in the ponderomotive potential of the
lattice and will oscillate along the closed phase trajectory [x(t),px(t)]. Particles
with lower initial velocities, are trapped before the end of injection and the further
growth of potential adiabatically compresses their phase trajectories thus increas-
ing the velocity amplitude. If the time of injection is much bigger then the typ-
ical period of particle oscillation, the beam may be significantly compressed [4].
Electron oscillations in optical lattice potential Up(x) = mea

2
0c2 sin2 k0⊥x, follow

elliptic phase trajectories. Approximating electron trajectories with harmonic law
xe = xm cos(Ωt), we may estimate the frequency as,

Ω � Ω0(k0⊥xm)−1 sin k0⊥xm, (2)

where xm is the oscillation amplitude and Ω0 = √
2a0k0⊥c is a frequency of small-

amplitude oscillations.
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3 Collective Properties of Electrons, Trapped in a Lattice
Potential

We study the collective electron dynamics in a fluid approach, i.e. electron motion
follows the hydrodynamic equations, interacting with electromagnetic field via the
ponderomotive force. In this simplified model, we neglect electrons electrostatic po-
tential and longitudinal temperature, and consider the transverse temperature not to
exceed the trapping limit. Interaction is described with the following set of equa-
tions:

∂tne + ∇ · (neu) = 0, (3a)

∂tux + ∇xPxx/mene + ∇xUp = 0, (3b)

∂tuz + ∇zUp = 0, (3c)(
(∂t − iω0)

2 − c2∇2)ā = −(
4πe2/me

)
neā, (3d)

where u is an electron fluid velocity. Enveloped vector potential ā is defined as
a = 
[ā exp(−iω0t + ik0z)] and it varies slowly in time creating the pondero-
motive potential Up = me(c/2)2|ā|2. Trapped beam follows adiabatic equation of
state along the x-direction, so electron pressure reads Pxx = mev

2⊥n3/3n2
0, where

v⊥ = cδβ⊥0 is defined by the transverse velocity spread. Considering equilibrium
between lattice potential and electron pressure, we may find the unperturbed trans-
verse distribution of electron density

ne = n0

√
1 − ξ2,

where ξ = x/L is a coordinate normalized to the beam width L = v⊥/(
√

2a0k0⊥c),
and n0 = ne(0) is a maximum of the electron density.

In the linear approach, we consider the collective electron modes as a first-order
perturbation of the beam position Δx , defined as ξ = (x + Δx)/L. Without a signal
wave, there is no longitudinal force ∂zUp in Eq. (3b) and from Eqs. (3a)–(3d) it
follows:

∂2
t Δx = −Ω2Δx,

which describes the collective beam mode with a frequency ωb = Ω .
The amplified small-amplitude signal wave as interacts with electrons via first-

order perturbation of ponderomotive potential U
(1)
p = me(c/2)2ās ā

∗
L + c.c., where

c.c. stands for the complex conjugation. Assuming the plane signal wave we neglect
diffraction terms in Eqs. (3a)–(3d) and linearize the system in Fourier domain to
obtain the dispersion equation:(

ω2 − Ω2)((ω − ω0)
2 − (kz − k0‖)2c2 − ω̃2

p

) = Gαω4
0, (4)

where α = (ωpa0kzc k0⊥L/ω2
0)

2 is a coupling coefficient between electromagnetic
and electron beam modes, and coefficient G is due to the coupling inhomogeneity.
In case of a plane signal wave, the coupling is ∝ ξ2

√
1 − ξ2, and we may estimate

G � 0.2.
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Amplification of the Stokes mode is described by the complex frequency in
Eq. (4) with a real part ω � Ω and imaginary part Γ corresponding to an expo-
nential growth rate. Typically, α 	 (Ω/ω0)

3, and the coupling of electromagnetic
and electron modes is weak, and imaginary part of solution approximately reads:

Γ/ω0 = 0.5
√

Gαω0/Ω. (5)

Such amplification may be saturated by the longitudinal trapping of electrons in the
potential |ās ā

∗
L|, resulting a full particle bunching ne ∼ n0 exp(−iΩt) + c.c. From

Eq. (3d), the maximal signal amplitude can be deduced as:

〈as〉/a0 � (k0⊥L)ω2
p/(Ωω0). (6)

4 Numerical Simulations of SRS

Numerical investigation of SRS in the electron beam frame and verification of
Eqs. (5), (6) was done with help of the reduced electromagnetic particle-in-cell 2D
code EWOK. The code algorithm is based on a general particle-in-cell approach; it
calculates the enveloped vector potential â from electromagnetic equation, reduced
by neglecting second order terms ∂2

t â and ∂2
z â, and Fourier transforming over x-

coordinate ∂2
x â → −k2

x âkx . The code is able to account for electrostatic field of
electrons by solving the Poisson equation and it was verified that for the electron
densities and energies, typical for LWFA beams, and short propagation distances,
for which the space-charge effects on SRS development may be neglected.

For the numerical study we consider 4 kA current of electrons with average en-
ergies of 5 MeV; a normalized emittance of 1 mm·mrad; and a transverse size of the
beam assumed around few micro-meters. The optical lattice is created by two laser
beams at a wavelength of 1 µm, intensity 1.6 · 1016 W/cm2 and linear amplitude
ramp of 20 µm. A plane seed wave with amplitude as = 10−6 is injected into the
simulation domain at the left boundary and it circulates in the system due to the pe-
riodic boundary conditions. The scattered field, measured at the right boundary, is
presented in Fig. 1a; it exhibits an exponential growth with a rate Γ/ω0 = 1.8 ·10−3.
Amplification saturates after 600 µm at a signal amplitude as = 1.4 · 10−4, when
modulation of electron density results in a full bunching (see Fig. 1b).

The spectral-spatial characteristics of electron-scattered light interaction may be
studied by measuring electron density and scattered wave along the x-axis of simu-
lation domain and projecting temporal oscillations to the Fourier domain. Electron
collective modes are mainly localized at the frequency Ω = √

2a0k0⊥c = 0.016ω0

and their transverse profile is in a good qualitative agreement with the one predicted
in analytic study ∝ ξ2

√
1 − ξ2 (see Fig. 1c). The second harmonic of electron os-

cillations 2Ω can be also observed on the beam axis, but does not contribute to
the amplification. In Fig. 1d, one may see the amplified scattered light at Stokes
frequency ωs = ω0 − Ω , with a quasi-plane profile, slightly modulated due to the
electron density distribution.
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Fig. 1 Evolution of the signal dimensionless amplitude at the right boundary at the beam axis (a),
fitted exponential growth with rate Γ/ω0 = 1.9 · 10−3 (dashed line); electron density distribution
at saturation 600λ0/c (b); spectral-spatial distribution of electron beam (c) and electromagnetic
(d) modes

Growth rate and saturation level, provided by Eqs. (5), (6), read Γ/ω0 = 1.7 ·
10−3 and as = 1.4 · 10−4 and are in perfect agreement with the values observed in
the simulations. These estimates may be used for more realistic parameters—laser-
accelerated electron beam of 20 pC, with average electron energy 40 MeV interacts
with an optical lattice, created by laser light with intensity of 2.5 · 1017 W/cm2. For
a case of cold electrons amplification proceeds on a millimeter length and results
into the generation of a beam of 17 keV photons, with a total energy of the order of
1 µJ.

To conclude, we have demonstrated theoretically a new Raman process of ampli-
fication of coherent X-rays in the interaction between a relativistic electron bunch
and a high intensity optical lattice. Presented estimates indicate the possibility for
experimental demonstration of the process in a compact setup. The Raman XFEL
should further studied as a way to create a ultra-compact coherent X-ray sources, up
to the hard X-ray range.
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Chapter 4
Optical Transforms Related to Coherent
Imaging of Inclined Objects

I.A. Artyukov, A.S. Busarov, N.L. Popov, and A.V. Vinogradov

Abstract The theory of coherent reflection imaging of inclined objects at grazing
angles of illumination is developed on the basis of the parabolic wave equation.
A new optical transformation connecting image and object field distributions is pre-
sented. The codes for simulation the properties of practical optical systems are cre-
ated. Simulation results for parameters close to an X-ray laser experiment are given.

1 Introduction

The development of laboratory X-ray lasers [1, 2] and accelerator based 3rd and
4th generation light sources [3, 4] makes coherent X-ray beams available to many
researches and various applications. As for imaging and microscopy the coherence
of novel X-ray sources offers several advantages and opportunities: phase retrieval
technique and lensless imaging with wavelength resolution; quantitative, diffraction
and interferometric microscopy; reduction of radiation loading on the investigated
objects and environment and possibility to capture a diffraction pattern or an image
with subpicosecond exposure prior to its degradation etc. The theoretical basis for
coherent X-ray imaging, including Fresnel propagation theory and phase retrieval
is well developed and routinely used for transparent objects [5, 6]. However many
objects are opaque and cannot be studied in the transmission mode. Therefore there
is a quest for coherent imaging methods in a reflection mode which should be suit-
able for grazing incidence illumination of objects as far as we speak about soft and
hard X-rays [7–9]. In these papers the efforts have been made to modify the Kirch-
hoff diffraction integral for application to lensless imaging of obliquely illuminated
reflective objects. Another approach based on the parabolic wave equation (PWE)

2ik
∂u

∂z
+ ∂2u

∂x2
= 0 (1)

for slowly varying wave field u(x, z) = e−ikzE(x, z) is given in [10–13]. In the
present paper we extend this approach to imaging of inclined objects with an ideal
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Fig. 1 Coordinate system for
paraxial optics Fresnel
transform (2)

lens. As a result new optical transformations are obtained. They extend the general
relations of Fresnel propagation theory [5, 14] to the case of objects tilted to the axis
of an optical system.

2 Imaging Transform in Fresnel Optics

The Fresnel propagation theory gives the following formula for the optical field in
the space (ξ, ζ ) behind the lens [14] (see Fig. 1) in terms of the field distribution
u0(x) of the object located at distance z from the lens:

u(ξ, ζ ) = C(ξ, ζ )

∫ ∞

−∞
dx · u0(x) · exp

{
ik

2

[
x2

z
− (

ξ
ζ

+ x
z
)2

1
ζ

− 1
z′

]}
, (2)

where z′ being optically conjugated with z, so as 1
z

+ 1
z′ = 1

f
, f is the focal length

of an ideal lens represented as usual by a phase factor T (x) = exp{− ikx2

2f
} and

C(ξ, ζ ) =
√

k

2πizζ

exp{ ikξ2

2ζ
}√

1
ζ

− 1
z′

. (3)

Formulas (2), (3) can be obtained by successive application of Fresnel propaga-
tion integral to the object field and then to the field distribution on the surface of the
lens. Important that the field u0(x) in (2) is taken in the plane normal to the beam
k vector which coincides with the optical axis throughout this paper. For ζ → z′
formula (2) converges to

u(ξ) = exp{ ikξ2

2z′ ( 1
M

+ 1)}
i
√

M
u0

(
− ξ

M

)
, M = z′

z
, (4)

i.e. represents (as it should be) the magnified and inversed image of the object u0(s)

[14].
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Fig. 2 Coordinate system for
paraxial wave propagation
and imaging in the case of
inclined object (Sects. 2–4)

3 Free Space Propagation from a Tilted Object

Suppose now that an object is inclined to the optical axis at an angle θ (see Fig. 2).
Then as was shown in [12, 13] the field in the vertical (“shadow”) plane located at
the right edge of the object is given by

u0(x) =
√

k

2πi cos θ
x

∫ ∞

0

u0(s)

s
3
2

ds · exp

{
ik(x − s · sin θ)2

2s · cos θ

}
, x > 0;

u0(x) = 0, x < 0,

(5)

s here is the coordinate in the tilted object plane. Formula (5) is the exact solution
to PWE (1) for x > 0 corresponding to object field u0(s) and a reasonable approxi-
mation to the diffracted field of a restricted (u0(s) = 0 for s < 0) object for x < 0.1

The result (5) extends the Fresnel propagation integral to a tilted object, giving the
shadow field distribution corresponding to the tilted object u0(s).

4 The Wave Field of a Tilted Object Behind the Lens

To find the wave field of a tilted object transmitted through the lens one has to install
(5) into (2), integrate over x in the shadow plane and obtain:

u(ξ, ζ ) = 1

2π

√
l(ζ )

zζ cos θ
exp

{
ikξ2

2ζ

[
1 − l(ζ )

ζ

]}

×
∫ ∞

0

ds · u0(s)

s
3
2 (A + iγ )

exp

{
ik

2

s · sin2 θ

cos θ

}
F(η) exp

(
η2). (6)

1

l(ζ )
= 1

ζ
− 1

z′ , A(s) = 1

z
− l(ζ )

z2
+ 1

s · cos θ
= z · z′ − ζ(z + z′)

z2(z′ − ζ )
+ 1

s · cos θ
,

η(s) = i

√
ik

2A(s)
B, B = ξ · l(ζ )

zζ
+ tg θ, (7)

F(η) = exp
(−η2) − η

√
π

[
1 − Φ(η)

]
, Φ(η) = 2√

π

∫ η

0
exp

(−t2) · dt,

1The details concerning application of PWE in X-ray optics and other fields can be found in [5,
15, 16].
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a small positive value γ → 0 is introduced to provide the convergence of the integral
over the shadow plane. Expression (6) can be used to find the radiation field entering
a detector arbitrarily oriented in space (ξ, ζ ). Further in this paper basing on (6) the
relation between optical fields u0(s) and u(s′) in the object and detector planes will
be found.

5 The Image Field Distribution

The evident question is: what is the optimal location of the detector plane providing
a perfect image of a tilted object u0(s)? The intuitive answer is: the best similarity
between image and object is expected when the detector plane is optically conju-
gated with the object plane. This plane is exhibited in Fig. 1 by a ray traveling along
the tilted object and refracted in the lens. The following relation is valid if object
and detector planes are optically conjugated:

ξ = (
ζ − z′) tg θ ′, where tg θ ′ = z

z′ tg θ, and

ξ = −s′ · sin θ ′, ζ = z′ − s′ · cos θ ′. (8)

Taking into account (8) and (7) we observe that in the detector plane:

B = 0, η = 0 and A(s) = 1

cos θ

(
1

s
− 1

s∗(s′)

)
, (9)

where

s∗(s′) = zs′ · sin θ ′

z′ · sin θ − s′ · sin(θ + θ ′)
(10)

is the counter image of s′.
With (8)–(10) formula (6) for the field of the image is considerably simplified

and results in

u
(
s′) = − s∗

2π

√
M cos θ

s′ cos θ ′ · exp

{
− iks′ sin2 θ ′

2 cos θ ′

}

×
∫ ∞

0

ds√
s

u0(s)

s − s∗ − iγ
exp

{
iks · sin2 θ

2 cos θ

}
. (11)

The values θ ′ and s∗ here are determined by the geometrical parameters of the
system according to (8) and (10).

Formula (11) gives the optical field u(s′) at the detector plane in terms of the field
distribution u0(s) at the object. It is the direct extension of Fresnel paraxial formula
(4) to the case of a tilted object. The qualitative difference between (4) and (11)
is that for tilted object in general case the proportionality (similarity) between the
image (|u(s′)|2) and object (|u0(s)|2) does not exist. Of course for θ → π/2 formula
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(11) transforms into (4). To be convinced, note that for θ → π/2 the exponential
factor in the integrand in (11) is large and the following relation holds:

lim
t→∞

eitx

x − iγ
= 2iπδ(x). (12)

Then formula (11) is reduced to

u
(
s′) = 1

i

√
Ms∗ cos θ

s′ cos θ ′ · exp

{
iks′2 tg θ sin(θ + θ ′)

2M[z′ sin θ − s′ sin(θ + θ ′)]
}
u0

(
s∗). (13)

The common features of (4) and (13) are: (a) the object intensity distribution
|u0(s)|2 is reproduced with some scaling in the detector plane and (b) the phase
factor depends only on the optical scheme geometry and does not depend on the
structure of the object u0(s). These features do not appear for general formula
(11). The dimensionless parameter responsible for transition from (11) to (13) is
Φ = 2λ cos θ

a sin2 θ
(a is the object feature size), introduced earlier in [11]. So for Φ 	 1,

that means normally illuminated object, θ ≈ π/2, and wavelength λ = 2π/k small
as compared to the feature size a, we arrive from general wave optics expression
(11) to formula (13) representing the wave field which is characteristic for parax-
ial geometrical optics. It is easy to check that for θ ≈ π/2 formula (13) transforms
exactly into (4). In the opposite case Φ � 1, small feature size a and low tilt angle
θ → 0, the image field (11) takes the form

u
(
s′) = − s∗

2π

√
M cos θ

s′ cos θ ′ · exp

{
− iks′ sin2 θ ′

2 cos θ ′

}

×
[
iπ

u0(s
∗)√

s∗ +
∫ ∞

0

u0(s) ds√
s

P
1

s − s∗

]
, (14)

consisting of two parts. The first, local additive, reproduces the shape of the object
field u0(s) and the second, integral additive, introduces the blurring of the ideal
image. So it clearly demonstrates that tilting of an object not only distorts (formula
(13)) but also blurs the image.

6 Simulation Results

To illustrate the obtained results the calculations have been made for an idealized op-
tical scheme containing a zone plate with the focal length f = 0.1 cm and other pa-
rameters close to those achieved for laboratory X-ray lasers: wavelength λ = 10 nm,
z = z′ = 0.2 cm (one to one imaging). Numerical aperture was taken as large as
NA = 0.5 in order to separate and investigate the influence of the object tilting on
the image quality. The calculated images of a table of figures in the planes optically
conjugated to the tilted object are shown in Fig. 3 for grazing angles θ = 0.1 and
θ = 0.01. The sizes of the original table are 460 µ × 325 µ. The size of a number is
proportional to its value. The large inlets are zoomed versions of the corresponding
boxes in the left upper corners of the pictures. It can be observed that for θ = 0.1
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Fig. 3 Coordinate calculated
images of a table inclined at
grazing angles 0.1 and 0.01
rad. The wavelength
λ = 10 nm, the parameters of
the optical system are:
f = 0.1 cm, NA = 0.5,
z = z′ = 0.2 cm (see Fig. 2
and Sect. 5) in the case of
inclined objects (Sects. 2–4)

the image of a tilted table in optically conjugated plane is rather perfect, whereas for
θ = 0.01 some blurring appears. Similar effect was observed in calculated images
of the text pages. The results of such calculations can be used for simulation and
evaluation of spatial resolution and field of view of practical optical systems.

7 Discussion

Consider the conditions for the applicability of our approach. The use of PWE im-
plies the following approximation to the plane wave solution of the wave equation
[15, 16]:

E(x, z) = eiqx+i
√

k2−q2z ≈ eikzu(x, z), u(x, z) = exp

{
iqx − i

q2

2k
z

}
, q 	 k.

(15)

This wave corresponds to the space harmonic u0(s) = eiνs in the tilted object
plane where ν = 2π/a can be found by taking x = s sin θ and z = −s cos θ in (15):

ν = q sin θ + q2

2k
cos θ, or q = ν

sin θ
Ψ (Φ), (16)

where

Ψ (Φ) = 2

Φ
(
√

1 + Φ − 1) =
{

1, Φ 	 1
2√
Φ

, Φ � 1 (17)

and Φ = 2ν cos θ

k sin2 θ
is the same parameter mentioned in the end of the previous section

and introduced in [11]. Formulas (15)–(17) can be used to find the divergence of the
beam diffracted by a tilted object:

�θ = q

k
= (

√
1 + Φ − 1) tg θ =

{
λ

a sin θ
, Φ 	 1,√

Φ tg θ, Φ � 1,
(18)
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where λ = 2π/k is the wavelength and a = 2π/ν—the feature size in the object
plane. For θ = π/2 formula (18) gives the result of the Fresnel propagation theory:
�θ = λ/a. For Φ 	 1 it gives the intuitively evident estimate for the case of a tilted
object: �θ = λa sin θ . And for Φ � 1 it leads to a new result valid for objects tilted
at very low angles.

The evident condition for using PWE is low beam divergence: �θ = q/k 	 1
(see (15)). To investigate it in more details introduce a small value α 	 1 to write
the applicability condition as:

q

k
< α. (19)

Taking q from (16) one obtains from here the following requirement for the validity
of PWE approach:

a

λ
>

2

α2 cos θ + 2α sin θ
. (20)

Combining (20) with the condition Φ � 1 gives the range of grazing angles and
feature sizes where the diffraction patterns of a tilted object are expected to consid-
erably differ from those obtained at coherent normal incidence illumination:

2 cos θ

sin2 θ
>

a

λ
>

2

α2 cos θ + 2α sin θ
. (21)

Inequality (20) as well as right-hand side of (21) are important as they express
the applicability condition of PWE for an arbitrary observation angle θ which we
consider to be specular relative to the angle of object illumination. As it is seen
from (21) it changes from a > λ/α for θ = π/2—Fresnel propagation theory, to
a > 2λ/α2—the imaging at very low angles θ → 0. Finally apply (15)–(17) to in-
vestigate the spatial resolution for paraxial (in the frames of validity of PWE) imag-
ing of inclined objects. For this purpose �θ = q/k in (18) can be considered as the
numerical aperture NA of an optical system used for imaging. Then one obtains the
spatial resolution δ in the form:

δ ≈ 2λ

(NA)2 cos θ + 2NA sin θ
, (22)

which for θ = π/2 reduces to the well-known criteria δ ≈ λ/NA. It is worth noting
that estimations of this section are valid to the order of magnitude especially taking
into account that unlike the Fresnel theory according to (15), (16) the diffraction
diagram for a tilted object is asymmetrical and shifted away from the object surface
even for a symmetrical feature. Also formula (22) implies that the apertures of the
diffracted beam (corresponding to the feature size a) and that of the optical system
are matched and therefore all the necessary information is collected at the detector.
However the similarity between an object and image does not necessarily occur.
Even in the ideal case their field distributions are related by the general transform
(11), which provides reproduction of the object only for Φ 	 1.
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8 Conclusions

The developed theory and obtained simulation results reveal the following features
of coherent reflection imaging at grazing angles:

1. The coherent image of an inclined object appears in an optically conjugated sur-
face.

2. The image quality depends on the value of Φ = 2λ cos θ/(a sin2 θ), a—is feature
size, θ—grazing angle.

3. Calculations showed that image-to-object similarity keeps up to very small graz-
ing angles.

4. The method can be extended to practical optical schemes. Gratings or crystals
have to be added for tilting of the wavefront.
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Chapter 5
Soft-X-Ray Lasing down to 6.85 nm in Ni-Like
Samarium

J.E. Balmer, F. Staub, and F. Jia

Abstract We report on recent progress achieved in X-ray laser research at the In-
stitute of Applied Physics of the University of Bern. Using the 10-TW Nd:glass
CPA (chirped-pulse amplification) laser system and the grazing-incidence pump-
ing (GRIP) scheme, intense soft-X-ray lasing has been obtained on the 4d → 4p,
J = 0–1 line of samarium (Sm, Z = 62) at 7.36 nm, with weak lasing observed at
6.85 nm. This was achieved with main pulse energies of 10–12 J and a pulse dura-
tion of 1.5 ps. Crucial to these results was the introduction of a second, relatively
intense (22.7 %) prepulse ∼30 ps before the main pulse, in addition to the 13.4 %
prepulse incident on target several nanoseconds before the main pulse.

1 Introduction

The recent introduction of the grazing-incidence pumping (GRIP) scheme has
greatly improved the efficiency of soft-X-ray lasers operating in the 10–20 nm re-
gion. Given the dramatic reduction in pump energy required—substantially less than
1 J, for example, in the case of the 18.9-nm laser of Ni-like molybdenum—the rep-
etition rates of these lasers have increased from single shot to the 10-Hz regime
[1–3]. With pump energies required for saturated lasing as low as 2–3 J, the 11.9-
and 11.4-nm lasers in Ni-like Sn and Sb demonstrated in single-shot experiments
are potential candidates for operation at few-Hz repetition rates [4, 5], as is the
10.9-nm laser in Ni-like Te pumped with a total energy on target of less than 4 J
at 1-Hz repetition rate [6]. When attempting to move towards shorter wavelengths,
one is confronted with the strong wavelength scaling of pump energy and optimum
density for gain. Taking the 4d → 4p lasing lines as given, shorter wavelength goes
with higher atomic number, Z. As the atomic number gets larger, both the opti-
mum density and electron temperature increase. The strong wavelength scaling of
the electron temperature leads to a rapid increase in pump energy required. Simu-
lations [7] predict that saturated sub-10-nm lasing should be feasible with 5–10 J
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of pump energy, and ∼50 J would be required in the GRIP scheme to generate an
X-ray laser in the water window (2.5–4.4 nm). The optimum density has been pre-
dicted to increase from ∼2 × 1020 cm−3 for Ni-like silver (Z = 47, λ = 13.9 nm)
to ∼1021 cm−3 for Ni-like samarium (Z = 62, λ = 7.36 nm) [8]. The latter equals
the critical density for Nd:glass lasers, with the consequence that the optimum den-
sity for gain becomes higher than the critical density for Nd:glass (and Ti:Sapphire)
driver lasers when moving towards still shorter wavelengths. The maximum is how-
ever relatively broad, so that reasonable gain is expected at densities within a factor
of ∼2× of the optimum. With regard to the GRIP scheme, the optimum angle,
given by ne = nc sin2 θ , where nc is the critical density for the pump wavelength,
approaches 90°, i.e., normal incidence, as the optimum density approaches nc. Ob-
viously, in this case, the main advantages of grazing-incidence pumping such as
enhanced absorption due to increased path length in the plasma are lost and one is
left with the standard transient-collisional-excitation (TCE) scheme.

In this work, we report on X-ray lasing close to saturation on the 4d → 4p,
J = 0–1 line of Sm at a wavelength of 7.36 nm, using the GRIP scheme at an angle of
50°. This was achieved with a main pumping pulse energy of 11 J in a 1.5-ps pulse,
applying a triple-pulse scheme in which a first (few-percent) prepulse, preceding
the main pulse by several nanoseconds, is followed by a second, relatively intense
(22.7 %) prepulse 26 ps before the main pulse. As in most of our previous work, the
prepulses are collinear with the main pulse, compressed to 1.5 ps, and irradiate the
target at the GRIP angle.

2 Experimental Setup

The experiments were conducted using the existing 1054-nm Nd:glass CPA laser
system (BeAGLE facility) that is capable of providing a maximum output energy
of ∼20 J in a 1.5-ps duration pulse at a rate of 1 shot every 25 minutes. The maxi-
mum energy of the system is limited by the damage threshold of the 190×350 mm2

size, 1740-lines/mm compressor gratings, given as 250 mJ/cm2 by the manufacturer.
Prepulses are generated as in our previous experiments by introducing beamsplitters
with reflectivities of 0.5, 2.8, 4.5, 8, or 16 % into the double-passed beam path of
the final amplifier (see Fig. 1). This scheme has the advantage that the prepulses
are propagating along the same path as the main pulse, thus minimizing the varia-
tions in pulse overlap at the line focus. The drawback is that this scheme generates
a series of post-pulses that, although not influencing the X-ray laser output itself,
represent some loss in overall efficiency. If we denote by E0 the pulse energy en-
tering the prepulse generator equipped with two beamsplitters having reflectivities
R1 and R2, respectively, the relevant pulse sequence at the line focus consists of
three pulses having energies of E1 = R1E0, E2 = R2(T1)

2E0, and EM = (T1T2)
2E0,

where EM denotes the energy of the main pulse and Ti = 1 − Ri. As an example,
the two beamsplitters having reflectivities of 8 % and 16 % used in the experiments
described below, generate prepulses of 13.4 % and 22.7 % of the main pulse energy,
respectively.
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Fig. 1 Schematic of the
prepulse scheme used in the
present experiments

The beam containing the main pulse as well as the prepulses is expanded to
130 mm in the last spatial filter telescope, compressed to 1.5 ps, and focused by
a combination of an f = 80 cm doublet and an f = 30.4 cm (12′′) spherical mirror
to produce a 12-mm long and 50-µm wide line focus (FWHM, measured at low
power) at a GRIP angle of 50° (see Fig. 2). This configuration results in a traveling-
wave velocity of vexc = 1.41c along the target, and thus a temporal mismatch of
�t ≈ 12 ps between the pump pulse and the X-ray laser pulse at the output end of
the target. A slight tilt (0.09°) and shift (11 mm) of the second compressor grating
is used to reduce the traveling-wave velocity to vexc = c [9].

The main diagnostics of the soft X-ray emission from the plasma is an on-axis,
time-integrating XUV spectrometer that consists of a 1200-lines/mm, aberration-
corrected 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 is imaged to a cooled CCD camera hav-
ing a pixel size of 23 × 23 µm2. The wavelength coverage of the spectrometer is

Fig. 2 Schematic of the focusing scheme used in the present experiments
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Fig. 3 (a) On-axis spectrum showing the 7.36-nm, 4d → 4p, J = 0–1 lasing line of Ni-like Sm in
first, second, and third order for a pump energy of 12.6 J in a 1.5-ps pulse, (b) overexposed spec-
trum showing the short-wavelength 4d(3/2,3/2) → 4p(3/2,1/2), J = 0–1 lasing line at 6.85 nm

∼5–25 nm with a spectral resolution of ∼0.2 nm. The relatively poor resolution is
a consequence of the slitless operation of the spectrometer, which results in a mea-
sured linewidth being dominated by source broadening.

3 Results and Discussion

The experiments on Ni-like samarium lasing were guided by our previous results
demonstrating saturated lasing in Ni-like Sn and Ba at wavelengths of 11.9 and
9.2 nm, respectively [4, 10]. In the case of the Sn laser, after implementation of
the traveling-wave scheme, it was found that a triple-pulse pumping scheme, with
a second prepulse less than 100 ps before the ∼2.5-J main pulse, led to a dramatic
increase of the X-ray laser output. Intense lasing was obtained with a weak (0.5 %)
first prepulse at 2.8 ns and a second, 16 % prepulse at ∼50 ps before the main pulse.
This was subsequently confirmed by the Ba results, where saturated lasing with 9 J
of main pulse energy was observed when the first prepulse was increased to 2.8 %,
while the second prepulse (16 %) was set at 43 ps before the main pulse.

For the Sm experiments, targets were prepared in the form of ∼1-µm thick layers
coated onto glass slides and stored either in vacuum or in an argon-filled container.
Figure 3 shows the on-axis spectrum of a shot taken with a main pulse energy of
12.6 J in a 1.5-ps pulse, a 13.4 % first prepulse at 3 ns and a 22.7 % second prepulse
at 26 ps before the main pulse. This corresponds to irradiances of 2 × 1014, 3 ×
1014, and 1.4 × 1015 W/cm−2, respectively, for the three pulses. Clearly, the 7.36-
nm lasing line is seen to dominate the spectrum in first, second, and third order.
According to the previous calibration of our diagnostics, the output energy of this
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Fig. 4 7.36-nm line intensity of Ni-like Sm vs. main pulse pumping energy, showing large output
variation

shot is 3–4 µJ. Comparison with the Ni-like Sn and Ba data, taking into account the
scaling of the saturation irradiance as a function of atomic number [11] implies that
this is very close to or even exceeding saturation.

Starting from the prepulse configuration of the 9.2-nm Ba laser discussed above,
a series of shots was taken to optimize the 7.36-nm Sm laser output for a range of
the amplitudes and delays of the two prepulses. Due to the low repetition rate of the
driver laser system, only a limited scan in this multi-dimensional parameter space
(delay and amplitude of the two prepulses, energy of the main pulse) was practically
possible. Figure 4 shows the measured 7.36-nm laser intensity as a function of the
main pulse energy for various time delays of the main pulse relative to the peaks
of the first and second prepulse. It is seen that lasing is achieved for main pulse
energies as low as ∼9 J, but that very large output variations occur even under
nominally identical pumping conditions.

Output variations may be caused, for example, by spurious prepulses generated
in the amplifier chain, well-known in the case of regenerative amplifiers such as the
one used in our system. Indeed, the prepulse monitor, a fast photodiode (risetime
0.7 ns) coupled to a 1-GHz oscilloscope, reveals a prepulse of 5 × 10−6 of the main
pulse energy at ∼6 ns before the arrival of the main pulse. However, since this
pulse is at a very low level and observed on all the shots, it may be excluded as the
main cause for the output variations. More likely, on the other hand, are main pulse
irradiance variations in the line focus caused by excessive values of the B-integral
[12] of the beam exiting the compressor. The B-integral is a measure of the nonlinear
phase shift accumulated during propagation, defined as

B = 2π

λ

∫
γ I (z) dz

where λ denotes the wavelength, γ the nonlinear index of refraction in SI units and
I the irradiance. As has been shown in [13], the quality of the (line) focus becomes
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severely degraded for values of the B-integral above ∼4. In our case, after the com-
pressor, the 10-TW/130-mm diameter beam propagates through ∼5 m in ambient
air and enters the vacuum chamber through a 28-mm thick BK7 glass focusing dou-
blet and a 25-mm thick BK7 glass window. Using published data of γ for BK7 glass
and air [12], this results in a value of the B-integral of ∼10 [14]. Installation of the
compressor in a vacuum vessel would reduce this to B < 1, however, this has not
been possible so far because of space limitations in our laboratory. Since the main
contribution to the B-integral originates from propagation in glass, work is currently
under way to modify the focusing scheme in order to replace the focusing doublet
by reflective optics [14]. With the additional replacement of the vacuum window by
a somewhat thinner one, values of B < 3 will be achieved.
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Chapter 6
Fourier Optics Study of Traveling-Wave
Excitation at Short-Wavelength Plasma-Lasing

Davide Bleiner and Thomas Feurer

Abstract Traveling-wave excitation close to the speed of light implies small-angle
target-irradiation. Yet, short-wavelength lasing needs large irradiation angles. Pulse-
front back-tilt is considered to overcome such trade-off. Pulse-front tilt by means of
compressor misalignment was found effective only if coupled with a strong front-
end imaging/focusing component.

1 Introduction

Laser-induced plasma-columns serve as gain media for short-wavelength coherent
emission. In traveling-wave excitation (TWE) one matches the propagation of the
amplified spontaneous emission (ASE) along the plasma column to the speed of
light c. For a given irradiation angle γ the nominal TWE speed is obtained as
vTWE = c/ cosγ . However, for short-wavelength amplification the pump pulse must
be deposited deeper into the plasma, where higher electron density is found. For this
purpose target irradiation must be at large angle, as the optical penetration scales as
nc sin2 γ , where nc is the critical density. The latter requirement of large angles
poses a trade-off with TWE close to 1c that requires small angle irradiation.

In chirped-pulse amplification (CPA) a stretched-pulse is amplified and then re-
compressed in a grating pair (compressor) [1–4]. The two compressor gratings must
be perfectly parallel to achieve optimum recompression over the entire beam di-
ameter. In this work the grating pair is intentionally misaligned, in order to tune
a controlled amount of pulse-front back-tilt. Thus, for large irradiation angles one
could in principle still have the TWE speed close to c as the pulse-front gives the
effective TWE speed. Aim of this work was to investigate quantitatively such tech-
nique. A one-dimensional Fourier optics code was written for computing the para-
metric dependence between the compressor misalignment and the pulse character-
istics. Experimental data on the pulse structure and TWE speed were available and
used for comparison.
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Fig. 1 Pulse-front back-tilt
right after the compressor and
at the target (“after imaging”)
as a function of G2 tilt. The
magnification is essential to
achieve TWE compensation

2 Fourier Optics Model

Fourier optics considers [5], within the paraxial approximation, a set of superposed
plane waves in order to obtain the natural modes of the propagation medium itself,
i.e. the E field characteristics over space and time. The free-space propagation (FSP)
transfer function is expressed as follows, with propagation in the z-axis and radial
isotropy over the transverse dimension r :

EFSP(kr ,Ω) = Eo(kr ,Ω) exp

[
−ikz − iz

2k
k2
r

]
(1)

The grating-dispersion (GD) transfer function is expressed as follows:

EGD(kr ,Ω) = 1

b
Eo

(
kr + γΩ

b
,Ω

)
(2)

where the constant b = cosα/ cosβo is the beam size change upon diffraction,
with the angle of incidence α and the diffraction angle βo at the center fre-
quency ωo. The coupling between wavevector and frequency is determined by
γ = 2πM/(ωoG cosβo), with the diffraction order M and the grating period G.
The relative frequency Ω = ω − ωo is used throughout. Repeated application of
Eqs. (1) and (2) computes the Eout at setup’s exit. The second order phase term
(chirp) of a grating compressor is obtained by the following expression:

φ2 = − i�

k
γ 2

1 Ω2 = λo

2πc2

(
λo

G

)2
L

cos3 βo

Ω2 (3)

with the orthogonal grating separation L. Tilting the second grating by ε causes all
subsequent angles of incidence to change accordingly. Finally, the target is some
distance away from the last grating and the transfer function of an imaging/focusing
component with the focal length f is as follows:

Eimg(r,Ω) = Eo(x,Ω) exp

[
ik

2f
r2

]
(4)
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Fig. 2 Comparison of pro and contra of the discussed technique: a) pulse broadening at the beam
boundary with respect to the best compression as a function of G2 tilt; b) Traveling-wave excitation
(TWE) speed in units of speed of light as a function of G2 tilt

The computations were performed for the Nd:glass laser wavelength of 1054 ±
2 nm. For comparison results have been generated for a Ti:sapphire laser. The Gaus-
sian beam radius was 66 mm and focused using a f = 609.6 mm mirror under an
angle of 48°. The compressor had gratings with G = 1740 lpmm, and the slant dis-
tance � was optimized by the code for a pulse stretch per bandwidth of 296 ps/nm.
The roof mirror has a half-distance d = 1360 mm. The angle of incidence of the
stretched pulse on the first grating was 60.8°.

3 Traveling-Wave Compensation with Misaligned Compressor

Figure 1 indicates that pulse back-tilt due to compressor misalignment is much
smaller than the few tens of degrees required for TWE compensation, and mostly
is enhanced by the imaging stage proportionally to the magnification. In fact, for
given beam width a shorter line focus means a steeper back-tilt of the pulse-front.
The misalignment of the compressor causes concomitant degradation of the pulse
compression. Figure 2.a shows that the grating tilt can degrade the pulse temporal
width. Clearly, short wavelength and small bandwidth mitigate the effect.

Finally, the combined effect on the TWE speed is shown, as a function of com-
pressor misalignment, on Fig. 2.b. The nominal TWE speed at 48° is 1.5c but for
half-degree grating tilt, and considering a 5-fold demagnification, a reduction of
TWE speed down to 1.1c is computed for the 1054 nm wavelength. Experimen-
tal validation of the TWE speed was done using a streak camera connected to the
target by means of optical fibers to the two extremes of the line focus. The data
confirmed a TWE of 1.1c. Experimental measurements of the pump pulse dura-
tion, using an autocorrelator showed a pulse duration of 2.7 ± 0.8 ps, whereas the
theoretical Fourier-limited pulse duration is computed as 0.82 ps. This indicates a
broadening of a factor of 3 by means of misalignment.
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4 Conclusions

Pulse-front tilt to compensate TWE at large target-irradiation angle was shown to
be effective only if coupled with a >5-fold front-end imaging/focusing component.
Pulse broadening at the beam boundary can be however large, depending on wave-
length and bandwidth. The Nd:glass laser showed best suitability.
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Chapter 7
Coherent Short-Wavelength Plasma Radiation
for Lab-scale Nano-inspection Tools

Davide Bleiner

Abstract Coherent short-wavelength plasma radiation demonstrated a number of
advantages for nano-inspection. Contending technologies are here discussed and
strategies for X-ray laser optimizations are highlighted, thus bridging the gap be-
tween proof-of-principle or enabling tools.

1 Introduction

The continuing progress towards even smaller devices put forward a challenge to the
nano-fabrication and nano-inspection “tools” that have to be made available before
the next generation of nano-devices comes into realization. This is the premise for
short-wavelength light sources given their potential for high-resolution. A number
of applications are thus depending on such enabling tools. For instance, magneti-
zation dynamics bears enormous technological significance for a number of new
devices. We need however more resolution to understand basic interactions, such
as spin-torque phenomena or the laser-assisted spin-manipulation. We need also
nano-fabrication tools to develop new magnetic materials of improved purity. Also,
coherent diffraction by nano-structures, such as protein nano-crystals and 2D crys-
tals, bears the interest of resolving new structures and provide insights on molec-
ular functions. Such “lensless imaging” has the interest of overcoming limitations
brought by X-ray optics. As an additional example, spectroscopy of correlated elec-
tron materials shows its relevance to investigate metal-insulator transitions, high-
temperature superconductivity, giant magneto-resistance, etc, if tools with the re-
quired meV resolution are accessible. Increasing evidence of the importance of
nanoscale heterogeneities points at nano-scale spatial resolution. A similar consid-
eration applies to time-resolution.

To address such needs, several countries invested hundreds of millions for the
construction of X-ray Free-electron Lasers (xFEL). The FLASH (Germany) for in-
stance, offering radiation in the extreme UV and soft X-ray domains, began oper-
ation in 2005. The LCLS system (USA) pushed the limit into the hard X-ray in
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Fig. 1 Capabilities of the main short-wavelength sources and specification for several scientific
cases

2009. The SACLA system in Japan, also in the hard X-ray, initiated in 2011. Other
xFEL projects are making their way in Switzerland, Italy, Germany, and South Ko-
rea. Figure 1 compares a number of short-wavelength sources with the requirements
for some nano-science cases. Plasma-based X-ray lasers (XRL) stretch over quite a
few of the mentioned applications. This background offers a promising perspective
for laboratory-scale nano-inspection tools.

2 XRL Bridging the Gap Between Proof-of-Principle and
Enabling Tools

Proof-of-principle research tools are: (i) science-oriented, (ii) system-upgradable,
(iii) of strategic interest. On the other hand, enabling tools are: (i) practice-oriented,
(ii) platform-accessible, in terms of footprint and cost, and (iii) of productivity-
interest. For instance, actinic metrology tools for EUV lithography belong to the
latter case, whereas the xFEL to the former. The XRL has some intrinsic advan-
tages, such as the low cost and footprint, or the spectral purity, to make it useful for
lab-scale proof-of-principle studies as well as for actinic nano-inspection. Figure 2
summarizes the development for lab-scale XRL systems, showing how development
matched with computational predictions. Table 1 quantifies productivity and cost,
based on bibliometric data for the xFEL and the XRL communities. The publication
output for the XRL was as low as 37 % of the xFEL community output. The latter
advanced at a pace of a paper every 7.9 days, versus the 21.5 days to see a new XRL
paper. Citations are 23 % for XRL versus xFEL. Nevertheless, the cost associated
with xFEL instrumentation is remarkably higher, namely 300 times higher than that
of a single XRL. Hence, one XRL paper costed approx. 100 kUSD versus the 2,300
kUSD for a xFEL one.



7 Coherent Short-Wavelength Plasma Radiation 41

Fig. 2 Major laboratory-scale X-ray lasers systems based on coherent plasma emission. The com-
putational prediction agrees with experimental achievements: a 10-fold pump increase for a 2-fold
wavelength reduction

Table 1 Bibliometric
analysis for xFEL and XRL
communities in the last 5
year, realized on May 9th,
2012, using the Web of
Knowledge interface
accessing all data bases

Communities

xFEL XRL xFEL/XRL

Publications 230 85 2.7x

Publication rate [p.a.] 46 17 2.7x

Days to paper 7.9 21.5 0.4x

Citations 1957 443 4.4x

Citation/Publications 8.5 5.2 1.6x

Construction Cost [M USD] 539 15 35.9x

Cost of paper [M USD] 2.3 0.1 23x

Cost of citation [k USD] 275 14 19.6x

3 Perspectives for XRL Development

Figure 3 compares the main short-wavelength sources in average output power and
optical étendue and shows that one can identify specific domains of implementa-
tions. Besides, the potential for the XRL to fill the existing gap with contending
technologies is shown. The XRL could reduce the gap with accelerator-based facili-
ties on three steps: (i) reduction of the optical étendue, (ii) increase of the repetition
rate, (iii) increase of conversion efficiency. The reduction of the étendue implies op-
timization of the source size as well as the beam divergence. Several groups have
shown improvements of the collimation by means of seeding or line-focusing [3].
Ruiz et al. [4] have shown illumination improvements by either relay-imaging or
telecentric correction. The increase of repetition rate from single shot operation to
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Fig. 3 Average source power versus optical étendue for a number of short-wavelength sources,
and brightness in photons at 100 eV (dashed lines). The potential for the XRL to fill the existing
gap with accelerator sources is indicated as: (1) reduction of source size and X-ray collimation,
(2) increase of repetition rate, (3) optimization of plasma geometry and waveguiding

Fig. 4 Gain-length product
at saturation as a function of
longitudinal plasma aspect
ratio (eL), as predicted with
own scaling law (see text).
Literature data are plotted for
benchmarking

10 Hz [5] or even 100 Hz [1, 6] is subject of ongoing research. Finally, the enhance-
ment of the conversion efficiency by means of seeding and optimization of active
volume geometry is to be mentioned [2].

The gain-length product for saturation is a function of active-volume geometry,
i.e. longitudinal (eL) and transverse (eT ) aspect ratio, and we proposed the fol-
lowing scaling-law: Gsat = 2.7 + 2 Ln[eL/

√
eT ] [7]. This expression shows that

for an ordinary line focus with a plasma column of eL = 300 and eT ≈ 1, then
Gsat ≈ 14, in agreement with experimental observations (Fig. 4). In terms of con-
version efficiency, the problem is addressed considering both the efficient deposi-
tion of the pump pulse and the efficient extraction of the short-wavelength signal.
Masoudnia et al. [8] showed that the pump delivery angle can alter the active vol-
ume geometry and thus the saturation gain-length product. The propagation of the
short-wavelength signal can be described with a complex wave-vector, k = β + iα,
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obtained plugging the expression for the plasma dielectric constant into the disper-
sion for a transverse wave. Fill [9] has shown that α = −g

2 and β = 2π
λ

√
ε, where g

is the gain, λ is the wavelength, and ε is the optical permittivity. Thus k is steered
by an electron density gradient term β and a gain-guiding term α. Fill has also
given an expression to determine the relative importance of α versus β , namely α

is dominating for λne

g
< 8.75 · 1011. For λ = 12 nm and ne ≈ 1020 one obtains that

gain-guiding is dominating only when the gain is above 137 cm−1. Both forms of
refraction however point at the identical solution: plasma homogenization. The use
of pre-pulses indeed helped to relax plasma gradients prior to the delivery of the
main pulse. The use of hollow cylinder targets is being investigated in our group to
confine the plasma. Weber et al. [10] has reported the performance for transverse ir-
radiation of micro-cavities, through a side opening. Masoudnia et al. [8] have shown
computational predictions for the case of longitudinal irradiation at GRIP condition.
Plasma reflection of incoming beam would not cause pump loss, since trapped in
the cavity. The solution is interesting also for high repetition rate XRL, because the
hollow target can be rotated such that ablation and re-deposition can lead to target
self-healing.

4 Conclusions

Scientific cases proposed for the xFELs are partly suitable for the XRL. In com-
parison to the former, the latter has shown a productivity of 37 %, but for a modest
cost of a few percent of the xFEL. Besides such investment factors, the unmatched
linewidth of <10−4, the pulse duration of a few ps, and the high single-shot bright-
ness are interesting technical factors. At the moment, XRL are limited by the optical
étendue and the repetition rate. Strategies for reducing the gap have been discussed.
In terms of average power, the capillary discharge XRL shows a degree of maturity
for nano-science applications [11]. The limitation of not being scalable to shorter
wavelengths is irrelevant in imaging and spectroscopy, since the most of applications
require sources with photon energy of 10–25 eV (or 120–50 nm in wavelength).
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Chapter 8
Ion Temperature and Cross-relaxation Effects
on OFI Soft-X-Ray Laser

A. Boudaa, G. Maynard, and B. Cros

Abstract We present a theoretical investigation on the influence of ion tempera-
ture with cross-relaxation (CR) effects upon a collisionally pumped, optical-field-
ionized (OFI) soft-X-ray laser (SXRL). Our results indicate that ion heating can
induce a significant modification of the SXRL energy. However, whereas the CR
rate is large in an OFI plasma, its contribution on the SXRL energy is found to be
small.

1 Introduction

Soft-X-Ray lasers (SXRL) amplified in a plasma generated through OFI (Optical
Field Ionization) have interesting properties in terms of application. In particular
saturated amplification of spontaneous emission (ASE) with high gain has been ex-
perimentally demonstrated by focussing a high intensity infra-red (IR) beam in a
xenon [1] or a krypton [2] gas target, at wavelength of respectively 41.8 nm and
32.8 nm. Moreover it has been shown that guiding [3] and seeding techniques [4]
can lead to SXRL pulses having µJ energies together with high spatial and spec-
tral coherence. The maximum of the SXRL energy has been obtained at relatively
low pressure, around 20 mbar without guiding [1, 2] and 5 mbar with guiding [3].
At these pressures collisional broadening is small leading to a narrow line profile
and to a high gain. Therefore the Doppler broadening can be dominating already
at an ion temperature of few eV. It has been shown in [5] that such temperatures
are reached in xenon or krypton plasmas generated by OFI, through the relaxation
of strong collective interaction. In Sect. 2 we present an evaluation of the temper-
ature effect on the ASE energy for a krypton target using typical values for the
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Fig. 1 ASE energy versus
plasma length for the 32.8 nm
line of Kr8+ at 5 mbar. Each
curve corresponds to a
specific value of the ratio
Ti/Teq, indicated in the
legend

experimental parameters. The calculations have been done by taking into account
an inhomogeneous broadening in the gain.

In [5], it was shown that in the OFI plasma, the ions are strongly correlated.
It means that the rate of elastic ion-ion collisions is quite high. These elastic col-
lisions induce cross-relaxation (CR) effects that redistribute the excited ions over
the Maxwellian velocity distribution. This relaxation has to be introduced in the
Maxwell-Bloch equations. In our calculation, it has been done using the “strong-
collision” model which assumes that the redistribution is uniform in velocity. In
Sect. 3, we analyse how the CR can affect the results of Sect. 2.

2 Temperature Effect on ASE Without Cross-relaxation

To analyse the temperature effect on the ASE energy, we have introduced the in-
homogeneous broadening in the COFIXE numerical code described in [3]. Here
we present the results of a simplified calculation in 1D geometry, for a Kr gas
with a pressure of 5 mbar irradiated by an IR beam with a maximum intensity of
9 × 1016 W cm−2 and 35 fs of duration. At such intensity, the Kr atoms get an ion-
ization state of 8+, collisional excitation in the plasma then leads to ASE of the
32.8 nm line of the 3d94d 1S0-3d94p 1P1 transition. From [5] we deduce that the
temperature Ti of the Kr8+ ions reaches an equilibrium value Teq of 3.3 eV. In
Fig. 1, are reported our results for the SXRL energy versus the plasma length, at
several values of the ratio Ti/Teq.

We can observe on Fig. 1 a significant influence of Ti on the ASE energy as soon
as Ti becomes close to Teq. It indicates that the ion temperature should indeed be
included when considering SXRL in an OFI plasma.
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Fig. 2a Same as Fig. 1,
taking into account the CR
effect and with Ti/Teq = 1.
Each curve corresponds to a
specific value of the ratio
T1/Ta , given in the legend

Fig. 2b Same as Fig. 2a,
with Ti/Teq = 6

3 Cross-relaxation Effects

CR of the ion population has been introduced in the COFIXE code through a relax-
ation term toward the Maxwellian distribution. The importance of the CR depends
on the characteristic relaxation time noted Ta , which has to be compared to the char-
acteristic gain recovery time noted T1. For T1/Ta 	 1, CR is negligible, we recover
the standard inhomogeneous broadening. In the opposite limit T1/Ta � 1, the CR
is dominating, the velocity distribution of the amplifying ions remains Maxwellian.
In that case the frequency profile of the gain is unchanged, as in the homogeneous
case, with the difference that the profile is Maxwellian instead of being Lorentzian.
A precise determination of T1/Ta is a rather complex task (see [6]), but its value
should be large, considering the strong coupling of the ions in an OFI plasma. As a
first step, we have analysed the influence of the CR on the output ASE energy for
several values of T1/Ta between 0 and infinity. The results are reported on Fig. 2a
for Ti = Teq and on Fig. 2b at a higher ion temperature Ti = 6Teq.
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We can observe on Fig. 2a, that, for Ti/Teq = 1, the CR has a negligible effect on
the ASE energy. In fact it is only at a much higher value of Ti , that the CR yields a
significant modification of the ASE energy. As seen on Fig. 2b, even at Ti/Teq = 6,
the difference in energy considering either T1/Ta = 0 or T1/Ta = ∞ remains small.

4 Conclusion

The influence of strong ion-ion correlation (IIC) on ASE output energy in an OFI
plasma have been investigated. Our results show that the main influence of IIC is to
increase the Doppler broadening through the increase of the ion temperature up to
few eV. The modification of the gain frequency profile through cross relaxation is
a second order effect, which yields a significant contribution only for much higher
temperatures. However cross relaxation can have a clearer signature when consid-
ering the amplification of a seeded signal. Moreover, as shown in [6], strong IIC
should also be considered for the evaluation of collisional broadening. Therefore
more investigations are needed in order to determine the full influence of strong IIC
on SXRL amplification in a dense plasma.
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Chapter 9
Study of Particle Correlation Effects on Line
Profiles of Ni-Like Collisional XUV Laser
Amplifier

A. Calisti, S. Ferri, C. Mossé, B. Talin, A. Klisnick, L. Meng, D. Benredjem,
and O. Guilbaud

Abstract We discuss the effects of particle correlations on the spectral broaden-
ing due to the radiator motion (Doppler broadening) for a Ni-like XUV laser line
pumped in two different regimes (transient and quasi-steady state regimes) of col-
lisional excitation. In a medium with gain, radiative transport effects modify the
observed profile and these modifications depend on the homogeneous or inhomoge-
neous nature of the intrinsic profile (before amplification). The intrinsic line profile
is usually described by a Voigt profile, which is the convolution of a Lorentzian
profile due to the different homogeneous broadenings (electron collision-induced
transitions and spontaneous emission) and an inhomogeneous Gaussian profile due
to Doppler shifts (due to the radiator motion in the free-particle limit). In this paper,
it is shown that accounting for the correlations between particles modifies notice-
ably the radiator-motion broadened profiles, whatever the densities and temperatures
values.

1 Introduction

A better characterization of the spectral properties of existing plasma-based XUV
lasers is necessary in order to improve the understanding of some characteristics of
these lasers. In particular, the spectral width of the lasing line is an important param-
eter since it controls the temporal coherence of the source, as well as the shortest
duration (Fourier-transform limit) that can be reached for a fully coherent pulse.
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Moreover, the relative contribution of homogeneous versus inhomogeneous broad-
ening controls the existence of re-broadening of the laser linewidth when amplified
in the saturation regime. XUV lasers pumped by collisional excitation of Ni-like
ions are generated in plasmas with electronic densities and ionic and electronic tem-
peratures very dependent on the parameters of the laser pulse used to induce plasma
heating and collisional pumping (Ne ∼ 5 × 1019 to 8 × 1020 cm−3, Te ∼ 500 to
1500 eV and Ti ∼ 20 to 500 eV). For such conditions, plasmas are strongly coupled
(plasma coupling parameter, Γ � 1) and the ionic interactions have to be taken into
account.

In laser-produced plasmas, the main causes of spectral line broadenings are
the spontaneous emission, the electronic collisions, the ionic Stark effect and the
Doppler frequency shift. It is usual to consider that the spontaneous emission and
electronic collisions contribute to the homogeneous broadening and ionic Stark ef-
fect and Doppler broadening contribute to inhomogeneous broadening as they are
due to local inhomogeneities. Due to the variety of plasma conditions, the relative
contributions of the different broadenings are very distinct.

In this article, the PPP line shape code [1] has been used to perform a de-
tailed analysis of the various broadening mechanisms of the spectral profiles of the
4d − 4p (J = 0–1) Ni-like Ag lasing line at λ = 13.9 nm for conditions relevant
for both transient and quasi-steady state (QSS) regimes of collisional excitation.
A study on the accuracy of the free-particle Doppler approximation, versus densi-
ties and temperatures has been done by using classical molecular dynamics (MD)
simulations.

2 Spectral Line Shape Modeling

Including the contribution of ionic emitter motion, the line shape function is given
by:

I (ω) = 
e
1

π

∫ ∞

0
eiωt

〈
ei�k.�r(t) �d(t). �d(0)

〉
dt (1)

with �d the radiator dipole operator and k = 2π/λ.
Ignoring correlations between the ion translation �r(t) and the dipole moment

�d(t):

I (ω) = 
e
1

π

∫ ∞

0
eiωtSs(k, t)C(t) dt. (2)

Ss(k, t) = 〈ei�k.�r(t)〉 is the self-structure factor and C(t) = 〈�d(t). �d(0)〉 the dipole au-
tocorrelation function. In this work, the PPP line shape code [1] is used to calculate
C(t). The PPP code is a multi-electron radiator line broadening code developed
to calculate theoretical spectral line profiles for a general emitter in a plasma, us-
ing data for atomic energy levels and radial matrix elements generated by atomic
structure programs [2]. The line profile calculations are done in the framework of
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the standard theory (quasi-static ion and electron impact approximations) or if nec-
essary including the effects of ionic perturber dynamics by using the Frequency
Fluctuation Model [3, 4]. The self-structure factor is well known in the free-particle
limit (Doppler effect) resulting from the hypothesis that each radiating ion moves
at constant velocity �r(t) = �vt with a Maxwellian distribution of velocities, and is
given by:

Ss(k, t) = e−k2t2/2βm (3)

with β = 1/kBT and m the ion mass. Classical molecular dynamics simulation
technique (MD) is a straightforward way to compute Ss(k, t) taking into account
interactions between ions. The plasma model consists of classical point ions inter-
acting together through a coulombic potential screened by electrons and localized
in a cubic box of side L with periodic boundary conditions. Newton’s equations of
particle motion are integrated by using a velocity-Verlet algorithm using a time-step
consistent with energy conservation. Integrating the Newton’s equation gives access
to the positions and velocities, {�rN(t), �vN(t)}, of the N ions as a function of time
and thus to the associated static and dynamic statistical properties such as structure
factors, velocity correlation functions, diffusion coefficients, ion-ion collision rates,
etc.

3 Results and Discussion

Spectral line shape calculations have been performed for Ni-like Ag laser 4d − 4p

(J = 0–1) line at 13.9 nm for density and temperature ranges chosen to be con-
sistent with population inversion induced by collisional excitation. Two series of
results corresponding respectively to transient (Ti = 20 eV, Te = 200 eV) and QSS
(Ti = Te = 200 eV) pumping regimes, are presented for different electronic densi-
ties. Figures 1 and 2 show the full widths at half maximum (FWHM) correspond-
ing to the different mechanisms of broadening taken separately and together as a
function of the electronic density for the transient and QSS pumping regimes re-
spectively. It has been checked that the Stark effect associated with ion microfield
has a negligible contribution to the line profile. Electronic collisions and sponta-
neous emission give rise to the lifetime broadening (blue chain plus crosses) which
is homogeneous and increases linearly with Ne at a given Te . The motion of an
emitting ion yields a Doppler shift of the X-ray laser line. If we assume that each
radiating ion moves at constant velocity �r(t) = �vt with a Maxwellian distribution
of velocities, the line profile is inhomogeneous and shows a Gaussian shape with
a width (dashed black line) given by a simple analytical formula depending only
on Ti . Accounting for both of the previous effects, the resulting spectral profile will
be the convolution of the homogeneous and inhomogeneous profile, leading to the
so-called Voigt profile with a width which is a complex combination of both ho-
mogeneous and inhomogeneous linewidths (dotted red line plus crosses). Similar
results for the spectral profile of the 4d − 4p (J = 0–1) lasing line in Ni-like Mo
have been obtained and are discussed in the framework of amplification in [5].
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Fig. 1 Full width at half maximum versus density of the 4d − 4p laser line in the transient XUV
laser case. Broadening due to: radiator motion in the free particle limit, i.e. Doppler broadening
(dashed black line), accounting for particle interactions (broken black line plus stars), lifetime
broadening (blue chain plus crosses) and total broadening (radiator motion + finite lifetime effects)
in the free particle limit (dotted red line plus crosses) and accounting for interactions (full red line
plus stars)

Fig. 2 Same as Fig. 1 in the
QSS case

In order to account for velocity changing effects, the broadening due to the trans-
lational motion of the emitter (broken black line plus stars) has been obtained by
using the self-structure factors computed by MD simulations. It can be seen that
taking into account interactions between ion emitter and other ions of the plasma
gives rise to a narrowing of the profile whatever the considered densities and this
narrowing increases with the density. The line profile is no longer Gaussian, so the
overall profile is no longer a Voigt profile. Moreover if during their effective life-
times, the radiating and absorbing ions sample many velocities, not just one as it is
supposed in the Doppler free particle limit, the effect of this velocity redistribution
will be to homogenize the Doppler component of the intrinsic line profile. Figure 3
shows the evolution in time of the frequency distribution function of a population
of radiating emitters chosen to have an initial velocity such as �k · �v(0) = 0. Four
different timescales of evolution have been considered, the largest one correspond-
ing to the radiative lifetime (inverse of the lifetime broadening). It can be seen that
the velocity redistribution is nearly complete during the radiative lifetime. Similar
results have been obtained in the transient pumping regime case.
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Fig. 3 Frequency
distribution functions for
conditions of the QSS
pumping regime at
Ne = 1020 cm−3. Times are
in units of radiative lifetimes.
The black broken line
corresponds to the Doppler
free particle limit

4 Conclusion

This paper concerns a study of the effects of particle correlations on the line broad-
ening due to the radiator motion in the particular case of XUV laser lines. Two dif-
ferent pumping regimes have been considered, transient pumping regime for which
ionic temperature is relatively low, so the plasma coupling parameter is large, and
quasi steady state regime for which the ionic temperature is higher and the plasma
coupling parameter of the order of 1. It has been shown that the effect of correlations
cannot be neglected in evaluating Doppler effect for the two cases of interest. For
all the considered densities and temperatures, by taking into account correlations
between particles, the radiator-motion broadened profiles are modified in being ho-
mogenized by velocity redistribution in all the cases and narrowed essentially in the
transient regime.
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Chapter 10
The LUNEX5 Project in France

M.E. Couprie, C. Benabderrahmane, P. Betinelli, F. Bouvet, A. Buteau,
L. Cassinari, J. Daillant, J.C. Denard, P. Eymard, B. Gagey, C. Herbeaux,
M. Labat, A. Lestrade, A. Loulergue, P. Marchand, J.L. Marlats, C. Miron,
P. Morin, A. Nadji, F. Polack, J.B. Pruvost, F. Ribeiro, J.P. Ricaud, P. Roy,
T. Tanikawa, R. Roux, S. Bielawski, C. Evain, C. Szwaj, G. Lambert,
A. Lifschitz, V. Malka, R. Lehe, A. Rousse, K. Ta Phuoc, C. Thaury,
G. Devanz, M. Luong, B. Carré, G. LeBec, L. Farvacque, A. Dubois,
and J. Lüning

Abstract LUNEX5 (free electron Laser Using a New accelerator for the Exploita-
tion of X-ray radiation of 5th generation) aims at investigating the production of
short, intense, and coherent pulses in the soft x-ray region. The single Free Electron
Laser (FEL) line fed by either a superconducting Linear Accelerator of 400 MeV
or a 0.4–1 GeV Laser Wake Field Accelerator (LWFA) enables seeding (High order
Harmonic in Gas and Echo Enabled Harmonic Generation) for the advanced fourth
generation source with the conventional accelerator, and single spike operation
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for the fifth generation source with the LWFA. Two pilot user experiments for
time-resolved studies of isolated species and solid state matter will take benefit of
LUNEX5 FEL.

1 Introduction

Accelerator based X-ray light sources rely on the emission of synchrotron radia-
tion by relativistic electrons (of normalized energy γ ) in bending magnets and in
periodic permanent magnetic structures, such as undulators. The so-called first gen-
eration took advantage of the parasitic synchrotron radiation emitted in the storage
rings initially built for high energy physics. The second generation was developed
on dedicated storage ring accelerators. The third generation arose with reduced
emittances (product of the beam size by the divergence) and high number of in-
stalled undulators leading to a brightness increase and a partial transverse coher-
ence. Indeed, a planar undulator creating a sinusoidal vertical field (amplitude Bo,
period λo), emits on axis at the resonant wavelength λ and its odd harmonics on
axis, as a result from the interferences with the electron bunches through the suc-
cessive periods: λ = λo(1 + K2/2)/2γ 2 with K = 0.94λo(cm)Bo(T). Fourth Gen-
eration Light Sources (4G) enable longitudinal coherence by setting in phase the
emitting electrons thanks to the FEL process. A light wave of wavelength λ (spon-
taneous emission progressing along the undulator or stored in an optical cavity, or
external seed) interacts with the electron bunch in the undulator, inducing an energy
modulation of the electrons; which is gradually transformed into density modula-
tion at the wavelength λ and leads to a coherent radiation emission. The first FEL
experience was carried out in 1977 [1] on MARK-III at Stanford, USA using an
oscillator configuration in the infra-red. Nowadays, two FEL on linear accelerator,
LCLS [2] (Stanford, USA) and SACLA [3] (Harima, Japan), are operating in the 1 Å
region with 100–10 fs pulse and GW peak power. In the Self Amplified Spontaneous
Emission configuration the spontaneous emission progress along the undulator and
is amplified towards saturation [4]. The uncorrelated trains of radiation, which re-
sult from the interaction of electrons progressing jointly with the previously emitted
spontaneous radiation, lead to spiky longitudinal and temporal distributions, apart
from single spike operation for low charge regime [5]. Seeding either with ampli-
fied spontaneous emission from first stage undulators sent through a monochromator
(so-called self seeding [6]) or with an external laser or a short wavelength coherent
light source, such as High order Harmonics generated in gas, allows the saturation
length to be shortened, the jitter to be reduced, and the longitudinal coherence to be
improved [7–9]. The Echo Enabled Harmonic Generation (EEHG) scheme with a
double electron–laser interaction can push the spectral range towards shorter wave-
lengths when operating on a high order harmonic of the seed wavelength [10–12].
The so-called Fifth Generation (5G) replacing the conventional linac by a Laser
Wakefield Accelerator (LWFA), which provides GV/m of acceleration with very
short bunches [13–15] is under progress with first observation of the spontaneous
undulator radiation [16, 17] and FEL projects [18, 19].
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2 LUNEX5 Constituting Elements

LUNEX5 (see Fig. 1) consists in a 400 MeV conventional superconducting acceler-
ator and a 0.4–1 GeV LWFA accelerator, both feeding a common FEL line. It aims
at investigating the production of short, intense, and coherent pulses in the soft x-ray
region on advanced 4GLS using a Conventional Linear Accelerator (CLA) with the
latest seeding schemes and ultra-short pulses of a few fs as well as on 5GLS first for
qualifying LWFA with a FEL application, and for providing shorter FEL pulses.

The CLA includes a superconducting L band linac with a Desy-Zeuthen type
photo-gun, a 1.3 GHz cryomodule for accelerating up to 200 MeV, a third harmonic
cavity, a laser heater, a magnetic chicane, a diagnostic section, a second 1.3 GHz
for accelerating module up to 400 MeV and the space for a possible additional third
cryomodule. The cryomodules will be designed for future CW operation, the first
nominal case of operation being at 50 Hz. 1.3 GHz 20 kW CW solid state ampli-
fiers will be developed at SOLEIL. Lasers from CILEX (Centre Interdisciplinaire de
Lumière Extrême) with APOLLON 10 PW laser and its “proximity centers” such
as the 60 TW laser of LOA will be used for the LWFA before the dedicated one
will be available. Transport to FEL line is achieved with variable permanent mag-
net quadrupoles. The FEL line comprises transport magnetic elements, dump dipole
and in-vacuum undulators with periods of 30 (modulators) or 15 mm (radiators),
with a cryogenic option [15]. At 3 mm gap, a peak field of 1.5 T (1.7 T) will be
produced at room temperature with NdFeB magnet (at 77 K with PrFeB magnets)
for a 15 mm period. The seeding laser system with a regenerative amplifier will be
used for producing the High order Harmonics in Gas (HHG), generated in a gas cell
for the Echo scheme (after tripling) and for the pump probe experiments of the pilot
users. The FEL light will hit a first toroidal mirror (to be interchanged with a second
one for the echo source point) for focusing on the exit slit; it will then pass through
a double rotation monochromator operating in the Petersen mode to select and sta-
bilize the photon energy and through two focusing mirror systems to be dispatched
on the two experimental set-ups. Diagnostics will consist in standard bunch charge
monitors, Optical Transition Radiation and fluorescent screens for beam transverse
dimensions, standard stripline Beam Position Monitors (BPM) for the linac and cav-
ity BPMs [16] for the undulator sections, a beam arrival time monitor, bunch length
monitors and a RF deflecting cavity.

3 LUNEX5 Performances

Figure 2 shows the expected performances of LUNEX5. The spectrum covers the
4–40 nm range with the first, third and fifth harmonics, a fundamental peak power
between 10 and 100 MW, corresponding to more than 1011 photons/pulse and 1027

peak brightness and harmonic peak power from 1 MW down to a few hundreds W.
Each wavelength can be obtained with different configurations (amplifier, cascade
with a High Order Harmonic seed, echo with 266 nm lasers, . . .). The FEL saturates
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Fig. 2 FEL peak power versus wavelength. Calculations with an 400 MeV electron beam, with
a 1.5π mm mrad emittance, a peak current of 400 A, a slice energy spread of 0.02 % (CLA) and
A: 0.1, B: 0.5 % (LWFA), a bunch duration of 1 ps (CLA) and A: 2, B: 20 fs-RMS (LWFA)

Fig. 3 GENESIS 4G+ FEL simulations at 20 nm. Top: cascade and echo schemes. Electron beam
energy: 400 MeV, 0.01 % energy spread, 1.5π mm mrad emittance, 400 A peak current, 1 ps pulse
duration. Seed: (middle: cascade): 20 fs FWHM with 10 kW peak power at 40 nm (bottom: echo)
30 fs FWHM, 15 MW and 30 MW at 266 nm. Exponential growth (left), FEL temporal (center)
and spectral profile (right)

earlier in the echo case than in the cascade one (7 wrt 11 m), with slightly lower
power (65 MW wrt 0.27 GW), longer pulses (24 wrt 17 fs) at the Fourier limit as
shown in Fig. 3. Advanced 4GLS FEL can be tuned by a combined variation of the
seed wavelength and the undulator gaps. 5G FEL performances critically depend on
the electron beam quality and on the optimization of the transport line (see Fig. 4).
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4 LUNEX5 Experimental Stations

Pilot user experiments on isolated species and condensed matter will validate the
LUNEX5 demonstrator radiation from a user point of view. So far, no user experi-
ments have been carried out neither with HHG seeded FEL nor with Echo Enabled
Harmonics. LUNEX5 has two end stations for time resolved pump-probe studies
of isolated species (TR-AMO) and for condensed matter imaging exploiting the co-
herence. The TR-AMO end station will consist in a high resolution velocity map
imaging (VMI) spectrometer allowing for spectroscopy of cold atoms/molecules,
clusters or nanoparticles, issued from a multi-purpose source, combined with the
full momenta characterization of both electrons and ions using a COLTRIMS type
of spectrometer based on time-of-flight and particle 2D position detection (covari-
ance mapping will be used for data analysis). Lensless imaging technique also re-
lies on very stable setup and accurate algorithms to extract real space images. In
first experiments magnetization dynamics will be triggered through intense fs laser
irradiation and then probed by resonant x-ray magnetic scattering.

5 Conclusion

LUNEX5 is aiming for ultra short FEL pulses quest, production and use on a cou-
pled CLA-LWFA based test facility for complementary use and test of new ideas,
such as the recently proposed scheme [20] with three electron photon interactions
which could enable to reach the 1 nm region. It will pave the way towards the next
generation of light source (4GLS+, 5GLS).
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Chapter 11
High Harmonic Generation Driven by Two
Quasi-collinear Pulses

S. Daboussi, S. Kazamias, K. Cassou, O. Guilbaud, M. Pittman, O. Delmas,
O. Neveu, B. Cros, G. Maynard, and D. Ros

Abstract We have investigated the high harmonic generation driven by two quasi-
collinear IR pulses separated by picosecond delay. Experiments were performed at
the LASERIX facility using 50 fs pulses at 800 nm with energy up to 25 mJ. We
have studied the generation of two high harmonic pulses from the same medium. In
particular, we show how the ratio in energy of each pulse can be used to balance the
perturbation induced by the first pulse in the generating gas.

1 Introduction

High order harmonic generation (HHG) from the interaction of an intense infrared
(IR) laser and a gas target provides a coherent table-top radiation source in the ex-
treme ultraviolet (XUV) range. Such a source can have a large scientific impact,
particularly concerning applications. One of the most significant among them is the
seeding of various types of soft x-ray laser (SXRL) amplifiers with high harmonic
pulses from plasma-based x-rays [1, 2] to free electron lasers [3]. Traditionally, these
amplifiers work in the amplification of spontaneous emission regime (ASE) which
presents some limitations in terms of beam optical properties [4, 5]. A straight-
forward idea explored in several laboratories around the world is to use harmonic
radiation to seed the SXRL thus combining the high output energy of SXRL sources
with the spatial and temporal coherence of the harmonic source [6, 7]. In this work
we concentrated on the possibility to generate from the same generating medium a
double temporal structure with variable delay in the picosecond range in order to
study more deeply the plasma-based SXRL seeding temporal aspects like polariza-
tion [8] and temporal gain construction [9]. For this type of experiment, the relevant
temporal range of interest goes from few fs up to 10 ps.
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Fig. 1 Quasi-collinear process

2 Description of the Experiment

The pumping of two HHG beams by two close following infrared short pulses in
the picosecond range is a non-trivial issue due to the ionization problem which is
deleter for phase-matching [10]. A key issue for the present work is to investigate
the possibility to generate two XUV pulses from the same medium and to study
its temporal response. For this purpose it is required to characterize each pulse in-
dependently, in terms of total energy and also spectrum and beam characteristics.
Extreme UV streak cameras could reach such temporal resolution but the complex
working conditions they offer, together with their small dynamic range make them
hard to use. We made the choice to use a slightly quasi-collinear double pulse ex-
citation configuration. For this, two infrared beams generated in a Mach-Zehnder
type interferometer with variable delay are focused, in the gas cell, with a small an-
gle (1 mrad), so that they behave in the gas cell such as if they were collinear (see
Fig. 1). The experimental investigation was carried out at LASERIX, a high-power
laser facility fully dedicated to the development and applications of SXRL beams in
the range of 7 to 30 nm [11]. The IR source used in our experiment is based on a
low energy sampling from the amplified Ti:Sapphire laser system that provides 50 fs
duration pulses centered at a wavelength of 800 nm. Due to pulse air compression,
the maximum energy dedicated to HHG is limited to 25 mJ at a repetition rate of
10 Hz.

The schematic of our setup for quasi-collinear HHG is shown on Fig. 2. The in-
coming laser pulse is set into a Mach-Zehnder type system with an adjustable length
arm in order to introduce a controllable delay (−100 ps, +100 ps) between the re-
flected and the transmitted pulses. The temporal resolution of the system was 6 fs
due to motorized translation stage accuracy. A polarizer associated with a zero or-
der half wave plate was installed in the path of the reflected beam in order to adjust
its energy. Variable apertures were placed on both the reflected and the transmitted
beams to adjust intensities and focusing geometries [12]. The two parallel beams
are recombined with a 50/50 beam splitter with a small lateral separation and then
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Fig. 2 Experimental setup for quasi-collinear HHG: BS, beamsplitter 50/50; WP, half wave plates;
P, Brewster Polarizer; NF, real time near field control; FF, real time far field control. The polar-
ization of the reflected pulse is controlled using the wave plate WP2. Reflected energy sent on the
cell is adjusted with WP1 + P

focused into the gas cell with 1100 mm lens with a small angle (1 mrad). The foot-
prints of the two corresponding XUV beams were recorded 3 m further from the
source on a backlighted XUV CCD camera. The scattered laser light and high har-
monic orders higher than 47 were blocked by an aluminum filter (0.2 µm width).
After energy optimization in argon for HHG signal separately for each pulse, only
a small portion of the available energy (10 mJ) was used in our configuration. The
estimated energy per harmonic beam is 70 pJ using the CCD and filter calibration
and referring to previous XUV NIST calibrated photodiode data obtained in similar
conditions. In those conditions a precise laser alignment is crucial to achieve precise
superposition of the beams in the focal region. A real time control of near and far
fields showed that the two focal spots were superposed throughout the cell when
varying the delay.

3 Temporal Response of the Generating Medium

3.1 Experimental Investigation

After optimization of each of the two individual HHG beams (Fig. 3(a, b)), the in-
fluence of the delay was analyzed for equivalent generation conditions on both arms
(15 mbar of argon, IR intensity near 1.5 × 1014 W/cm2). Figure 4 shows the delay
scan from 500 fs up to 100 ps of the normalized integrated signal for each beam as
recorded with the CCD camera. Each of the two curves, reported in Fig. 4 yields the
ratio between the measurement of the total integrated XUV signal generated by the
first (resp. the second) IR beam in the double (Fig. 3(c)) and single pulse configu-
rations (Fig. 3(a, b)). Each measurement was averaged over five laser shots and the
experiment was repeated over several days. The represented error bars are attributed
to HHG signal fluctuations due to shot to shot variations of laser pointing and me-
chanical instabilities of the delay line. As expected, the first pulse has a ratio which
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Fig. 3 (a, b) HHG generation with the first and the second beam respectively when the other
driving beam is blocked. (c) HHG generation with the two IR pulses from the same

is closed to one, showing that it is not affected by the presence of the second one.
The ratio slightly higher than one is not significant since it represents the ratio over
two integrated signals measured with an interval of few tens of minutes. On the other
hand, we can observe in Fig. 4 that the second pulse has a ratio value close to 0.5
for any kind of delay in the range studied. This indicates that HHG phase-matching
for the second pulse is strongly perturbed by the ionization of the gas target gen-
erated by the first one. The phase matching condition has been optimized for one
beam, that is in our case for the first HHG pulse. Therefore, due to ionization, the
phase matching condition is no more satisfied for the second HHG pulse leading to
a strong reduction of its energy. Moreover, as this reduction remains constant, one
can deduce that the ionization rate does not seem to depend on the delay, even for a
time as long as 100 ps.

3.2 Theoretical Estimations for Plasma Recombination
Characteristic Time

In order to confirm this experimental observation, theoretical estimations were made
for the evolution of the argon plasma at a pressure of 25 mbar with an optical field
ionization rate around 5 % which represents the gas medium state after interaction
with the first pulse. The ions and atoms are supposed to be at room temperature and
the electron average temperature inferred from OFI calculations is close to 0.5 eV.
In that case, neither hydrodynamic expansion nor ionization and excitation due to
collisions have time to play a significant role. Therefore we have only to consider re-
combination processes. The direct recombination to the fundamental state having a
time characteristic close to the millisecond, in fact only the recombination to highly
excited states can have a significant rate. These states having a long life time, the
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Fig. 4 Measured HHG signal generated by the first pulse (circle) and by the second pulse (square)
as a function of the delay in 15 mbar of argon normalized with the respective single HHG beam.
These measures correspond to encircled energy recorded on the CCD

radiative decay has a negligible contribution during 100 ps. However for HHG gen-
eration, the highly excited states act as ionized states because they are ionized by the
IR beam at very low intensity well before the maximum of the harmonic generation.
From our theoretical estimations [13–15] we have deduced that, in the considered
condition, the plasma recombination time is of the order of 2 nanoseconds. This
confirms the experimental observations that the plasma ionization remains constant
within a delay range of few hundreds of picoseconds.

4 Conclusion

In conclusion, a full temporal study in the picosecond range of two XUV pulses gen-
erated from the same medium was done thanks to the quasi-collinear scheme. This
double pulse can be used in the XUV-XUV pump-probe experiment or the SXRL
seeding experiment. One advantage of our system is that, depending on the applica-
tions, it can be used even in quasi or fully collinear configuration. We theoretically
demonstrated in this work that the recombination time of the plasma generated after
interaction between the IR laser and the gas is longer than 2 ns, this was experimen-
tally verified up to 100 ps. This result shows that IR driving laser with a repetition
rate larger than 0.5 GHz are not recommended for efficient high harmonic genera-
tion in gas cell.
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Chapter 12
Real-Time Observation of Laser Heated Metals
with High Brightness Monochromatic X-Ray
Techniques at Present and Their Future
Prospects

H. Daido, T. Shobu, T. Yamada, S. Yamashita, K. Sugihara, A. Nishimura,
and T. Muramatsu

Abstract We present the x-ray techniques for characterizing laser heated metals for
welding and cutting techniques. At present, with an undulator (70 keV) as well as
bending magnet (30 keV) sources at SPring-8 as a probe source, CW 300 W Yt-
terbium fiber laser irradiates an Aluminum slab as a sample. Simultaneously the
x-ray beam probes the sample for real time observation of a molten pool. We ob-
serve the convection indicated by the motion of tungsten based particles as a tracer
in the molten pool. During the cooling phase, the molten metal is solidified with
residual stresses which are affected by the heating and convection processes. In this
experiment the time and space resolution are ∼milli-second and several tens of µm,
respectively. On the other hand, microscopic short transient phenomena also play
a significant role for the quality of a solidified material. For this purpose, we need
high energy short pulse x-ray sources. We try to discuss on the capability and lim-
itation of present x-ray sources and the prospect of an ultra high brightness x-ray
source as a complementary source for full characterization of the laser heated and
cooling processes of metals.

1 Introduction

Precise characterization of laser heated metal is useful and important for high qual-
ity welding and thick metal cutting relevant to maintenance of nuclear plants and
decommissioning. In this paper, we present x-ray techniques for real time obser-
vation of melting and solidification processes and their interpretation with use of a
computer simulation technique.
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Fig. 1 Wide ranges of laser
parameters are used for
nuclear engineering such as
laser peening, welding and
cutting. In the pulsed
irradiation regime, ultra-high
intensity laser applications
(beyond upper limit of the
laser irradiance) and laser
plasma based x-ray lasers are
placed

Figure 1 shows wide range of laser matter interaction studies [1] which contribute
to the science and industries. Above the intensity of 1018 W/cm2 which is beyond
the figure, one can see the area of the ultra-high intensity laser matter interaction
where the relativistic or nonlinear effects play a significant role [2]. We also find the
intensity regime of plasma based soft x-ray lasers [3, 4]. In the pulsed irradiation
regime, for the nuclear engineering, the laser peening [5, 6] is one of the most at-
tractive techniques to make artificial stress distribution which strengthens the plant
components. The non-thermal processing is useful for removal of materials without
excessive melting [7, 8]. The ultra-short laser pulse makes nanometer structures on
the surface of many materials [9]. The dashed and solid lines respectively represent
ionization and melting limits. On the other hand, CW (continuous Wave), scanned
CW or long duration pulsed irradiation is also quite useful for the nuclear plant
engineering, such as laser welding and cutting. In this region an assist gas plays a
significant role for melting and solidification.

The laser cutting of thick metallic materials are necessary for dismantling nu-
clear power plant and other nuclear facilities because a present fiber laser is pow-
erful enough while it can enter into the narrow gap. The laser can melt and cut the
thick metal without reactive force. Successful cutting is realized if the laser hits a
fresh metal surface continuously with a help of assist gas flow which blow off the
molten and vaporized metals. High quality welding is also necessary for the nuclear
engineering. The detailed characterization of the laser welding phenomena is useful
for it.

2 Experimental Setup

Dynamics of a molten pool surface taken by a high speed camera contribute to char-
acterize a molten pool. However, visible light can provide only the surface of the
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Fig. 2 Experimental setup of the real time observation of a CW 300 W laser heated Aluminum or
stainless steel molten pool probed by an intense 30 keV or 70 keV x-ray beam, respectively with a
band width of <10−4 (the band width/the central energy). The laser illuminates for 5∼10 seconds.
The sample width is ∼1∼5 mm

molten pool. If we need to see the interior of the molten pool, we need an intense
high energy x-ray beam for imaging. In addition to this, if we would like to see a
clear boundary between the solid and liquid phases we need an intense monochro-
matic x-ray source. For example, mass density difference between the solid and
liquid iron is typically ∼10 % and we need ∼milli-second temporal resolution with
long time continuous operation as well as a several tens of µm spatial resolution.
An intense monochromatic x-ray beam delivered from SPring-8 whose significant
feature is its ultra high brightness is suitable for this purpose. For real time ob-
servation of a laser heated Aluminum and iron based materials with > a few mm
thickness to see hydrodynamic phenomena, we need an intense 30 keV and 70 keV
monochromatic x-ray beam, respectively. Figure 2 shows an example of the experi-
mental setup.

3 Scenario of the Physical Processes and Experimental Result

Figure 3 show the expected physical processes of laser heated metals. A laser light is
absorbed. This process includes fast and complicated processes such as free electron
contribution to the absorption. Successive laser heating causes a phase change to
make a molten pool. In this case, we call the heat conduction type melting. If the
laser intensity increases, the regime moves into the key hole type [10]. In the pool,
the convection is driven by the buoyancy for Aluminum or by the surface tension for
stainless steel [11]. When the laser heating stops, the molten pool is cooled down
and solidified. Then we find the residual stress distribution which is expected to be
influenced by the processes happened previously.

The series of experiments have been performed with use of the setup shown in
Fig. 2 [12]. Figure 4 shows an x-ray snap shot of the laser heated molten pool. The
bending magnet based source coupled with a pair of crystal spectrometers delivers
30 keV x-ray with an intensity of 108 photons/second/mm2 and the band width of
10−4. The temporal resolution is ∼10 msec which depends upon a frame rate of a
camera. The dynamic behavior of laser heated molten pool is visible.
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Fig. 3 The scenario of the laser heated Aluminum molten pool. From the left to the right, the
laser heated pool whose solid liquid interface expands in radial direction with convection inside
the pool. The laser stops. The molten pool begins to be solidified. The area of the pool decreases
rapidly by cooling. The solidification is completed and the residual stress appears around the laser
heated region

Fig. 4 An intense 30 keV x-ray beam makes it possible to make a real time movie of laser heated
molten pool. The laser illuminates an Aluminum sample from the top and its power is 300 W. The
thickness of the sample is 1 mm and the laser spot diameter is 1 mm. The solid liquid interface
is clearly visible mainly owing to the monochromaticity of the beam. The white horizontal line
represents 7.4 mm

4 Comparison Between the Experimental and the
Computational Results

We have developed relevant multi-dimensional hydrodynamic simulation code
SPLICE [13] based on the incompressible fluid model including solid, liquid and
gaseous states. As we have described each processes briefly in Fig. 3. The details
of the solidification processes should be given by other aspect of the physical mod-
els [14]. We have observed almost whole processes as an x-ray movie including
heating, melting and a formation of molten pool, convection in a pool, solidification
with residual stress formation.

Firstly, the dynamical behavior of the laser heated and solidified iron surface
is described for the comparison between the experimental and computational re-
sults. The upper panel of Fig. 5 shows the precise observation of the surfaces us-
ing a high speed video camera in the visible spectral range having a frame rate
of 12500 frames/second. The corresponding result obtained by the 3-dimensional
hydrodynamic code is shown in the lower panel of Fig. 5. In this material, the tem-
perature gradient causes unbalanced surface tension and the flow is driven by this
force. If we switch off the surface tension artificially in the code, just a flat surface
profile is visible. The computed result shows similar surface profile as observed by
the high speed camera.
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Fig. 5 The upper panel represents the snap shot of the 300 W, CW laser illuminated iron surface
recoded by a high speed video camera in the visible spectral range. The laser illuminates from a
reader to the paper. The scanning speed and its direction are 5 mm/second and the direction of the
arrow, respectively. The spot size is 0.5 mm. The lower panel represents the result of the computer
simulation. The welded beads are visible in both the panels

Fig. 6 The result of the SPLICE code which simulates the experiment shown in Fig. 4. The laser
illuminates from the top to the central part of Aluminum sample where the high temperature region
can be seen. The molten pool with clear liquid to solid interface is visible. The white horizontal
line represents 10 mm. The scale of this figure is the same as that of Fig. 4. The size of the molten
pool reasonably coincides with the experimental results. The arrows in the molten pool represent
the directions of the convection which also coincide with the experimental results

Secondly, cross-sectional view of the molten pool is depicted. The size of the
molten pool in the experiment is compared with the simulation result as shown
in Fig. 6. The directions of the convection coincide with each other. The con-
vective flow in the molten pool is clearly visible in this x-ray movie such as
∼20 mm/second. The simulation result shows that the speed of the tracers is
∼40 mm/second which is faster than the experimental one. After the complete solid-
ification, the residual stress has been measured in the experiment. In this technique,
if the stress is created at specific place inside the sample, lattice structure changes
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Fig. 7 Spatial resolution vs.
temporal resolution for
various x-ray sources.
Another important aspects of
imaging include a field of
view and duration of
successive imaging (x-ray
movie)

and the diffraction angle is broadened. The spectral broadening is interpreted into
the residual stress. Subsequent scan inside the sample makes it possible to create a
3-dimensional stress distribution [15].

5 Outlook of the Ultra-intense X-Ray Techniques

Figure 7 represents the map of x-ray techniques in respect to the temporal and spatial
resolutions including imaging [16] and diffraction.

High speed x-ray camera coupled with an undulator provides wide field of view
(a few cm) with several tens of µm resolution and long time continuous operation
of more than a few tens of seconds with milli-second temporal resolution which de-
pends upon the frame rate of the x-ray camera. The whole process including laser
irradiation and cooling can be identified quite successfully as described previously.
However, if one would like to see precisely the specific parts, for example as shown
in Fig. 4, the melting front is not resolved sufficiently. We need higher temporal and
spatial resolutions such as < a few µ-second and < a few µm. During the solidifi-
cation phase, we also need much higher resolutions for a real time observation of
crystallization where a typical dendrite size is ∼10 µm. Such precise imaging may
not need relatively wide field of view. A single bunch operation of a Synchrotron
source is one of the possible candidates. The parameters for imaging are comple-
mentary.

The creation of residual stresses have routinely measured with the scanning x-
ray technique [12] which needs a long time operation and it might be observed
with time resolved x-ray diffraction made by an ultra-intense coherent x-ray. An
x-ray Free Electron Laser [17] might provide such a beam if it can deliver pulses
with higher photon energy. Compact ultra short pulse laser driven x-ray sources
with a pump-probe technique have also contributed to the real time observation of
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phase transitions with ultra fast x-ray diffraction techniques [18]. Such laser driven
sources might be also applicable to the imaging with a single shot based operation.
Full characterization of melting and solidification of metals is in progress with the
technique described here. In addition, these techniques are applicable to the non-
metallic materials.

6 Summary

The real time imaging of a laser irradiated metallic molten pool using a Synchrotron
facility has been realized. An undulator x-ray source is an almost ideal source for
characterizing the macroscopic hydrodynamic behavior of the process. The result is
compared with the multi-dimensional fluid simulation. Real time imaging of solidi-
fication process has also been realized. We also have made off-line measurement of
residual stress distribution. Based on the present achievement, extension of the ultra
high brightness x-ray techniques to characterizing the finer and faster components
is discussed.
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Chapter 13
Generation and Application of Coherent
Radiation in the Water Window

L.V. Dao, C. Hall, H.L. Vu, K.B. Dinh, N. Gaffney, E. Balaur, P. Hannaford,
and T.A. Smith

Abstract Coherent extreme ultraviolet radiation around the water window region
(∼4.4 nm) is generated by using an infrared driving pulses at 1400 nm, with energy
2.5 mJ and duration 40 fs in a semi-infinitive helium gas cell. The beam profile
and spatial coherence characteristics of the source in this region are shown to be
excellent, enabling this source to be used for coherent diffractive imaging.

1 Introduction

Femtosecond laser-driven high-harmonic generation (HHG) has become an increas-
ingly important source for many applications in time-resolved studies of ultra-
fast dynamics and in coherent diffractive imaging [1–3]. For biological applica-
tions the generation of radiation in the “water window” region (4.4–2.3 nm, or
280–540 eV) is an attractive feature because in this wavelength range the radia-
tion is not absorbed by water and nitrogen while absorption of carbon is strong.
Intense ultrashort pulses in the water-window wavelength region would allow the
capture of images of live cells in a real environment, preserving structural in-
formation that can be lost in the sample’s preparation process for other imaging
methods. This soft x-ray radiation can be used to perform various experiments
with high spatial and temporal resolution. Thus, light sources in this wavelength
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region have been targeted by many researchers including life scientists and physi-
cists.

In this paper we report the use of a bismuth triborate (BiB3O6, or BIBO) nonlin-
ear crystal to construct a high power optical parameter amplifier pumped by 8 mJ
pulses from a multi-pass Ti:sapphire amplifier at 1 kHz repetition rate. High energy
(2.5 mJ) IR pulses at 1400 nm and with short duration (<40 fs) are used for phase-
matched generation of radiation of high spatial coherence around the water window
region in a semi-infinitive cell filled with helium gas. The coherence of the source
is studied by measurements of the beam profile and the interference pattern from a
Young’s double slit. The broadband source is tested for applicability for coherent
diffractive imaging.

2 Experiments and Results

The output of a 1 kHz multi-stage, multi-pass, chirped-pulse amplifier system that
produces 8 mJ pulses of 30 fs duration and centered at 810 nm is used to pump
the OPA system. A collinear OPA scheme is used in our high-energy IR laser
system in order to efficiently amplify the OPA signals. One-third of the output
of the multistage amplifier (2.5 mJ) pumps a commercial OPA (Quantronix, Pali-
tra), which is designed with a two-stage configuration seeded by a white light con-
tinuum. The remaining 5.5 mJ is used to pump the power amplifier stage. In the
high power OPA stage we employed a 2-mm thick BIBO crystal with an aper-
ture of 15 × 15 mm2, which was placed about 50 cm away from the commer-
cial OPA. The power amplifier OPA stage is seeded by the amplified signal in
the commercial OPA whose output is carefully adjusted for a collimated signal
beam. The maximum conversion efficiency for the power amplifier stage was about
60 %, producing a total (signal and idler) output of ∼4 mJ. An IR pulse duration
of 40 fs was measured through sum-frequency mixing with a 30 fs fundamental
pulse.

The OPA output pulses at 1400 nm are focused by a 300 mm focal length fused
silica lens into a 250 mm-long gas cell with a 3 mm-thick fused silica window at
the entrance and a 200 µm pinhole at the exit [4]. We use helium gas for HHG in
the water window region because of its high ionization energy and because theo-
retical calculations [5] indicate that it is possible to obtain phase matching for the
generation of radiation in the water window region in helium gas using 1400 nm ra-
diation. A high gas pressure (up to 5 atm) is used for generation of radiation around
4.3 nm. A 300 nm-thick aluminum filter with high transmission in the wavelength
range <5 nm (∼10 % at 4 nm), and a 300 nm-thick silver filter with transmission in
the wavelength range 4–12 nm are used to remove the residual fundamental beam.
The high harmonic beam passes through a 0.5 mm-wide, 20 mm-high entrance slit
of a grazing incidence spectrometer before being dispersed by a 1200 lines/mm
diffraction grating and detected by a back-illuminated XUV charge-coupled device
(CCD) camera. The far-field profile of the harmonic beam is detected directly by
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Fig. 1 XUV HHG spectra
from He at 5 atm. The C-edge
absorption can be seen
(dashed line) when a 150 nm
thick C-foil is added. The
inset shows the harmonic
yield versus the gas pressure:
the dots show the
experimental data and the line
represents the best fit with P 2

where P is the gas pressure

a 13.3 × 13.3 mm CCD chip of pixel size 13 × 13 µm (PIXIS-XO-1024B, Roper
Scientific). For studies of the spatial coherence of the high harmonic beam in more
detail a Young double slit (YDS) comprising two parallel slits 4 µm wide, 100 µm
high and slit separation of 20 µm is used. The YDS is located 1000 mm from source.
The interference fringes are detected by a CCD camera located 800 mm from the
slit.

Figure 1 shows the XUV spectrum emitted from helium at 5 atm He pressure
with an exposure time of 20 s for each spectrum. The C-edge absorption can be
seen (dashed line) when a 150 nm thick C-foil is added. Since the position of the
focus of the driving laser beam is close to the exit pinhole of the gas cell the HHG
radiation is produced mostly in regions in the gas cell before the focal point along
the axis of the fundamental beam. The bandwidth and beam profile of the HHG
radiation depend on the gas pressure, the focus position and the diameter of the
fundamental beam. The beam profile is remarkably improved for pressures >3 atm.
The intensity of the IR pulses (<5 × 1014 W/cm2) is adjusted for low ionization
of the gas (η < 1 %) to generate high harmonic radiation from the neutral atoms.
The inset in Fig. 1 shows the total photon number in the spectral range 4–5 nm for
different gas pressures where a 300 nm Al foil has been used. The closed circles
show the experimental data and the solid line shows a fit based on P 2. For low
pressures (P < 4 atm), the HHG signal increases quadratically with pressure as is
expected for phase-matched HHG emission. For high pressures (>5 atm) the phase
mismatch is increased because of the high absorption restricting further HHG yield
increases.

Figure 2 shows the spatial profile of the HHG beam at a distance of 1800 mm
from the source. The beam diameter was measured to be 0.8 mm (FWHM). The
almost perfect Gaussian profile of the HHG beam suggests there is no density dis-
turbance due to ionization in the interaction region. The observed dependence of the
HHG output on pressure and the observed spatial profile indicate that macroscopic
phase matching is satisfied along the propagation axis in our geometrical config-
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Fig. 2 The beam profile of
radiation at a distance of 1800
mm from the source. The
inset displays interference
fringes of the Young’s double
slit measurement (YDS). The
YDS device consists of two
parallel slits of 4 µm in width,
100 µm high and separated by
20 µm

uration. The photon flux around the maximum of the beam profile, measured by
the CCD, in the wavelength range 4–5 nm is about 7 × 107–108 photons/(cm2 s)
when the transmission of the Al foil is assumed to be ∼10 %. To study the spatial
coherence of the source in more detail, a YDS is used. The inset in Fig. 2 shows
a clear interference pattern resulting from the YDS, which consists of two paral-
lel slits 4 µm wide, 100 µm high and 20 µm separation. The beam diameter at the
slit position is ∼0.5 mm (FWHM) which is much larger than the slit separation.
When the gas pressure is high (>3.5 atm) the contrast at the center of the inter-
ference pattern is nearly independent of the gas pressure. We note that the YDS
was illuminated from a broad wavelength beam (an Al foil was used to filter out
the fundamental beam) and therefore the contrast of the fringes is not very high.
The interference pattern is dependent on the gas pressure indicating a variation of
the harmonic spectrum with pressure. The Gaussian beam profile and high contrast
of the YDS interference fringes confirm that the HHG radiation is highly coher-
ent.

The diffraction imaging from a pinholes sample illuminated by a broadband
source is shown in Fig. 3. Close inspection reveals that the diffraction pattern is
blurred because of the broad band nature of the source (4–5 nm). In the present re-
construction procedure we require that the bandwidth of the source is less than 10 %
of the center wavelength and the coherence degree should be >0.9. New reconstruc-
tion procedures need to be developed and also the bandwidth of the source needs
to be reduced with a quasi-phase matching configuration. These improvements are
under development.
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Fig. 3 Diffraction pattern
from the pinholes sample
illuminated by the source at
4–5 nm. A scanning electron
microscope (SEM) image of
the sample is shown in the
inset
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Chapter 14
Time-Dependent Simulation of Carbon
Illuminated by a High Intensity X-Ray Laser

Alberto G. de la Varga, Pedro Velarde, François de Gaufridy, Manuel Cotelo,
David Portillo, and Philippe Zeitoun

Abstract We simulate a biological cell composed of solid density carbon illumi-
nated by a high intensity X-ray laser with a time-dependent model. This first version
is a simple model that neglects inverse bremsstrahlung absorption by free electrons,
electron conduction or hydrodynamic effects. Atomic data needed for the simula-
tions can be generated with the flexible atomic code (FAC) or the screened hydro-
genic model (SHM).

1 Introduction

Taking advantage of the recently developed collisional-radiative module in the code
bigbart [1] we have implemented the module muffinman to study time-dependent
radiation transport in carbon as an approximation to simulate the response of bio-
logical tissue.

We expect inverse bremsstrahlung absorption by free electrons, electron conduc-
tion or hydrodynamic effects to be negligible. At first hand these assumptions seem
reasonable. Due to the non-equilibrium nature of the problem free electrons are
born with high energies which, in addition to the high energy photons from the laser
pulse, produces low resonant free electron absorption that comes mainly from low
energy electrons. The short time scale employed leads in principle to low hydrody-
namic and electron conduction effects. The influence of this effects will be studied
in future versions in order to check our assumptions.
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There is no treatment of escaped or trapped electrons [2], all electrons are consid-
ered trapped and contribute to the average free electron energy and collision rates.
For the sake of simplicity we assume that free electrons have time for thermalization
at a certain calculated thermalization temperature.

Energy exchange involving ions, free electrons and the radiation field is com-
puted in each timestep to check the consistency of the model and to obtain the free
electron temperature in the next timestep.

2 Description of the Time-Dependent Radiation Transport
Module

The module muffinman implements an explicit model that computes the varia-
tion in configuration populations and the energy exchange between timesteps. Con-
figurations are connected through all possible collisional and radiative processes.
Processes and their inverse considered in muffinman are spontaneous emission
and resonant photoabsorption (multipole transitions E1, E2 and M1), collisional ex-
citation and collisional de-excitation, radiative recombination and photoionization,
collisional ionization and three body recombination, and autoionization and reso-
nant capture.

Spontaneous emission, collisional excitation, radiative recombination, collisional
ionization and autoionization rates may be computed with the relativistic atomic
code FAC [3] or SHM [4, 5]. Collisional de-excitation, three body recombination
and resonant capture are calculated by detailed balance [6]. For transitions due to
interaction with the radiative field, resonant photoabsorption and photoionization,
formulas from [7] are used.

Once we have computed the transition rates, the system of equations that yields
the change in population of configuration α is written as

dnα

dt
= −nα

N∑
β �=α

Wαβ +
N∑

β �=α

nβWβα

(
s−1) (1)

where nα is the population of configuration α normalized to unity and Wαβ refers
to the transition rate from configuration α to configuration β . The system is solved
with an explicit method. Also energy exchange is calculated for each process that
produces energy transfer between ions, free electrons and the laser pulse. The varia-
tion of energy of each component c due to process γ between configurations α and
β with an energy exchange of �e

γ
αβ in a timestep �t is

En+1
c = En

c +
∑
γ

∑
β

∑
α

�e
γ
αβW

γ
αβnα�t (eV) (2)

�Ec = En+1
c − En

c (3)

where Ec can be the energy of the ions Ebound , free electrons Efree and laser
pulse Epulse. Consistency in energy transfer implies in each timestep

�Ebound + �Efree + �Epulse = 0 (4)
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Fig. 1 Charge-state yields in the 800 eV (left) and 1050 eV (right) cases

From the free electron density ne and the free electron energy density ρE we
compute the average free electron energy

〈Eav〉 = ρE

ne

.

Equivalent thermalization temperature is obtained by

3

2
kTe = 〈Eav〉.

3 Experimental Benchmark

In order to test the accuracy of the developed module we compared experimental
neon charge-state yields measured at LCLS with theoretical calculations [8, 9]. The
neon gas (1019) was irradiated at intensities up to 1018 W/cm2 and photon energies
of 800 eV (below the K-edge), 1050 eV (just above the K-edge) and 2000 eV (far
above the K-edge).

Here we consider the 800 and 1050 eV cases for comparison with a 0D model.
As in the theoretical model in [8] we consider photoionization and autoionization as
predominant over collisional processes. This is approximately true at this densities,
although collisional ionization may compete with photoionization in the 800 eV
case [9].

In Fig. 1 (left) theoretical models correctly reproduce experimental charge-state
yields. This is due to the simple absorption mechanism with dominance of valence
shell photoionization, with no K-shell vacancies and therefore no autoionization. In
Fig. 1 (right) our model performs in the range of the other two theoretical models
but none is close to the experimental measurement. Production of Ne2+, Ne4+ and
Ne6+ is mainly due to autoionization. Inner shell photoionization is the main mech-
anism for Ne1+, Ne3+ and Ne5+ production, introducing other mechanisms due to
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Fig. 2 Temperature, electron density (left) and energy exchange (right) with free electrons from
different processes and total energy absorption in J/m3

Table 1 Temperatures (eV)
after 1017 W/cm2 and 1 keV
photon energy irradiation

FAC FAC NC SHM NC Whittaker et al.

163 232 240 230

inner-shell vacancies not considered in neither of the theoretical models which may
explain the discrepancies.

4 High-Intensity X-Ray Simulations

The aim of the developed module is to perform 1D simulations of solid carbon
illuminated by ultraintense and ultrashort x-ray pulses as a first approximation to
the irradiation of biological tissue.

First we will compare 0D simulations of solid carbon with a SHM model [10].
In their article Whittaker et al. investigated temperatures following from irradia-
tion of 100 fs flat-top pulses at different intensities and photon energies, assuming
that after irradiation and before the expansion of the sample, approximately one
picosecond, the sample reaches full thermalization. Only photoionization and au-
toionization were considered in their model.

In Fig. 2 and Table 1 it can be seen that FAC (FULL) and SHM with no collisions
(NC) agree quite well with results by Whittaker et al., but when collisional processes
are included the temperature reached is lower. This happens because electron den-
sity increases rapidly and so collisional ionization competes with photoionization,
reducing the photon absorption and hence the energy absorbed by the sample.

In the second selected case at 2 keV and 1018 W/cm2, see Table 2, we included
calculations with a modified SHM model (SHM MOD) as in Whittaker et al., where
the Kramer’s photoionization was scaled as the inverse square and not the inverse
cube. This greatly increases photoionization cross sections far from the ionization
potential of a transition, resulting in a great enhancement of the photon absorption
leading to high temperatures. Our modified model agrees with their results and FAC
and SHM models predict much lower temperatures after irradiation.
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Fig. 3 Absorption (%) and temperature profiles in 1 µm of solid carbon

Table 2 Temperatures (eV)
after 1018 W/cm2 and 2 keV
photon energy irradiation

FAC SHM SHM MOD SHM MOD NC Whittaker et al.

192 90 538 584 560

Finally we performed a simulation of a 1 µm carbon layer at 2×1016 W/cm2 and
wavelength λ = 13 nm, consistent with Iλ2 values from FEL experiments [8, 11].
The absorption through the layer, see Fig. 3, decreases to almost zero after less than
10 fs. Temperature profile in the sample needs a few tens of fs to reach uniformity.
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Chapter 15
Regenerative Laser Cavity Tuning for Efficient
Soft-X-Ray Laser Operation

O. Delmas, K. Cassou, O. Guilbaud, S. Kazamias, S. Daboussi, M. Pittman,
O. Neveu, J. Demailly, and D. Ros

Abstract The influence of temporal pump laser profile on the Soft X-ray laser
(SXRL) efficiency is investigated in double grazing incidence pumping (DGRIP)
transient collisional scheme. We have demonstrated a simple method that allows to
produce and control one or several small prepulses and the ASE level of the pump
laser beam by modifying the regenerative amplifier parameters. By changing the
temporal structure of the pump beam we observed both an increase of the SXRL
energy and an improvement of the target lifetime. Measurements made for different
configurations are presented and discussed.

1 Introduction

The recent progress made on high intensity lasers and laser-pumped XUV sources
allowed the construction of the LASERIX soft-X-ray laser (SXRL) facility at the
Paris Sud University. SXRL pulses considered here are generated in a plasma in
the transient collisional excitation scheme. For this, the plasma is created by a long
laser pulse (100 ps to 1 ns) focused on solid target, which in turn is excited by a short
pulse (in the ps range) creating then a population inversion through electrons/ions
collisions in the soft-X-ray domain. It has recently been demonstrated on LASERIX
that low intensity precursor pulses and a low amount of ASE in a nanosecond range
are favourable for XUV signal level and target lifetime [1]. In the present work, we
study the effect of the forefront temporal contrast on the SXRL generation by adding
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precursor pulses by simply tuning the output synchronization of the regenerative
amplifier (RGA) of the laser chain.

2 Experimental Set-up

2.1 Laserix Facility Overview

The LASERIX facility provides two XUV beamlines. The first is based on High
Harmonic Generation in rare gas (Ar, Ne . . .) while the second is based on transient
collisional SXRL with Ni or Ne like targets (Mo, Ag, Ti). The SXRL is pumped by
a 10 Hz–100 TW class Ti:Sa laser with a double pulse structure. The pulse to pulse
energy stability of SXRL has been improved by using a “Double Grazing Incidence
Pumping” (DGRIP) configuration, where the long pulse is created before amplifi-
cation in order to produce two pulses within the same laser beam [2] which is more
stable and convenient than the classical GRIP configuration [3] which requires the
use of two different beams (Fig. 1). A disadvantage of this method is a loss of energy
for the long pulse during the compression process which can be estimated to be of
about 15 % of the total energy for a typical energy ratio of 70/30 % in favour of the
main pulse. Another disadvantage of the DGRIP configuration for LASERIX, which
can propose multibeam configurations mainly for pump-probe experiments, lies in
the double pulse structure which degrades the temporal resolution for femtosecond
IR or XUV based HHG probe.

2.2 Temporal Pulse Shaping

The setup used to produce the two following pulses for the DGRIP configuration is
illustrated on Fig. 2. After passing through the Offnër stretcher, the beam is split into
two parts with an energy ratio control at the input of a Mach-Zehnder interferometer
like setup. In one arm, corresponding to the first pulse, the beam passes through a
Martinez stretcher in order to increase its spectral phase dispersion [4]. In the other
arm, corresponding to that of the main pulse, the beam is sent into a motorized delay
line in order to control the temporal delay with respect to the first. The two beams are
then recombined in one with a beam splitter which is sent into the RGA. The cavity
configuration of the RGA induces a transverse mode filtering which allows a perfect
spatial recombination between the two pulses. After three stages of multipass power
amplification, the two pulses are injected in the compressor so as to finally obtain
a long pulse having a duration fixed by the Martinez stretcher followed by a short
pulse only compressed in the 0.5 to 10 ps range.
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Fig. 1 Experimental set-up; (a) In the GRIP scheme two different beams are focused on the target,
the nanosecond pulse (purple) arrives normally to the target surface for plasma generation while
the picosecond pulse (red) arrives later at a grazing incidence to pump the plasma [3]; (b) In the
DGRIP scheme, the two pulses arrive in the same beam at a grazing incidence on the target [2]

2.3 Regenerative Amplifier Tuning

It is generally admitted that a front nanosecond pedestal or even a prepulse in
the temporal profile can change dramatically the SXRL performance [5–7]. In the
present approach, we generate prepulses in the RGA of the Ti:Sa front-end laser
(Fig. 3) by a fine adjustment of the trigger delay of the output Pockels cell (PKOUT).
In the same way, we add one or more round trips after the maximum pulse extraction
from the cavity, in order to favour front ASE pedestal, by a coarse delay adjustment
of PKOUT. This way, since the synchronization of all the pump lasers remains un-
changed with respect to the initial maximum extraction from RGA, the following
power amplifiers will increase an ASE signal in that temporal region. By carefully
adjusting first the coarse delay for ASE generation then fine delay for prepulses
we could evidence strong improvement of the SXRL emission and a non negligible
extension of the target lifetime.
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Fig. 2 Scheme of the Mach Zehnder like set up used in the laser driver for the DGRIP config-
uration. After separation, one part of the beam undergoes a second temporal stretching while the
other part passes through a motorized delay line before spatial recombination and injection in the
amplification chain

3 SXRL Optimization Experiments

3.1 Lifetime Improvement

In a first approach, we are interested in the improvement of the target lifetime with
respect to ASE level by modifying the number of round trips added in the RGA.
Three different cases are considered to observe the role played by the ASE level
(Fig. 4). In all cases, the single shot SXRL emission is recorded at 10 Hz with a
XUV 16 bits camera, and integrated energy is calculated. With no round trips added
in the cavity (blue plot), the average integrated XUV energy is around 3000 shots.
This configuration shows an unstable energy regime, then a progressive decrease
of the signal after 200 shots. When we delay by 2 round trips the pulse extraction
(violet plot), the SXRL energy is two times greater. Even if the emission decreases
faster, reflecting a higher consumption velocity (Fig. 4(b)), SXRL is still effective
over 500 shots. Thus, we are not only able to obtain higher SXRL energy but we
can also use the same target position for a greater number of efficient shots. On
the contrary, with 3 supplementary round trips (red curve), the target lifetime is
distinctly worse than the two previous cases. The SXRL energy drops back to the
initial level but rapidly falls after only 150 shots.
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Fig. 3 Regenerative amplifier scheme. After passing through the Mach-Zehnder setup to get the
double pulse structure the beam is injected in the RGA. The coarse and the fine adjustments of
the pulse extraction delay allow to modify respectively ASE level and small prepulse intensity in
the temporal laser profile. For this experiment the pulse cleaner located at the output of the RGA
for high contrast pulse generation has to be bypassed in order not to trunk the complex shaped
temporal profile

Fig. 4 (a) Integrated EUV near field energy with different number of round trips (RT) added in the
RGA from nominal pulse extraction. With 2 RT (violet curve), SXRL energy and target lifetime are
improved compared to the nominal RGA configuration (blue curve). With 3 more RT, maximum
energy is not higher and the lifetime behaviour is really poor showing no SXRL emission after 400
shots. (b) Evolution of the position of the near-field SXRL emission for different number of added
RT. The target consumption increases with the number of RT, while the slope of the penetration
into the target increases from the blue curve to the red

3.2 Short Prepulse Effect

The short prepulse comes from a leak from the RGA due to a small amount of polar-
ization induced ellipticity of the laser pulse when passing through the PK during the
high voltage slope. The energy level of the short prepulse can be coarsely controlled
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Fig. 5 Fast photodiode measurements of the prepulse intensity for different fine delay adjustments
of PKOUT from the temporal position corresponding to two additional passes (RT) in the RGA.
The main saturated pulse is composed of both the long plasma pulse of 250 ps followed by the
pump pulse compressed down to 3 ps which can not be temporally resolved with this measurement
system. (a) Chout = 2 RT, low prepulse (0.5 % of main pulse). (b) Chout = 2 RT − 500 ps, average
prepulse intensity >20 mJ (2 % MP). (c) Chout = 2 RT−1000 ps, High Prepulse intensity >40 mJ
(4 % MP)

by a fine adjustment of PKOUT timing with a precision limited by the intrinsic jit-
ter of the PK trigger. The prepulse exiting the RGA will then be amplified in the
following succession of multipass amplifiers.

The prepulses are observed with an ultrafast photodiode (30 ps rising time) asso-
ciated with a 2.4 GHz oscilloscope. Measurements have been done in three different
cases by tuning prepulse intensity by delaying the timing by 500 ps steps. Figure 5
shows that a negligible prepulse of 0.5 % of the main pulse is located 14 ns be-
fore the main pulse. This configuration corresponds to the optimal coarse delay for
SXRL generation located 2 round trips after the maximum peak of RGA amplifi-
cation as depicted in the previous section. The round trip duration being of 14 ns,
it evidences that prepulse takes place at the round trip preceding the main extrac-
tion. We can also observe that the shift of PK triggering by 500 ps increases four
times the prepulse energy (b), which doubles once more when adding 500 ps once
again (c).
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Fig. 6 Integrated SXRL near field profile measured with a 16 bits XUV CCD camera for different
fine delays corresponding to the prepulse intensities of Fig. 5 in the configuration corresponding to
2 supplementary round trips in the RGA. (a) Very low prepulse intensity (0.5 % MP). (b) Average
prepulse intensity (2 % MP). (c) High prepulse intensity (4 % MP)

Figure 6 shows near field SXRL measurements made for the best ASE configura-
tion described previously (RGA tuned with 2 supplementary round trips with respect
to nominal extraction) for the three fine delays of 0.500 ps and 1 ns corresponding
to the prepulse levels of Fig. 5. This figure evidences a strong energy enhancement
with the presence of an average prepulse (Fig. 5(b)) by comparison with the cases
of no (Fig. 5(a)) or intense (Fig. 5(c)) prepulse.

4 Conclusion and Future Work

This empirical approach confirms that SXRL efficiency strongly depends on the
pump laser temporal structures in the ten’s of nanosecond range. In this paper, we
saw that RGA cavity tuning allows control on both ASE level and a picosecond pre-
pulse intensity. By modifying these parameters, we observed an improvement of the
SXRL efficiency and a better target lifetime. Interpretations are still in discussion,
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but we could reasonably suppose that the small prepulse creates a low preionized
plasma in front of the solid target which could increase the main plasma creation
and/or its characteristics by the long pulse then increasing the coupling efficiency
with the short pump pulse. The ASE role is also discussed, but it could act, like
the small prepulse, to prepare the target surface for a better interaction with DGRIP
pulses. All these suppositions are yet under theoretical investigation. We are now
installing a new system allowing to better control stability of the small prepulse and
will soon reproduce these experiments.

In the same frame, we will study a new pumping configuration in which an ex-
ternal Nd:YAG nanosecond laser pulse, synchronized with the CPA laser chain, will
be used to produce cold expanded plasma before the main interaction. The advan-
tage of this method would be to keep the possibility to tailor the prepulse structure
for SXRL optimization without degrading the contrast of the main laser driver. This
configuration would be attractive if an experiment requires a high contrast pump
irradiating a sample that is later probed by the SXRL.
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Chapter 16
X-Ray Laser Developments at PHELIX
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Abstract We present results of two experimental campaigns dedicated to improve
the performance of our Mo XRL source. A first beamtime was dedicated to study
the XRL output when the target is pumped with three collinear pulses. The results
show that the first pulse can be used to improve the spatial profile of the XRL beam.
The second project focused on an injection-seeding experiment utilizing a double-
stage XRL setup. Here we were able to characterize the amplifier medium by a
temporally resolved measurement of the size of the gain zone. The amplified XRL
beam exhibited an increased beam quality of almost two orders of magnitude in
brilliance.

B. Ecker · B. Zielbauer
Helmholtz Institute Jena, Helmholtzweg 4, 07743, Jena, Germany

B. Ecker · B. Aurand · T. Kuehl
Johannes-Gutenberg Universität Mainz, Saarstr. 21, 55122, Mainz, Germany

B. Aurand · D.C. Hochhaus · P. Neumayer
ExtreMe Matter Institute EMMI, Planckstr. 1, 64291, Darmstadt, Germany

B. Aurand · B. Zielbauer (B) · T. Kuehl
GSI Helmholtzzentrum fuer Schwerionenforschung, Planckstr. 1, 64291, Darmstadt, Germany
e-mail: b.zielbauer@gsi.de

K. Cassou · S. Daboussi · O. Guilbaud · S. Kazamias · D. Ros
LASERIX-CLUPS, Université Paris-Sud 11, 91400, Orsay, France

T.T.T. Le · E. Oliva · L. Li · P. Zeitoun
Laboratoire d’Optique Appliquée, 91761 Palaiseau cedex, France

D.C. Hochhaus
Goethe-Universität Frankfurt, 60438 Frankfurt, Germany

H. Zhao · Q. Jin
Institute of Modern Physics, Chinese Academy of Sciences, 73000 Lanzhou, People’s Republic
of China

S. Sebban et al. (eds.), X-Ray Lasers 2012, Springer Proceedings in Physics 147,
DOI 10.1007/978-3-319-00696-3_16,
© Springer International Publishing Switzerland 2014

97

mailto:b.zielbauer@gsi.de
http://dx.doi.org/10.1007/978-3-319-00696-3_16


98 B. Ecker et al.

1 Motivation

The main motivation for X-ray laser (XRL) research at GSI is to perform spec-
troscopy experiments on highly-charged heavy-ions stored in the experimental stor-
age ring (ESR) of the GSI accelerator facility. The first experiment of this kind will
aim at measuring the 2s1/2 − 2p1/2 transition in Li-like ions. For ions of an atomic
number between 50 (Sn) and 92 (U), this transition energy lies between 100 eV and
300 eV [1], which corresponds to wavelengths between 12 nm and 4 nm. Setting up
the experiment in a way, that the XRL is counter propagating to the ion bunch, one
can exploit the relativistic Doppler effect. This way, the XRL wavelength as seen by

the ion bunch will be blue-shifted according to λ′ = λ ·
√

1−β
1+β

. Here λ′ and λ denote
the Doppler-shifted and original wavelength of the XRL, respectively. The veloc-
ity β of the ion bunch stored in the ESR can be as high as 0.7. For a Mo XRL of
18.9 nm, changing the ion velocity between 0.4 and 0.7 will correspond to Doppler-
shifted wavelengths between 12 nm and 8 nm. This will be sufficient to excite the
2s1/2 −2p1/2 transition in ions of atomic numbers up to 67 (Li-like Ho). In addition,
adjusting the velocity of the ion bunch allows for tuning the otherwise fixed XRL
wavelength to resonance with the ionic transition. The precise measurement of this
transition energy in high-Z ions will provide a valuable benchmark for QED theo-
ries, which aim at modeling the complex electromagnetic interactions within such
few-electron systems.

In order to support the spectroscopy experiments with the most suitable XRL
source, a number of preparations and developments are required. The XRL pulse
energy for this experiment has been estimated to at least 1 µJ. In addition, the XRL
beam quality is of concern, since the XRL pulse needs to propagate over approxi-
mately ten meters, ensuring good spatial overlap with the ion beam at the same time.
Due to radiation safety measures, access to the ESR area during the experiment will
not be possible without a significant loss of time. Thus, the complete XRL setup
needs to be remote-controlled and support hours of stable XRL operation.

To address these issues, we pursued two different approaches. In a first exper-
imental campaign, we performed multi-parameter scans in order to optimize our
conventional Mo XRL source, especially in terms of output energy. Within this con-
text, we examined the influence of a third pumping pulse, which is applied to the
target before the conventional double-pulse. This technique has already been stud-
ied both theoretically [2] and experimentally. The third pulse has proven to have
a significant impact on the minimum pumping energy required for XRL operation
[3, 4], on target lifetime [5] and on the size of the gain zone [6].

Our second approach aimed at operating two Mo XRL targets in a seed-amplifier
configuration. It has been demonstrated in former experiments that such a setup al-
lows for a significant increase in beam quality [7–9]. In our opinion, this approach
is an interesting alternative to high-order harmonic (HH) seeding, where the pulse
duration of the seed (usually few tens of fs) is significantly smaller compared to the
lifetime of the gain within the amplifier medium (few ps). Several groups already
succeeded in demonstrating the amplification of a HH seed in various XRL media
[10–14]. However, the spectral and especially the temporal mismatch of the HH seed



16 X-Ray Laser Developments at PHELIX 99

Fig. 1 Left side: Sketch of the Mach-Zehnder interferometer creating the double-pulse. Right side:
The combination of both frontends using a beam splitter (BS) leads to three collinear pulses

might ultimately cause constrains in efficiently extracting the energy stored in the
amplifying XRL medium [15]. In this paper, we present the results of both beam-
times dedicated to the optimization and characterization of our Mo XRL source.

2 The PHELIX Preamplifier System

The PHELIX laser system provides two independent frontends delivering pulses
of either nanosecond duration (ns-frontend) or femtosecond duration (fs-frontend).
The fs-frontend is based on chirped pulse amplification (CPA). The original ∼100 fs
pulses delivered by the master oscillator are stretched to several nanoseconds before
being injected in two consecutive regenerative amplifiers. The fs-frontend delivers
pulses of up to 20 mJ at a repetition rate of 10 Hz. Between the stretcher and the
first amplifier, a Mach-Zehnder interferometer allows for the creation of a double-
pulse structure (left side of Fig. 1). The energy ratio of the two pulses can be varied
continuously by use of a wave plate and a polarizer and the timing between the
two pulses can be adjusted between 0 ns and 2 ns by a delay stage. One of the two
arms of the interferometer provides a pulse compressor, which enables setting up
different pulse durations after the final compression stage of the CPA chain.

Due to an upgrade of the timing system of the PHELIX laser within the last year,
it is now possible to combine this double-pulse with a third pulse created by the
ns-frontend. This delivers ∼20 mJ pulses at a repetition rate of 0.5 Hz, while the
pulse duration can be varied between 1.5 ns and more than 15 ns. This allows for
setting up a series of three collinear pulses with variable energy ratios and delays
(right side of Fig. 1).

The pulse series is injected into the preamplifier section, providing a total energy
of up to 5 J at a repetition rate of one shot in two minutes. Within the preamplifier,
a serrated aperture is used to define the size as well as the geometrical shape of the
beam. Besides circular beams of various diameters, one can choose an aperture that
provides two vertically separated, square beams. This double-beam option, origi-
nally intended to support pump-probe experiments, has been used for the double-
stage XRL experiment. The experimental results presented in this paper have been
performed in the X-ray laboratory of the PHELIX facility. It comprises the final
pulse compressor as well as the target chamber. More information on the complete
PHELIX system, including the main amplifier and the Petawatt target area, can be
found in [16].
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Fig. 2 XRL setup utilizing
the DGRIP technique. The
inset shows a XRL footprint
obtained with the optimized
parameters: 25 %–75 %
energy ratio; delay 250 ps;
main pulse duration 3 ps

3 DGRIP Mo XRL Performance

In order to optimize the output of our conventional double-pulse grazing incidence
(DGRIP, [17, 18]) Mo XRL source, we performed scans of the most important pump
parameters. The simple experimental configuration is shown in Fig. 2. The collinear
double-pulse is focused on the target by a spherical mirror. The XRL output is de-
tected by a footprint camera positioned 40 cm away from the target. A flat 45° XUV
mirror was used both to align the XRL output on the CCD and to suppress the back-
ground of the plasma emission. In addition, Al filters of various thicknesses have
been employed.

Two delay scans have been performed for energy ratios of 25 %–75 % and 50 %–
50 % (prepulse–main pulse), varying the delay between 150 ps and 500 ps in steps
of 50 ps or even 25 ps. For the optimum energy ratio of 25 %–75 % and 250 ps
delay, we performed a main pulse duration scan between 2 ps and 5 ps, finding the
highest XRL pulse energy at 3 ps. Five consecutive shots have been recorded for
each set of parameters at a repetition rate of one shot every two minutes.

The target was irradiated by a total pump energy of 600 mJ, which was focused
to a line of 6 mm length and 70 µm width under a GRIP angle of 25°. The pulse
durations of 200 ps and 3 ps and the energy ratio of 25 %–75 %, lead to inten-
sities of 3 × 1011 W/cm2 and 6 × 1013 W/cm2 for the prepulse and main pulse,
respectively. The obtained pulse energies of the XRL output were in the order of
several hundreds of nanojoules, corresponding to conversion efficiencies slightly
below 10−6. This pulse energy is not sufficient to support the ESR spectroscopy ex-
periment. However, a gain length measurement series showed that the XRL has not
been saturated. Setting up the experiment with a line focus length larger than 6 mm
may thus allow for achieving higher XRL pulse energies, especially considering that
the PHELIX preamplifier was not yet operated at its maximum energy output. An-
other concern is the non-ideal beam quality of the XRL source. Its divergence in the
direction away from the target added up to 8 mrad. In the other direction, the XRL
exhibited a significantly larger divergence of 30 mrad. This aspect ratio does not al-
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low for an efficient spatial overlap with the ion beam. This issue has been addressed
by applying the third pumping pulse.

4 Triple-Pulse Pumping

As described in Sect. 2, the additional pulse of the ns-frontend is combined with
the double-pulse before the preamplifier section, to form a series of three collinear
pulses. Thus, no change of the setup as depicted in Fig. 2 was necessary for switch-
ing from double-pulse pumping (DGRIP) to triple-pulse pumping (TGRIP). Since
the two frontends are temporally synchronized, the delay between the double-pulse
and the third pulse could easily be varied by use of a Stanford delay generator. In
the following, this delay is defined as the time between the maximum of the early
third pulse and the maximum of the main pulse.

Starting with the optimized DGRIP parameters concerning the double-pulse, we
performed several scans with different durations (1.5 ns, 3 ns and 5 ns) and energies
(250 mJ and 500 mJ) of the third pulse. For each energy and pulse duration setting,
we varied the delay of the third pulse from 7.5 ns to 0.5 ns in steps of 1 ns. After-
wards, the delay between the double-pulse was varied from the original 250 ps to
500 ps and 700 ps, performing another set of third-pulse delay scans. Again, five
consecutive shots for each parameter setting have been measured to increase the
quality of the data.

In terms of XRL pulse energy, the optimum conditions were found with the origi-
nal double-pulse optimized in DGRIP and a 1.5 ns long third pulse of 500 mJ, which
resulted in an intensity of 1 × 1011 W/cm2. The optimum delay of this pulse was
confined to a time window between 2 ns and 3 ns. For larger delays (corresponding
to an earlier arrival of the third pulse), the XRL output was significantly suppressed.
With a delay of 2 ns or 3 ns, the third pulse affected the shape of the XRL output,
leading to a symmetric XRL footprint with a divergence of 15 mrad in both direc-
tions. The energy of the TGRIP XRL was in the same order of magnitude than the
original XRL pulses pumped with two pulses. However, the change in the aspect
ratio of the XRL pulse is of interest for the ESR spectroscopy experiments, as it al-
lows for a good spatial overlap between the XRL pulse and the ion beam. For delays
smaller than 2 ns we observed the transition back to the original footprint patterns
known from the DGRIP scheme.

5 The Double-Stage Mo XRL Experiment

The double-stage XRL experiment has been carried out using the Butterfly configu-
ration [19]. As depicted in Fig. 3(a), it is based on two XRL media that are pumped
in the DGRIP scheme, providing both XRL targets with TW excitation. Addition-
ally, DGRIP allows for a very compact and simple injection-seeding setup relying
only on two beams and one target. The seed XRL is injected into the amplifying
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Fig. 3 (a): Sketch of the Butterfly setup. (b–d): Signal of the amplified seed for different delays
between the seed and amplifier heating pulse. The white dashed lines indicate the target surface

medium by a spherical XUV mirror. A 45° XUV mirror is then used to align the
amplified seed to the footprint camera.

The beams are created using the PHELIX double-beam option described in
Sect. 2. Each of the beams is carrying an identical double-pulse structure and is
focused onto the same Mo slab target under a GRIP angle of 25°, vertically sep-
arated by a few millimeters. The size of the line focus providing the seed (am-
plifier) was 5 mm × 90 µm (2.5 mm × 220 µm). The pump energy was 300 mJ
for each beam, which resulted in an intensity of 8 × 1010 W/cm2 (prepulse) and
2 × 1013 W/cm2 (main pulse) for the seed XRL. The amplifier target was irradiated
with 7 × 1010 W/cm2 (prepulse) and 1 × 1013 W/cm2 (main pulse). The injection
mirror had a focal length of 120 mm and was positioned 275 mm away from the
target. The resulting spatial coupling of the seed XRL into the amplifier medium
was 2 %.

The timing between the two IR beams has been adjusted by a fast rise-time photo
diode and a 12 GHz oscilloscope. This method allowed for synchronizing the main
pulses of each IR beam within an accuracy of ±15 ps, which is much larger than
the lifetime of the gain and the XRL pulse duration. The absolute timing between
the two beams is therefore not defined. Only the relative delay, which is set by
a motorized delay stage positioned outside the target chamber and provides sub-
picosecond resolution, can be interpreted. In order to achieve a simultaneous arrival
of the seed XRL and the IR main pulse at the amplifier target, the delay of the
two IR main pulses has been set to 1835 ps, corresponding to 2 × 275 mm/c. This
will be referred to as a delay of 0 ps. However, due to the large uncertainty of
the synchronization method, this absolute value of the delay is not significant. The
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optimum timing had to be found by scanning the delay of the IR main pulses within
the 30 ps window. In the following, smaller delays correspond to an earlier arrival
time of the seed at the amplifier and vice versa.

Figure 3(b)–(d) depict three exemplary results of a timing scan. The complete
measurement series comprises a time window of 12 ps, scanned with 1 ps steps.
The data shows the temporal development of the amplifier medium, in terms of
size, distance to the target and magnitude of the gain. The scale in Fig. 3(b)–(d)
corresponds to the exit plane of the target and has been calibrated using a 50 µm wire
attached to the target. In addition to the determination of the lifetime of the gain of
the Ni-like Mo XRL to 4 ps FWHM, these results could provide valuable input for
hydro simulations. The data obtained at 6 ps (Fig. 3(c)) shows the maximum size of
the gain zone, extending more than 200 µm in the direction away from the target. In
the perpendicular direction, the size of the gain medium does not vary for different
delays and amounts to 25 µm, which is significantly smaller than the width of the
line focus (220 µm). This could indicate that the intensity of the IR pulses was not
large enough to create a population inversion in the complete amplifier plasma.

The energy of the amplified pulse added up to 90 nJ, which is comparable to
the 140 nJ of the seed pulse. The divergence of the amplified beam was 4 mrad ×
0.5 mrad, which is significantly improved compared to the 8 mrad × 30 mrad of the
single XRL-target setup. Hence, the amplification process helped to increase the
brilliance of the source by a factor of 80.

6 Conclusions and Outlook

Performing detailed multi-parameter scans, we optimized our single-target Mo XRL
source pumped in DGRIP. Adding a third pulse of nanosecond duration before the
original double-pulse did not lead to an increase in photon numbers. However, it
was possible to improve the quality of the XRL beam with respect to its aspect
ratio. This is of interest for the ESR spectroscopy experiments, where a good spatial
overlap of the XRL and the ion beam is required.

In addition, we carried out an injection-seeding experiment using the Butterfly
configuration. The data allowed for following the temporal development of the gain
in terms of its geometrical size, lifetime and magnitude. The amplified XRL ex-
hibited a brilliance 80 times larger compared to the single-target geometry. Further
experiments of this kind will aim at determining saturation effects, increasing the
spatial coupling efficiency and measuring the spatial coherence of the amplified
XRL beam.
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Chapter 17
Parabolic Equation and Exact Transparent
Boundary Conditions in X-Ray
Optics—Application to Waveguides and
Whispering Gallery Optics

R.M. Feshchenko and A.V. Popov

Abstract In this paper we report a novel transparent boundary (TBC) condition for
the 2D parabolic wave equation in which the dielectric constant is linearly depen-
dent on the transversal coordinate. The proposed condition does not involve special
functions and can be a basis for an efficient finite difference approximation.

1 Introduction

Leontovitch and Fock introduced the parabolic wave equation (PWE, also known as
the Fresnel equation) as applied to radio wave propagation more then half a century
ago [1]. It was widely used in oceanic acoustics for modeling sound wave propa-
gation [2, 3]. Further applications have been found in optics, including X-ray and
EUV spectral band [4] where it is used to describe the propagation of weakly di-
vergent light beams in inhomogeneous media. However any numerical solution of
PWE, for instance by finite difference approximation, requires appropriate trunca-
tion conditions as realistic computational domains must be necessarily finite, while
the original wave field is sought in the whole space.

In this paper we will be only concerned with the linear 2D parabolic wave equa-
tion having the following form:

2ik
∂u

∂z
+ ∂2u

∂x2
+ k2α(x, z)u = 0, α(x, z) = α0(x, z) + axg(z), (1)

where x and z are, respectively, longitudinal and transversal coordinates, a is a pa-
rameter and g(z) is a real function, k = 2π/λ is the wave number and α0(x, z)

is a finite arbitrary function. Equation (1) describes, for instance, the propagation
of light in a weakly bent X-ray waveguide or optical fiber in a curvilinear system
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of coordinates. Function α(x, z) in this case is a sum of a true dielectric constant
α0(x, z), which, for simplicity, is supposed to vanish at the boundary of the compu-
tational domain and beyond it, and an additional linear term resulting from bending
and proportional to the curvature g(z).

There are two main types of boundary conditions for parabolic equation
(1): transparent boundary conditions (TBCs) [5, 6], and perfectly matched layer
(PML) conditions [7]. The TBCs are generally non-local Neumann-to-Dirichlet or
Dirichlet-to-Neumann mappings relating the wave field boundary values with its
first derivative by x, whereas PMLs are local.

In the case of standard 2D parabolic wave equation in free space (α = 0), the
TBC now is known for more than 20 years as Baskakov-Popov-Papadakis (BPP)
condition [3, 5–8]. A TBC for Eq. (1) with g(z) = 1 has been known for a long time
as well [6]. However, involving integration of a ratio of Airy functions to obtain the
kernel, it is rather complicated and difficult for numerical implementation [9].

In this paper we contrive to obtain a much simpler TBC for the 2D parabolic
equation (1) with a linear potential, which does not involve special functions and
additional integration, having a kernel explicitly expressed via elementary functions.
We also try to preserve as much generality as possible by considering the case when
the curvature g(z) is an arbitrary function.

2 Transparent Boundary Condition

Let us consider the parabolic wave equation (1) where function α0 = 0. It can be
transformed by introducing a new variable ϕ(x, z):

u(x, z) = ϕ(x, z) exp

[
i
kax

2
G(z) − i

ka2

8

∫ z

0
G2(ξ) dξ

]
, G(z) =

∫ z

0
g(ξ) dξ.

(2)

By substituting (2) into (1) one obtains an equivalent equation for the function ϕ:

2ik
∂ϕ

∂z
+ ∂2ϕ

∂x2
+ ikaG(z)

∂ϕ

∂x
= 0. (3)

The advantage of this equation is independence of its coefficients of x, which
allows us to obtain a transparent boundary condition by applying Laplace transform
by this variable, which yields

∂F

∂z
=

[
iw2

2k
− aw

2
G(z)

]
F −

[
iw

2k
− a

2
G(z)

]
ϕ0(z) − i

2k
ϕ′

0(z), (4)

where ϕ0(z) = ϕ(0, z), ϕ′
0(z) = ϕ′

x(0, z), w is Laplace variable and F = F(w, z) is
the Laplace transform of ϕ.

We shall assume that the initial wave field u(x,0) = 0 for x > 0—the sources of
the wave field are located where x < 0. This means that F(w,0) = 0 as well. Now
the unique solution of (4) can be written as
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F = −
∫ z

0
exp

[
iw2

2k
(z − ξ) − aw

2

∫ z

ξ

G(μ)dμ

]

×
{(

iw

2k
− a

2
G(ξ)

)
ϕ0(ξ) + i

2k
ϕ′

0(ξ)

}
dξ. (5)

Applying the inverse Laplace transform to (5) and substituting in (2) we write
down the following two equivalent TBCs:

u(x0, z) = − 1

πσ

∫ z

0
exp

[
iΦ(z, ξ)

]u′
x(x0, ξ)√
z − ξ

dξ

+ iak

2πσ

∫ z

0
exp

[
iΦ(z, ξ)

]u(x0, ξ)(Ḡ − G(ξ))√
z − ξ

dξ, (6)

u′
x(x0, z) + σa

4

∫ z

0
exp

[
iΦ(z, ξ)

]u′
x(x0, ξ)(Ḡ − G(z))√

z − ξ
dξ

= −σ
∂

∂z

∫ z

0
exp

[
iΦ(z, ξ)

]u(x0, ξ)√
z − ξ

dξ

+ iσka2

8

∫ z

0
exp

[
iΦ(z, ξ)

]u(x0, ξ)G(z, ξ)(Ḡ − G(z))√
z − ξ

dξ

+ iσkax0

2
g(z)

∫ z

0
exp

[
iΦ(z, ξ)

]u(x0, ξ)√
z − ξ

dξ, (7)

where

Φ(z, ξ) = kax0

2
G(z, ξ) − ka2

8
(z − ξ)

[〈
G2〉 − Ḡ2], G(z, ξ) =

∫ z

ξ

g(τ ) dτ, (8)

Ḡ = 1

z − ξ

∫ z

ξ

G(τ) dτ,
〈
G2〉 = 1

z − ξ

∫ z

ξ

G2(τ ) dτ, σ =
√

2k

πi
. (9)

In a waveguide with a constant curvature g(z) = 1 we have: G(z) = z, Ḡ =
(z+ξ)/2, 〈G2〉 = (z2 +zξ +ξ2)/3 and 〈G2〉−Ḡ2 = (z−ξ)2/12. After substituting
these expressions into (6) and (7) we obtain boundary conditions having the form
of convolutions. In the particular case a = 0, they are reduced to the ordinary BPP
conditions (see [5]).

3 Conclusion

A novel TBC for the parabolic wave equation with a linear dependence of the dielec-
tric susceptibility on the transversal coordinate x and an arbitrary dependence on the
longitudinal coordinate z is obtained. It is different from the previously known [6]
transparent condition for the constant linear potential. The latter has a kernel that
is a complex integral of the logarithmic derivative of an Airy function that can not
be expressed through elementary functions. In contrast, the kernels of all integrals
in the TBC proposed here are elementary. Even more important is the applicability
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of this new TBC to the case of variable curvature of the artificial boundary, includ-
ing possible change of sign. That fact makes it very promising for the simulation of
realistic bent X-ray waveguides and optical fibers.
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Chapter 18
Harmonic Generation and Soft-X-Ray Laser
with LASERIX: Source Development,
Applications and Advanced Diagnosis

Olivier Guilbaud, Sophie Kazamias, Kevin Cassou, Moana Pittman,
Sameh Daboussi, Olivier Delmas, Julien Demailly, Olivier Neveu,
Chris Pouhe, Boris Vodungbo, Philippe Zeitoun, Lucy Wilson, Greg Tallents,
Antonin Dusseix, Gabriel Richet, Aurelie Gense, Bich-Lien Nghiem,
Brigitte Cros, Gilles Maynard, and David Ros

Abstract The LASERIX facility has restarted operation in the middle of the year
2010. Since then, important work has been achieved on the XUV sources perfor-
mance, reliability and stability, which lead to the construction of two beamlines.
The first one is based on transient collisional soft X-ray laser. In the second one,
the high order harmonic generation process is used to convert infrared laser into
coherent XUV radiations. Characteristics and some recent works on both of them
will be presented. Besides, a complete setup for pump-probe experiments has been
developed and successfully tested. Some examples involving this device and dealing
with plasma opacity, radiobiology and nanomagnetism will be presented. We will
conclude this paper by a discussion on how application experiments can be turned
into valuable diagnostics for XUV sources.
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1 Introduction

As demonstrated by the papers presented during this conference, laser-based soft
X-ray sources have now reached a sufficient level of maturity to be considered as
valuable and available scientific tools for a large user community. XUV sources
are sophisticated systems encompassing both the laser driver, the conditioning op-
tics, the conversion medium, and specific XUV optics. In the Laserix facility two
laser-based XUV sources are now in operation: a soft X-ray laser beamline and
a high order harmonics beamline. We will briefly present these two devices, not
only including some fundamental aspect of the wavelength conversion but also the
technical developments on the laser driver and optical systems to achieve higher
control on these sources. One particular feature of laser-based sources is their nat-
ural synchronization with the infrared laser. They are therefore highly interesting
for pump-probe experiments and we will therefore give an overview of activities on
this subject with Laserix. Due to their spectral range, specific tools are required to
characterised the radiation properties of these sources. Among them, the temporal
characterisation is one of the most challenging. As a prospect we will discuss the op-
portunity of using some ultrafast phenomena as a tool for soft X-ray laser temporal
profile reconstruction.

2 Laserix Present Status

All the laser-based XUV sources of the facility are driven by the same high power
laser chain. This system is a commercial Titanium-Sapphire laser delivering 800 nm
pulses at 10 Hz repetition rate and that can be recompressed to duration as short
as 35 fs (confirmed from SPIDER measurements). In a recent laser upgrade, KDP
doubling crystals of the Nd-YAG pumping lasers have been replaced by LBO crys-
tals leading to an increase of doubling efficiency and of the output energy before
compression from 2 J to 3 J. This change leads also to a significant reduction of
warming time and to a global improvement of the laser beam profile. Addition of
remote monitoring and control of the laser beam at critical points of the laser chain
enables a faster laser preparation. A schematic of the beamline is presented in Fig. 1.
The laser output energy is separated into two main beams, with an adjustable energy
balance. The first part is directly compressed under vacuum into a picosecond pulse
and is used for TCE soft X-ray laser plasma pumping. The second beam can be used
directly in order to get a high energy uncompressed (500 ps) pulse, mainly to form
the plasma of the TCE soft X-ray laser. A variable part of this uncompressed beam
can be sent into an auxiliary compressor and redirected in the high order harmonic
beamline or as an auxiliary beam for pump-probe experiments. The harmonic beam-
line and the soft X-ray laser beamline are in a large extend independent but can also
be used together in a same experiment. Since 2009, the Laserix facility provides
XUV beamtime for users interested in soft X-ray sources development or in their
use for application experiments. As a member of the European Laserlab network,
Laserix shall provide four weeks every years of dedicated European beamtime.
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Fig. 1 General view of the XUV beamlines and their possible combinations

3 The Soft X-Ray Laser Beamline

The soft X-ray laser beamline requires most of the infrared laser energy. The soft
X-ray laser source relies on the Transient Collisional Excitation (TCE) scheme [1]
implemented in a GRIP (Grazing Incidence Pumping) irradiation geometry [2]. In
the nominal configuration, the preforming long pulse is focused by a combination of
cylindrical lenses in normal incidence compared to the target plane. The short (pi-
cosecond) pumping pulse is line-focused on the target by an off-axis spherical mirror
with a grazing angle of 17 to 23 degrees on target. The delay between the long and
short pulses can be adjusted with a delay line. Efficient lasing has been achieved
with Ni-like Molybdenum (18.9 nm) and Ni-like Silver (13.9 nm). However, it has
been observed that this scheme is sensitive to beam pointing instability which leads
to an unperfect overlap of the two line-foci when the pointing is drifting. Recently a
variant of the GRIP scheme has been proposed to overcome this drawback [3, 4]. In
the DGRIP configuration, only the beam travelling through the compressor and fo-
cused by the spherical mirror is used and supports both long and short pulses. This
train of pulses is synthesized between the stretcher and the regenerative amplifier
cavity by a Mach-Zendher type device, with adjustable delay and energy balance.
A Martinez Stretcher installed in one of the arms of the Mach-Zendher adds an ex-
tra chirp to the corresponding pulse. When recompressed by the final compressor,
this pulse has a duration of 200 ps and will act as the long pulse of TCE X-ray
laser. Beam pointing differences between the two pulses are strongly reduced by the
regenerative amplifier cavity leading to an always perfect overlap of the two line-
foci on target. Successful operation with Molybdenum, Silver and Ne-like Titanium
(32.6 nm) have been achieved. The implementation of low energy prepulses prior
to the two main pulses is known to improve the soft X-ray laser output. This has
been checked in the case of DGRIP configuration. Moreover, these prepulses also
lead to a significant extend of the time a soft X-ray laser can be generated from
a same target position [5]. This property is useful for experiments requiring high
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photon exposure [4, 6]. Since the last SPIE conference, we have worked on differ-
ent ways to introduce these prepulses in the DGRIP configuration by playing on
the regenerative amplifier properties. Two parameters can be easily modified and
lead to dramatic changes: (i) the number of additional round-trip in the regenerative
amplifier compared to the optimal extraction time, (ii) the fine coarse delay of the
extracting Pockels cell. Parameter (i) enables the generation of a train of low energy
pulses separated by the regenerative round-trip time. A train composed of two pre-
pulses has been found to be optimal for Ni-like Mo DGRIP operation. The second
parameter (ii) gives a control on the energy levels of the prepulses. An optimum has
also been experimentally observed.

The DGRIP multipulses structure will be present in all beams delivered by the
laser chain. It has been observed that the presence of the long pulse does not affect
the high order harmonic generation in Argon. Thus, the DGRIP configuration may
contribute to make seeding experiment with solid target easier. However, the DGRIP
approach is not well suited for pump-probe experiments requiring a high contrast in
the auxiliary beam. If only single shot operation is required, GRIP configuration
will be choosen instead. For experiment requiring both pump-probe approach and
important shot accumulation, DGRIP can be used in conjunction with an auxiliary
beam frequency-doubled with a LBO crystal and filtered by 400 nm coated mirrors.

4 The High Order Harmonics Beamline

In parallel to the soft X-ray laser, a high order harmonic beamline has been devel-
oped. Up to 30 mJ of infrared energy, compressed to 35 fs, are available for high
order harmonic generation. A typical setup involves a one meter focal length lens
and a gas cell, followed by a transmission grating spectrometer. Absolute measure-
ment with a calibrated photodiode indicates XUV radiation in the nJ range per pulse
and per harmonic when argon is used as a generation medium. This standard setup
has been recently completed with a Mach-Zendher system placed before the fo-
cussing optics. This device is represented in Fig. 2. It enables the obtention of two
infrared pulses and, after conversion, two harmonic pulses with variable delay, en-
ergy balance and directions. When the two output beams are collinear such a device
can be used to probe the gain dynamics of the soft X-ray laser gain in the context of
seeding experiments. When a small angle is introduce and the delay is set to zero,
harmonic generation in the bissectrice direction of the two IR beams can be ob-
served. This type of experiment may give physical insight in processes involved in
some intracavity harmonic generation scheme. The device is designed to be easily
switched to two-color harmonic generation experiments.

5 Some Pump-Probe Experiments Examples

The infrared beam feeding the harmonic beamline can also be used as an auxil-
iary beam for pump-probe experiments and can enter an interaction chamber placed
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Fig. 2 Principle of the two harmonic pulses generation setup. Inset: farfield image of the harmonic
beam. The two infrared pulses are quasi-collinear (1 mrad of angular separation) and delayed by
10 ps (inset (a)). The angular separation is also observed in the XUV range. For a 0 ps delay
(inset (b)), on-axis harmonic generation can be observed

after the X-ray laser chamber. The soft X-ray laser is focussed onto a sample by an
f = 300 mm multilayer spherical mirror, whereas the auxiliary beam is focussed by
a short focal lens. The sample holder presented in Fig. 3 is equipped with a BBO
crystal for precise timing between the pump and the probe. Besides, a YAG-Cerium
crystal is mounted on the holder for XUV focal spot characterisation and spatial
overlap checking. The soft X-ray laser beam has been used either as a probe or as
a pump. Considering the soft X-ray laser as a pump, the XUV beam can induce
permanent or transient changes in a polymer sample (polyvinyl-alcohol). The pho-
toelectrons produced by the XUV photons will recombine and generate free radicals
or new chemical species on time scales ranging from picosecond to permanent. This
evolution can be followed with a visible light shining through the X-ray laser focal
volume and absorbed by the induced species. For a proof-of-principle experiment, a
CW He-Ne laser was used as a probing beam. Calculations showed that a one thou-
sands variation of the He-Ne signal can be expected in the tens of nanosecond range
following the interaction. A fast photodiode and an oscilloscope are therefore suffi-
cient to record the evolution after the interaction, provided that the signal to noise
ratio is high. The first experimental run was unsuccessful but helped us to identify
the sources of noise and significant reduction has been achieves.

The soft X-ray laser is also recognized as an interesting probe in the context of
hot dense plasmas. Recently we performed a plasma probing experiment in collab-
oration with the University of York. A sample composed of thin layer (50 nm) of
Iron buried in a plastic (Parylene) foil was irradiated and heated by the compressed
auxiliary beam in a non-normal incidence geometry and with a P polarisation. The
change in opacity at 13.9 nm was followed with a Ni-like Silver X-ray laser shin-
ing through the sample. The size of the beam was greater than the heating pulse
focal spot in order to get on a same image the transmission in the perturbed and
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Fig. 3 Schematic of the pump-probe sample manipulator

unperturbed material. This type of experiment may provide important insight in
suprathermal electron generation and propagation, heating by return current, and
non-local thermal conduction in solid density plasmas.

6 Towards Advanced Soft X-Rays Diagnostics

The determination of soft X-ray laser temporal profile is an important but delicate
task. Two techniques have been so far experimented. XUV streak cameras have
already provided important results on soft X-ray lasers pulse durations. But their
dynamical range is small, their resolution limited to the picosecond range and they
are affected by important jitter. The other techniques relies on two color (XUV-
IR) ionization of gas, and is in essence a cross-correlation measurement between
the IR field (known) and the XUV field (unknown). This techniques potentially of-
fers femtosecond resolution but requires electron spectroscopy in a magnetic bottle
spectrometer where ultrahigh vacuum is mandatory. An ideal approach would be
to get some sample that, when exposed to a short laser pulse, would experience a
fast change in XUV transmission or reflectivity. The measurement of the transmit-
ted/reflected XUV signal has a function of the delay between the short pulse and
the XUV pulse would give, after deconvolution, the temporal profile of the XUV
pulse. This measurement would be jitter-free, and no ultrahigh vacuum would be
required. Finally, by exploiting focussing geometry generating travelling waves, in
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Fig. 4 Normalized reflected
XUV signal on the magnetic
sample as a function of the
delay between the heating
pulse and the X-ray laser
pulse. A fitting curve by a
simple convolution model
corresponding to a 5 ps X-ray
laser duration is
superimposed on
experimental data

association with XUV imaging optics, it should be possible to get the correlation
function in single shot.

It has been demonstrated recently that the XUV reflectivity of a polarised HHG
beam on a magnetic sample can change of 20 % on a 100 fs time scale after irradi-
ation by a low energy, femtosecond IR laser pulse [7]. For IR fluence of the order
of 1 mJ/cm2, this fast change is only transient and the same sample can be used an
infinite number of time. In collaboration with LOA, we performed an experiment to
assess the interest of such a technique for soft X-ray laser pulse duration estimation.
The sample was placed in the pump-probe setup presented in the previous section.
The soft X-ray laser was P polarised before the focussing optics by two multilayer
mirrors. The angle of incidence on the sample was set to 45° in order to maximise
the magneto-optical Kerr effect (MOK). A XUV camera observed the specular re-
flexion of the XUV beam. A live measurement of the incident XUV energy is given
by the photocurrent generated by the XUV beam into the focussing optics. The
heating pulse is incident on the sample with a normal angle in order to minimise
the time mismatch between the two pulses. It has been frequency doubled in order
to remove all the prepulses introduced by the DGRIP setup. A delay scan of the
reflectivity is presented in Fig. 4, where each point results from the accumulation
of 100 X-ray laser shots. Despite important fluctuations, a deep in reflectivity can
be observed at a delay corresponding to the temporal overlap of the two pulses. The
experimental trend has been fitted by a model resulting from the convolution of a re-
flectivity response similar to the one presented in [7] by a XUV pulse of single-sided
exponential shape. The best fit leads to a X-ray laser pulse duration of 5 ps (at 1/e).
This results are very preliminary and important work will be needed to improve the
signal quality. However, the total signal level experienced during this work might
be compatible with the idea of a single shot experiment involving a travelling wave
irradiation.



116 O. Guilbaud et al.

7 Conclusion

In conclusion, we gave in this paper an overview of the work performed with the
Laserix facility since the last ICXRL conference. The laser driver is now highly
reliable increasing the availability of the XUV sources. Both harmonic and soft X-
ray laser beamlines are now in operation, and their use in pump-probe experiments
is underway. Investigations of a large variety of phenomena using the soft X-ray
sources not only raise hopes of new discoveries but also will catalyse new idea for
XUV radiation measurement and manipulation.
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Chapter 19
Observation of the Laser-Induced Surface
Dynamics Using the Single-Shot Soft X-Ray
Laser Probe

N. Hasegawa, Y. Ochi, T. Kawachi, M. Nishikino, M. Ishino, T. Imazono,
T. Kaihori, T. Morita, A. Sasaki, K. Terakawa, Y. Minami, M. Baba,
T. Tomita, M. Yamamoto, M. Yamagiwa, and T. Suemoto

Abstract We constructed optical laser pump and soft x-ray laser probe system and
succeed to obtain the temporal evolution of the soft x-ray images on the laser irra-
diated Pt surface during the femtosecond laser ablation. The temporal evolution of
the reflectivity of the soft x-ray strongly depends on the pump laser fluence, and the
apparent ablation threshold was observed. The results were well explained by the
molecular dynamics simulations of femtosecond laser ablation process.

1 Introduction

The unique sub-micron scaled structures formed by the irradiation of the femtosec-
ond lasers, such as the ripple and bubble structures [1], are expected to have new
material functionalities with low processing cost. In order to precisely control the
laser ablation, the detailed observation of the laser ablation dynamics is required.
The researches for the ablation dynamics by using the visible laser probe have been
reported by several groups. The expansion speed of the ablation front was estimated
to be 900 m/s from the result of the interference pattern (Newton ring) between
the ablation front and melting front [2]. While the visible laser probe enables the
measurement below and around the ablation threshold, it is difficult to observe the
dynamics of the laser ablation with generation of the surface plasmas that reflect the
visible light. For the direct observation of the femtosecond laser ablation dynamics,
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Fig. 1 Single shot x-ray laser probe with optical pump laser system

we propose to use the soft x-ray laser (SXRL) probe that can penetrate the surface
plasmas and not penetrate the surface layer. In this study, we observed the tempo-
ral evolution of the soft x-ray reflective image of the laser induced metal surface,
because the reflectivity of the soft x-ray is not sensitive to the electric state of the
surface but quite sensitive to the surface morphology (see Fig. 3).

2 Observation of the Laser-Induced Surface Dynamics Using the
Single-Shot Soft X-Ray Laser Probe

The experimental setup is shown in Fig. 1. The Ni-like silver SXRL at the wave-
length of 13.9 nm generated by the CPA Nd:glass laser was used for the probe beam.
The output energy and duration were 1 µJ and 7 ps, respectively. The SXRL was
loosely focused on the sample with the oblique incidence angle of θ = 24.5 deg.
The SXRL beam size on the sample was about 1.2 mm (horizontal) and 0.5 mm
(vertical). The spatial resolution of the soft x-ray image on the sample surface was
measured to be 1.8 µm [3]. Ti:Sapphire laser at the central wavelength of 795 nm
with the duration of 80 fs was used for the pump source. The spatial profile of the
pump laser was Gaussian, and this enables us to discuss the pump fluence depen-
dence at each radial position. The timing jitter between Ti:Sapphire laser and SXRL
was measured to be 10 ps in RMS.

We observed the soft x-ray reflective images of the laser induced Pt film (300 nm
thickness) for the study of the ablation dynamics. The surface roughness of Pt was
measured to be better than 1 nm by atomic force microscope. Figure 2 shows the
temporal evolution of the soft x-ray reflective images and the cross sections of the
relative reflectivity at various times. Relative reflectivity was obtained under the
condition that reflectivity at the non-irradiation area by the pump laser was 1.0.
The typical pump laser energy, peak fluence and intensity on the sample surface
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Fig. 2 The soft x-ray reflective images of femtosecond laser induced Pt surface

were 200 µJ, 4 J/cm2 and 5 × 1013 W/cm2, respectively. In Fig. 2(a), the dark disk
appeared at the central part (region I: r < 40 µm, F > 1.0 J/cm2) of irradiation
area at t = +10 ps. Here, F and r show the pump laser local fluence and radial
position, respectively. Around the dark disk (region II: 40 µm < r < 55 µm, 0.4 <

F < 1.0 J/cm2), the reflectivity slightly decreased. Outside of region II (region III:
r > 55 µm, F < 0.4 J/cm2), reduction of the reflectivity was not observed. At t =
+40 ps, reduction of the reflectivity was observed in region II (40 µm < r < 55 µm)
compared with that of t = +10 ps. At t = +160 ps, the size of the dark disk was
equal to that of the bright ring in Fig. 2(d). The bright ring shows the rim structures.
From these results, temporal evolution of the reflectivity was not linear function of
the pump laser fluence, and the pump fluence at the boundary between the regions
II and III leads to the ablation threshold fluence, F = 0.4 J/cm2. More interestingly,
thin dark ring was observed at the boundary between the regions II and III at t =
+10 ps and +40 ps.

Next, we discuss the origin of the reduction of the soft x-ray reflectivity. The pen-
etration depth of the soft x-ray with the oblique incidence angle of θ = 24.5 deg for
the solid Pt is less than 10 nm. Therefore, the reflectivity of the soft x-ray depends on
the nanometer scaled surface morphology. We calculated the soft x-ray reflectivity
on the several surface conditions. From Fig. 3(a), the reflectivity is quite sensitive to
the surface roughness. But the density reduction by the phase transition from solid
to liquid is not critically to explain the results. As shown in Fig. 3(b), 20 nm-density
transition layer decreases the reflectivity to less than one-third. From these calcu-
lations, soft x-ray reflectivity drops occurred mainly due to the nanometer scaled
surface roughness and density gradient.

The several ablation processes, the spallation (F = Fth), homogeneous nucle-
ation (F = 1.2Fth), fragmentation (F = 2.8Fth), and vaporization (F > 2.8Fth),
are predicted by the molecular dynamics simulations [4]. Here, Fth is the ablation
threshold fluence. In vaporization and fragmentation processes, the solid surface is
destroyed into gas and clusters just after the laser irradiation. In homogeneous nu-
cleation process, the gas-bubbles are formed in the homogeneous liquid under the
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Fig. 3 Soft x-ray reflectivity calculated under the various surface conditions

condition that the pressure of liquid is lower than the saturation vapor pressure. In
this case, the smooth surface is retained during dozens of picoseconds. The depen-
dence of the transient surface conditions on the pump fluence well accorded with
that of the experimental results in regions I∼III. Therefore, the experimental results
in the regions I and II are supposed to be equivalent to the vaporization (or fragmen-
tation) and homogeneous nucleation, respectively. Spallation process is the rapid
peeling of the solid surface layer induced by the tensile strain. The tensile strain is
caused by the compressive pressure wave reflected at the free surface, therefore the
spallation is required the solid surface and observed only under the condition that
the pump laser fluence close to the ablation threshold. It just explains the thin dark
ring observed at the boundary between regions II and III.

3 Summary

We observed that the temporal evolution of the soft x-ray reflectivity after the fem-
tosecond laser irradiation on Pt surface. The results showed strong dependence on
the pump laser fluence. In addition, the experimental results well accorded with the
ablation process predicted by the molecular dynamics simulations.
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Chapter 20
Nano-meter Size Modification of Metal Surfaces
Induced by Soft X-Ray Laser Single Pulse
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Takeshi Kaihori, and Tetsuya Kawachi

Abstract We show experimentally the possibility of the precise nanometer size sur-
face structuring of metal surfaces induced by ultra low fluencies of picosecond soft
x-ray laser single pulse. After irradiation processes, we observed the modified sur-
faces to understand the interactions between the soft x-ray laser pulses and various
materials by a scanning electron microscope. The formations of unique modified
structures caused by irradiations of the soft x-ray laser pulses were seen. On Al
surface, the formations of conical structures were observed. It was found that on
Au surface, the ripple-like structures were formed. The atomistic model of abla-
tion is developed that reveals the ultra-low threshold fluence values of this process.
Calculated ablation depth as a function of fluence is in good agreement with the
experimental data.

1 Introduction

Laser pulses having short durations have abilities to make high temperature and
pressure, excite states of electrons in materials, emit rays, and so on, as the results
of interaction with matters. Soft x-ray laser (SXRL) beam is one of attractive x-
ray source for scientific studies, because of its features of short wavelength, short
pulse duration, and highly spatial coherence. At the Japan Atomic Energy Agency,
we have generated the SXRL beam, which has a fully spatial coherence, a short
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wavelength of 13.9 nm and the short duration of 7 ps. When we investigated a char-
acteristic of the focal patterns of SXRL beam by means of color center formation
in lithium fluoride (LiF) crystal [1], we found the ablation structures in the central
parts of color center [2]. The ablation property appearing on LiF was very unique,
because the ablation threshold was much smaller than those obtained with other
lasers having longer wavelengths [2, 3].

It is quite interesting in the investigations of surface modifications induced by
SXRL pulse irradiations, because understanding of surface modifications induced
by laser irradiations is both fundamental and technological applications. The low
ablation threshold of materials and formation of peculiar surface structure have pos-
sibilities of efficient and unique surface machining. There are still a lot of gaps in
the understanding of the ablation mechanisms, especially for ultra short pulse lasers,
because the existing experimental data are inconsistent with theoretical predictions.
To confirm the appearance of surface modification, we irradiated the focused SXRL
pulses to the target surfaces, and to describe the observed modification process, we
proposed to use the atomistic model.

2 Experimental Results and Discussion

The SXRL irradiation experiment was carried out by use of the SXRL facility at
Japan Atomic Energy Agency. The SXRL pulse was generated from the silver (Ag)
plasma mediums using an oscillator-amplifier configuration. Characteristics of the
generated SXRL pulse had a wavelength of 13.9 nm, bandwidth of narrower than
10−4, and duration of 7 ps. The SXRL pulse was focused on the target surfaces by
using a Mo/Si multilayer coated spherical mirror. A zirconium filter having 0.2 µm
thick was placed in front of the spherical mirror to reduce the scattered optical ra-
diations from the laser produced Ag plasmas. The total energy of the SXRL beam
on the target surface was calculated to be 48 nJ. Using the LiF detector technique
for estimation of the focused SXRL beam properties, we found that the SXRL en-
ergy concentration in focusing areas reached about 60 %. And around 40 % of the
focusing SXRL beam energy was concentrated in the center of the best focusing
spots.

After the SXRL irradiation processes, target surfaces were observed by use
of various techniques, such as visible microscope, scanning electron microscope
(SEM), and atomic force microscope (AFM). Details of experimental setup are de-
scribed in previous papers [4].

Figure 1 shows SEM images of the irradiated aluminum (Al) and gold (Au) sur-
faces after a single shot exposure of the SXRL pulse around the focal points. The
modified structures caused by the SXRL pulse irradiation are clearly observed on
both targets, and we can confirm that the induced structures have quite different
topology. On Al surfaces, it can be confirmed that the conical structures, which ob-
served previous work [4], are formed around the ablated holes, and the relatively
area of the conical structures increases by the reduction of the SXRL fluence. On
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Fig. 1 SEM images of Al and Au surfaces after the SXRL single pulse irradiation

Au surfaces, on the other hand, the ripple-like shallow structures are seen. Areas of
modified parts of Au surfaces are essentially smaller than those of Al cases.

The obtained depths of surface irregularities are 400 nm and 170 nm for Al sur-
faces with the fluences of 30 mJ/cm2 and 14 mJ/cm2, respectively [5]. For Au cases,
80 nm and 20 nm of surface irregularities are obtained by the fluences of 60 mJ/cm2

and 21 mJ/cm2 [6]. With increasing of SXRL fluence on the target surfaces, the
depths and height of surface modifications are growth. As the experimental results
of interactions between SXRL pulses and metal surfaces with various fluences, the
difference type of surface modifications are distinguished, such as (1) at relatively
low fluence (∼10–20 mJ/cm2), modified surfaces with nanometer size structures are
formed, and (2) at relatively high fluence (>30–60 mJ/cm2), ablated holes deeper
than the attenuation lengths of SXRL beam for metals are confirmed.

To explain the experimental results obtained by the laser pulses with ultra short
duration, the atomistic model of ablation was developed [6, 7]. To describe the ab-
lation process near the threshold fluence, we propose the molecular dynamic (MD)
model of two-temperature system with electron-temperature-dependent interatomic
potential. Figure 2 shows the dependence of modification depth on absorbed laser
fluence (Fabs). For SXRL pulses, the ablation depth smoothly grows together with
Fabs, and it is clearly seen that the calculated ablation depth is in a rather good
agreement with the experimental data. Our model calculation reveals that the first
changes of surface structure are most probable due to the splash of molten gold.

3 Conclusion

We show the possibility of the precise nanometer size modified structures on Al and
Au surfaces induced by the irradiation of the focused SXRL single pulse (experi-
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Fig. 2 The dependence of
modification depth on
absorbed fluence (Fabs) for
gold target: 1—experimental
results (this work); 2 and
3—optical pulses; 4—MD
calculation result (previous
work); 5, 6 and 7—our MD
calculation results with
different conditions. See for
details in Refs. [6, 7]

ment). We also provide the MD model to describe the ablation processes induced
by SXRL single pulse irradiations (theory). The results we demonstrated will be
important not only for a pursuite of ablation process but also for future application
of SXRL beam, such as micromachining.

Acknowledgements This work was partly supported by the Grant-in-Aid for Scientific Research
(B) from MEXT, Japan (No. 21360364), the Russian Foundation for Basic Research (Nos. 12-02-
0947, 12-08-00666), and the Russian Academy of Science Presidium Program of Basic Research
(No. 2). The presentation at conference was supported by Grant-in-Aid for Young Scientists (B)
from MEXT, Japan (No. 24710096).

References

1. Faenov, A.Ya., et al.: Opt. Lett. 34, 941–943 (2009)
2. Faenov, A.Ya., et al.: Appl. Phys. Lett. 94, 231107 (2009)
3. Inogamov, N.A., et al.: Appl. Phys. A 101, 87–96 (2010)
4. Ishino, M., et al.: J. Appl. Phys. 109, 013504 (2011)
5. Ishino, M., et al.: J. Laser Micro Nanoeng. 7, 147–151 (2012)
6. Norman, G., et al.: J. Appl. Phys. 112, 013104 (2012)
7. Starikov, S.V., et al.: JETP Lett. 93, 642–647 (2011)



Chapter 21
Speckle Statistics, Coherence and Polarization
of a Collisional Soft X-Ray Laser

K.A. Janulewicz, C.M. Kim, P.V. Nickles, H. Stiel, M. Nishikino, N. Hasegawa,
and T. Kawachi

Abstract A simple model of dynamics of a collisional X-ray laser is given ap-
plying Maxwell-Bloch equations in a uniform approximation. The main considered
parameters include polarization and coherence of the emitted radiation. Speckle pat-
tern, typical for a radiation source of partial coherence, especially, if involving pro-
cess of the amplified spontaneous emission (ASE), are used as an alternative source
of information on the processes occurring in the active medium of an X-ray laser.
A level of partial coherence is deduced by statistical analysis of the speckle pat-
tern generated in the output beam of the laser. It is shown that plasma fluctuation
and non-Gaussian character of the statistics are needed to reproduce the transverse
coherence values reported in the experiment.

1 Introduction

Plasma-based, transient-inversion X-ray lasers work nearly exclusively in the mir-
rorless arrangement. The main reason for that is short-lived gain with a typical dura-
tion between 10 and 15 ps. As a consequence, the amplified spontaneous emission
(ASE) is used as the energy extraction mechanism [1]. Present-day X-ray lasers
excited by the collisional processes in the grazing incidence pumping geometry
(GRIP) or by electron residual energy of the above-threshold-ionization (ATI) in an
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optical field, show exceptionally high (50–80 cm−1) small-signal-gain coefficient
[2–4]. This causes them to work even more readily in the ASE regime.

One of the distinguishing effects of ASE-based lasers is presence of speckle
(deep and random modulation of the intensity distribution giving a kind of granular
structure) in the output beam. This is caused mainly by lack of a mode selecting cav-
ity [5]. For these reasons X-ray lasers seem to be an inherent source of the speckle
effect and indeed, randomly distributed hot spots were observed in the experiment
[4, 6].

Application perspective was always important in the development of plasma-
based X-ray lasers (XRLs). One of the fundamental parameters for using them in
practice is coherence. While plasma-based XRLs proved excellent temporal coher-
ence (probably the best among the short-wavelength sources), their spatial coher-
ence is limited. Partial coherence in a plane perpendicular to the propagation di-
rection is frequently quantified by a ratio of the coherence area Acoh and the beam
cross-section A. This value is typically, for the systems without injection of an ex-
ternal signal and not pumped by fast electric discharge, about one percent [7].

The Young’s interferometry is commonly used method of spatial coherence mea-
surement. This is a well-established and simple method but it has some drawbacks
when applied to XRLs. The Young’s interferometry applied to the plasma-based
sources requires removal of a noticeable background of the plasma thermal emis-
sion to avoid reduction in the fringes visibility. The principal practical assumption of
this measurement scheme is equality of the signals at each of two distant slits. If this
is not fulfilled, the correction factor 2

√
I (1)I (2)/[I (1)I (2)] has to be introduced in

the formula for the fringes visibility, where I (1) and I (2) denote the intensities at
each of the slits. The speckle effect causing randomness of the intensity distribution
in the beam pattern precludes exact knowledge of the correction factor. Influence
of this effect on the experiment was analyzed and clearly demonstrated in [8]. As
a consequence, the Young’s interferometry should typically underestimate a spatial
coherence level of the plasma-based X-ray lasers. On the other hand, the saturation
intensity level of X-ray lasers is about 1010 W/cm2 and at this level of the optical
field plasmonic effects on the slit edges can also affect fringes visibility by their
modulation [9].

Radiation polarization is another parameter crucial for applications. It is com-
monly assumed that the beam originating from a spontaneous noise is naturally
polarized, i.e. it does not show any preferential direction in the field oscillations.
There were totally contradictory reports regarding this aspect. One showed strong
s-component [10] and another one natural (undefined) polarization [11].

Recently, a simple model for the origin of the speckle structure in the X-ray laser
output beam has been proposed [12]. This structure was termed as a speckle-like
one and modeled by standard dependencies from coherence and diffraction theories.
Description of the effect was done in terms of so-called classic or full developed
speckle [13, 14]. It was concluded that the length of the output pulse exceeding the
coherence time was responsible for creation of this structure. It was also assumed
that the ratio of the pulse length tp and coherence time tcoh was a measure of the
modal structure of the emitted radiation. This is in our opinion, taking into account a



21 Speckle Statistics, Coherence and Polarization 127

very high level of medium inhomogeneity, unnecessarily strong limitation. It tacitly
assumes, that an X-ray laser beam shows full spatial coherence and this is not the
case in the experimental practice. In fact, in the most general case, separation of
the effects of the spatial and temporal coherences is possible, subject to the mutual
spectral purity.

In the present contribution we are analyzing, whether the observed and discussed
earlier intensity inhomogeneity in the X-ray laser output beam is really a classic
speckle structure and undergoes well established statistical rules of the speckle-
related phenomena [13–15]. No assumption regarding the coherence state of the
beam is introduced. It was attempted to determine whether the speckle structure
could be used as a source of reasonable quantitative information on the X-ray laser
beam coherence level.

2 The Method

2.1 X-Ray Laser Dynamics

We applied the X-ray laser dynamics model developed and presented in detail
in [17]. The model formulated in a uniform approximation describes emission and
amplification of the polarized radiation in terms of Maxwell-Bloch equations. Ob-
serving build-up of polarization in a single mode, it was found that saturation of the
amplification process is responsible for decreasing in the polarization built-up. Po-
larization achieves nearly completeness before saturation onset, to decrease in the
saturated regime to a value slightly above 80 %. It should be stressed that here the
well-defined polarization has been considered (one of the P -states different from
the natural polarization) and not some specific polarization state. In other words, the
polarization state could be different from shot to shot, but it would be always well
defined. The build-up of a random, but defined, polarization state with the length
of the medium is shown in Fig. 1. In the model it was assumed that the seeding
process by spontaneous noise is perfectly random and of uniform distribution. It
is seen in Fig. 1 that (in this specific case) elliptic polarization achieves maximum
for 3 mm and then is reduced. At a length of 3 mm the gain saturation effect be-
gins. The horizontal axis describes the polarization state by the phase difference
between the perpendicular field components. It was tried to verify experimentally
the effect observed in simulations. A double-target arrangement was used to gen-
erate coherent X-ray radiation at 13.9 nm and those was subsequently analyzed by
a membrane/multilayer beam-splitter allowing quantitative distinguishing between
the “amount” of s- and p-polarized components in the output radiation. More de-
tailed description of the experiment is given in these proceedings (see [16]). It was
found that the p-component of the wave electric field dominated in the emitted ra-
diation. There are some shot-to-shot fluctuations but on a very strong background of
the p-component. This clearly suggests elliptical polarization of radiation emitted
by the X-ray laser under investigation.
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Fig. 1 Development of a defined polarization state with a length of the active medium in the output
radiation of a nickel-like silver X-ray laser

Analysis of the amplification process showed also interesting dependence of the
gain-narrowing effect on the medium length. The rate of the bandwidth reduction
with the length is in the medium beginning noticeably lower than that in the strong
amplification (see Fig. 2). The probable reason for that is strong influence of the
“noisy” character of the signal within the first few millimeter of propagation. This
could explain difficulty faced by Koch [18] to fit its experimental data of short length
amplifier with a bandwidth reduction curve based on the rate equations.

2.2 Data Acquisition and Reproducibility

The experimental data processed here were obtained from the far-field images of
the output beam of a Ni-like silver soft X-ray laser working at 13.9 nm. The images
were recorded during the experiment described in [4]. The observation plane was
placed 55 cm from the laser exit. A plasma column of 7 mm in length was obtained
by irradiation of a slab target in the typical form of the GRIP geometry (double-
pulse scheme with a long pulse incident normally to the target). The total pump
laser energy contained in the irradiating laser pulse was equal to 1.5 J. The small-
signal-gain coefficient was estimated to be 61 cm−1. More detailed description of
the experimental layout as well as measurements of the transverse coherence done in
the classic Young’s double-slit arrangement are given in [4]. Visibility of the fringes
determined as a function of the slits separation was fitted under the assumption of
the uniform circular source by using van Cittert-Zernike (vCZ) theorem. The mea-
surement, with all mentioned earlier limitations, gave an effective incoherent source
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Fig. 2 Band- and pulse-width of the output pulse. Characteristic is that close to the origin (very
short medium) the decrease in the bandwidth and the pulse-width are slightly slower in the begin-
ning of the amplification process, in contradiction to the standard rate-equation result [18]

of 6.6 µm and a coherence length of Lcoh of 57 µm at a position of 8.4 cm behind
the laser exit [4]. Following this, it was estimated that the double-pulse irradiation
delivered 3 % of fully coherent photons in a beam of 4 mrad divergence.

X-ray lasers are, due to the character of the processes involved in the generation
scheme, very sensitive to small and accidental fluctuation in the laser pulse energy,
accuracy of the pump beams overlapping and the focal line parameters. These de-
pend partly on stability of the driving laser system and partly on quality of the
medium/target itself. Beam pointing of a pump laser (spatial stability of the emit-
ted beam) is one the most serious deteriorating effects. Generally, a typical repro-
ducibility of XRL output determined by a standard deviation from the mean usually
exceeds slightly 20 % and is considered as a good one [19].

On the other hand, it was assumed—what frequently used to be done—that the
source is circular and uniform with a very narrow field correlation function justify-
ing the use of the standard analytic formulae resulting from the vCZ theorem [20].
In fact, the beam profile is better described by more realistic distribution function
I (r) = I0 cosh−2(r/a), approximating well a parabolic function close to its maxi-
mum [8, 21].

2.3 Data Processing and Simple Estimates

Using the coherent length value experimentally determined by the Young’s in-
terferometry, one can get a coherence volume of Vcoh = Acoh × tcoh × c =
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1.97 × 10−6 cm3. Having assumed a typical pulse length of 6 ps and a number
of photons in the pulse of 1011, the degeneracy factor δc , indicating amount of the
indistinguishable (coherent) photons within the coherence volume has been esti-
mated as equal to 8.5 × 1010. This is a very high value but one has to bear in mind
that it was obtained for strongly idealized case of plane wave neglecting depen-
dence of the coherence volume on the position in the considered space (medium).
A simple estimate method of XRL spatial coherence assuming an active medium
of a cylindrical shape and a less strict definition of the coherence length consid-
ered as a distance from the origin over which the coherence degree is not smaller
than 0.5 give a simple analytic formula Lcoh ∼= λL/4a to estimate dimensions of
the coherence area [22]. It was concluded that, in the case of the coherence length
corresponding to the plasma/XRL width a, the Fresnel number associated with the
plasma column should be NF = a2/λL ∼= 1/4 [22]. These order of magnitude esti-
mates are related only to the main peak of the correlation function. Applying these
approximated expressions to the parameters of our XRL (assumed a = 32 µm) and
a medium length of L = 7 mm we got Lcoh ∼= 0.5 µm at the source plane. This value
is related to the main peak of the correlation function and differs markedly from the
value of 2 µm obtained from the experimental far-field (FF) intensity profile by the
Fourier transform.

It is well known that in the ideal case of full coherence a laser emits photons
in a single mode with a statistics ruled by the Poisson distribution and the relevant
probability density (probability density to obtain a given intensity level I within
the intensity gap of I , I + dI ) has negative exponential distribution [13, 14]. The
speckle pattern governed by this distribution is called the fully developed speckle.
Corresponding distribution for a partially coherent light is given in the form of the
gamma distribution, sometimes also called m-distribution [13, 14]

pM(E/E) = MM(E/E)M−1 exp(−ME/E)/EΓ (M) (1)

where M is a number of statistically independent but equally intense (average value)
coherence modes in the output radiation. The experimental practice (detectors and
the time scale) forces one to use temporally integrated intensity as a variable. Thus,
for the sake of consistence we can use E/E—the normalized pulse integrated inten-
sity instead of I/I for the normalized peak intensity. The beam images recorded in
the far-field zone presented in Fig. 3 have been processed to obtain dependence of
the probability density on the normalized integrated intensity E/E. The histograms
of the image intensity level were created with binning including 50 bins. The part
of the beam used for the histogram was selected by a rectangular window (Fig. 3),
drawn to cover the maximum possible area of the irregular beam spot and minimize
contribution from the non-irradiated but noisy vicinity.

The nature of the lasing process in X-ray lasers makes analysis of the speckle
structure difficult. Due to mentioned limited reproducibility of the plasma dynamics,
X-ray lasers show a significant shot-to-shot fluctuation of the beam position caused
by variable deflection on not fully relaxed density gradients. As a consequence, av-
eraging the speckle images as it is recommended in the scattering experiments at a
synchrotron [23, 24] is impossible as it leads to artificial beam homogenization and
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Fig. 3 Far-field image of X-ray laser output recorded at a distance 55 cm from its exit and with
the marked are taken to the statistical analysis. The image of the speckle pattern on the right side
is already equal to the analysis area

the speckle statistics tends towards the negative exponential distribution equivalent
to reduction in the effective number of the contributing modes. By averaging in this
way five images from our experiment with the M value between 2.4 and 6.5 we got
an effective number of coherence modes M = 1.6, that is definitely incorrect. An-
other procedure realized by averaging statistics of the individual beam images was
found, during speckle analysis of a synchrotron beam, to deviate too much from the
realistic values [23]. Moreover, the gain area of X-ray lasers is not exactly stable in
time [25] and this can result in additional smearing and blurring effects. The detec-
tors integrate the signal within the time gap equal to the pulse length that is typically
longer than the coherence time. That means, the integrated intensity (pulse energy)
includes a few overlapped (incoherently added) speckle patterns, each correspond-
ing to the time gap equal to the coherence time. All this makes the picture to be very
complex and the question arises if the standard statistical tools allow for fast, simple
and reasonable estimate of the radiometric features of the observed radiation.

3 Results and Discussion

The far-field images of the beam were recorded independently in five consecutive
shots and analyzed using the standard software of the back illuminated CCD camera
of Princeton Instruments. The average intensity and corresponding standard devia-
tion were the main output parameters of the statistics. The mean value from this
processing was put in Eq. (1) with M as a fitting parameter—the procedure sug-
gested by Goodman as the reasonable one [13].

Dimension of the selected analysis window (area) had limited influence on the
output of the statistical procedure. Usually, the M value varied by much less than
10 % as a function of the window area choice. Figure 3 shows an example of such
a recorded image with indication of the angular distribution of the intensity and the
area from which the data were used. In spite of the local deviations, the best fit gave
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Fig. 4 Experimental
histogram of the right-side
image in Fig. 3 with two
possible fits: m distribution
and m-m distribution.
m-Distribution is a synonym
of gamma distribution

M = 2.4, which is a very low value. The poor shot-to-shot reproducibility of the X-
ray laser was confirmed as within the registered series of shots the derived number
of the coherence modes varied between 2.4 and 6.5.

All the above discussed characteristics and experiments confirm that a collisional
X-ray laser is a device of limited (partial) spatial coherence. The histograms of
the recorded far-field patterns, the obtained values of the mean intensity and the
standard deviation allowed for determination of the speckle contrast Ksp and the
number of modes 1/M = σ 2

E/E2 involved in creation of the partially developed
speckle pattern (Ksp < 1). It is not surprising that these values are very close to those
derived from the fitting process as the experimental value of the mean was used in
the fitting process as a fixed parameter. This confirms, however, a high goodness
of the fit. It has to be stressed here, that the obtained M values have to be halved
when the polarization state of the XRL output radiation is unknown and commonly
assumed as natural one (undefined polarization).

From here on, we concentrate on the speckle pattern presented in Fig. 3 (right
image) delivering the best fit and relatively low value of M . A contrast value of
the speckle Ksp = σE/E = 1/

√
M equal to 0.56 was estimated from the statistics

when M estimated in the fitting procedure was equal to 3.23. This confirms, that
the photon statistics is definitely non-Poisonian (in this case the contrast is equal
to 1) and one can guess that the presented in Fig. 3 speckle patterns show structures
resulting from intensity summing of some finite number of spots (coherent modes).
This guess is justified even if Eq. (1) is, in fact, obtained under the assumption
that all the contributing statistically independent spots (modes) have the same mean
intensity and an uniform phase distribution.

While the second condition is fulfilled in the X-ray laser medium the former one
is actually not fulfilled. The active medium is inhomogeneous and the radial density
gradient is sufficient to cause radiation to be refracted (bent off the active area in
the extreme case) from the axial direction and the modes can partially overlap each
other, especially at the end of the medium where the saturation effect is strongest.
On the other hand, the gain itself is sufficiently high to cause significant differences
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in the group velocities of the photon fluxes traversing the medium areas of differ-
ent gain [26]. The absolute gain values are extremely high and one can consider
two realistic values of the gain coefficient, namely 80 cm−1 and 50 cm−1. The cor-
responding group velocities υgr in a medium with a Gaussian spectral line profile
(�νD = 1 × 1012 1/s) are equal to 0.735c and 0.816c, respectively. The time delay
for two groups of photons amplified in these areas will achieve a value of ≈2.3 ps.
This is much more than the coherence time of the radiation. Hence the assumption
about the constant average intensity of all correlation (coherence) areas is definitely
not fulfilled.

All these effects cannot, unfortunately, account for the large discrepancy between
the experimental results and the estimates of the transverse coherence lengthy de-
rived from the speckle data. The latter suggest existing up to 30 % of fully coherent
photons in the output beam, at least one order more than the experimental data. The
field correlation function at the XRL exit indicates multi-mode distribution. Most of
the area is weakly correlated but the number of the hot spots is large. The resulting
speckle has to be described by other distribution function. It was found, that a bi-
statistical process described by gamma-gamma (m-m) distribution fits favorably the
experimental speckle statistics (see Fig. 4) and differs negligibly from gamma dis-
tribution. However, the number of modes is much larger. Plasma fluctuations cause
mode mixing and movement of the source and it results in non-Gaussian character of
the beam propagation through the medium. This process is overlapped (modulated)
by formation of large-scale modes determined by the medium geometry.

Taking into account that M can be treated as a measure of the ratio A/Acoh
we can introduce two separate numbers M1, M2 characterizing the multiplicative
component processes of the mode formation. Hence one can estimate the value of
spatial coherence length Lcoh ∼= √

Acoh or Lcoh ∼= √
A/M , where M = M1 × M2.

Using obtained from the fitting process values M1 = 3.2 and M2 = 62 we obtained
a coherence length in the observation plane equal to 263.5 µm. This value corre-
sponding to 1/14 of the beam diameter is in reasonable agreement with 1/18–1/20
reported in the experiment [8].

4 Conclusion

In summary, it was found that polarization of a slab target collisional X-ray laser
is not undefined (natural polarization), but it has a strong p-component fluctuating
from shot-to-shot, what indicates tendency to elliptical polarization. This finding is
not in perfect agreement with 1D modeling suggesting that the output beam can
have well defined, but random polarization state.

Analysis of the speckle pattern in a beam of an X-ray laser stated that these un-
dergo the usual statistics of partially coherent source, i.e. the probability density
corresponds to a gamma distribution. However, more exact inspection of the re-
sults shows that in general, the coherence level is very seriously overestimated. This
results from the plasma inhomogeneity and reasonable agreement with the exper-
imental reports requires implementation of plasma fluctuations and non-Gaussian
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statistics of the speckle. The random inhomogeneities of the medium give the prob-
ability density described in an accurate way by gamma-gamma (or m–m) distribu-
tion. As a consequence, the speckle structure has a bi-statistical character and the
derived in this way coherence length compares favorably with the values reported
in the experiment. Taking into account the drawbacks of the Young’s interferometry
the speckle analysis can be considered as a simple tool of reasonable estimate of the
coherence level from the far-field beam patterns.
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Chapter 22
Upscaling of X-Ray Laser Repetition Rate Using
an OPCPA Architecture

Fei Jia, Felix Staub, and Jürg Balmer

Abstract We present a novel design of a hybrid amplification chain for pumping a
Sn target producing ∼µJ coherent soft-X-ray pulses at few-Hz repetition rate. The
driver aims to generate multi-joule energy at the central wavelength of 1053 nm
and consists of optical-parametric chirped-pulse amplification (OPCPA) combined
with diode-pumped Nd:YLF amplifiers. The soft-X-ray laser at the wavelength of
11.9 nm is produced by focusing the infrared beam into a line focus on a solid
Sn target. Benefiting from this hybrid pump scheme and grazing-incidence pump
geometry (GRIP), such a system has the potential to upscale the repetition rate of
soft-X-ray lasers from single shot to the few-Hz region.

1 Introduction

Single-shot X-ray lasers based on collisional-excitation-pumped nickel-like ions
have proved to deliver coherent photons with high brilliance and narrow bandwidth.
Inspired by recent work on soft-X-ray lasers at few-Hz repetition rate [1] and driven
by demands of versatile applications, novel approaches to increase the duty cycle
with a more compact and affordable system are currently under study. The optical-
parametric chirped-pulse amplification (OPCPA), a nonlinear technique, benefits
from high gain (∼106), wide gain bandwidth and absence of issues due to thermal
load. Combined with diode-pumped Nd:YLF rods, this hybrid amplification system
provides access to deliver pulse energies up to a few Joules at repetition rates of a
few Hz with pulse durations of a few ps.

In this work, numerical simulations have been performed to optimize major pa-
rameters in OPCPA and Nd:YLF amplification chains. With the pulse energy and
duration from the simulations, we intend to exploit the Ni-like Sn 4d-4p laser line
at 11.9 nm approaching saturation at a repetition rate of sub-10 Hz.
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2 Experimental Setup and Numerical Model

A schematic drawing of the OPCPA/Nd:YLF hybrid driver setup is shown in Fig. 1.
A two-stage OPA, consisting of two lithium triborate (LBO) crystals in the pre-
amplifier stage and a single crystal in the power-amplifier stage, is pumped by a
commercial Q-switched Nd:YAG laser with a total pulse energy of 200 mJ and a
pulse duration of 4.1 ns (FWHM) at the central wavelength of 532 nm. The spatial
profile of the pump laser is nearly top-hat, whereas the temporal profile is Gaussian-
like as naturally obtained from the Q-switched resonator. The pump beam is then
separated by a beamsplitter into a ratio of 25 %/75 % for each stage, in order to
maximize the pump energy extraction as well as to optimize the energy stability.
Collimated with a telescope, the diameter for the two stages is 1.5 mm and 2.25 mm
respectively, which corresponds to a peak irradiance of 0.7–0.8 GW/cm2. These
pump pulses are required to spatio-temporally overlap the stretched signal pulse.
Therefore, a double-folded 4-pass stretcher is designed to stretch the signal pulse
(initial pulse duration of 180 fs with 7 nm bandwidth (Origami-10)) to 1 ns with
a pass-bandwidth of 2.5 nm. The purpose of over-stretching and subsequent major
clipping of the signal spectrum is to reduce the gain narrowing effect in Nd:YLF.
The output spectrum of the OPCPA has to be adapted into similar gain bandwidth
of Nd:YLF (FWHM 1.4 nm). In this case, energy losses due to gain narrowing of
an overfilled spectrum can be reduced by the pre-selection of bandwidth before the
OPCPA. The few-mJ pulse from the OPA is further amplified by a 2-pass Nd:YLF
amplifier and a 4-pass booster amplifier, resulting in a pulse energy of ∼2 J.

The major parameters of this hybrid amplification chain are roughly pre-
determined by simulations. For OPA simulation, a numerical integration of the three
coupled wave equations for difference-frequency generation (DFG) in the slowly-
varying-envelope approximation is used [2].

3 Results and Discussion

Electronic trigger synchronization and pulse build-up timing of Q-switch commer-
cial pump laser are the main sources of temporal jitter in an OPCPA system. Fig-
ure 2(a) shows the measurements of jitter of the pump laser. We propose an alterna-
tive compensation method and compare it with the method proposed by Zhang et al.
[3] in the same frame of simulation. The major difference in our method is the shift-
ing of one pump pulse a few hundred ps away from the peak of the signal pulse (the
dashed line in Fig. 2(b) shows the temporal shift of the pump pulse). Owing to the
symmetric profile of the pump pulse, a jitter compensation mechanism is introduced
naturally. By tailoring the crystal length in both stages, an optimized stability of sig-
nal gain will be achieved, shown in Fig. 2(d) where every line meets at the exit of
the crystal. The reconversion-induced minor spatial profile modification will bring
benefits in terms of a more homogeneous line focus. The spatio-temporal profile at
the OPCPA output is introduced into the Nd:YLF amplifiers, resulting in the final
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Fig. 2 Jitter compensation simulations. (a) Measured temporal jitter with standard deviation (StD)
of 0.32 ns, and amplitude jitter StD = 0.036. (b) Compensation mechanism, ∇: signal temporal
profile, (c), (d) the OPA signal gain simulation with measured jitter values

amplified signal to reach 2 J with a transform-limited pulse duration of 1.8 ps. Based
on experiments performed with our single-shot Nd:Glass TW system (‘BeAGLE’),
such a pump energy is able to saturate the Ni-like Sn 4d-4p (11.9 nm) laser line with
a 12-mm line focus [4].

4 Conclusion

A novel tabletop sub-10 Hz coherent soft X-ray laser is under development. The
OPCPA technique combined with Nd:YLF amplifiers contribute to upscale the rep-
etition rate from single shot to a few Hz. Simulations demonstrate the feasibility of
this hybrid system to deliver 2-J, 1.8-ps pulses at 1053 nm at sub-10-Hz repetition
rate. Saturation of the Ni-like Sn 4d–4p laser line (11.9 nm) is expected with this
energy in a 12-mm line focus. Numerical models are established for discussion on
stability control methods and compression capability.
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Chapter 23
Source Development of Novel Coherent X-Rays
and Their Applications in JAEA

T. Kawachi, A. Sasaki, M. Nishikino, M. Ishino, N. Hasegawa, T. Imazono,
Y. Ochi, M. Tanaka, A.Y. Faenov, T.A. Pikuz, A. Pirozhkov, T. Esirkepov,
T. Nakamura, M. Kando, S.V. Bulanov, K. Kondo, K. Janulewicz, C.M. Kim,
H. Stiel, G. Norman, T. Suemoto, T. Tomita, K. Namikawa, M. Yamagiwa,
and Y. Kato

Abstract This paper reviews recent progress in the source development of intense
coherent x-rays and the applications in the research fields such as material science
and laser processing in Japan Atomic Energy Agency (JAEA). In the source de-
velopment, the polarization of the fully spatial coherent 13.9 nm soft x-ray laser
(SXRL) in the transient collisional excitation (TCE) scheme was investigated ex-
perimentally. The result indicated that the SXRL beam was strongly polarized in the
direction perpendicular to the target surface. In the alternative schemes toward the
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short wavelength region, intense higher-order harmonics with the photon energy of
more than 300 eV was observed from a relativistic plasma generated with the laser
intensity higher than 1018 W/cm2. In the applications of the 13.9 nm TCE laser, we
observed temporal evolution of surface distortion of Pt sample pumped by a 80 fs
optical pulse by use of x-ray laser interferometer using double Lloyd’s mirrors and
reflectometer. In the study of SXRL ablation, the melting depth of the substances
using single shot SXRL exposure was measured, and the result was quantitatively
consistent with the calculated result based upon the spallative ablation model by
molecular-dynamics code.

1 Introduction

Several years ago, we have firstly demonstrated fully spatial coherent x-ray laser
beam at the wavelength of 13.9 nm by the method of double targets geometry, in
which the first gain medium works as the soft x-ray oscillator and the second gain
medium works as the soft x-ray amplifier [1]. Now this novel light source with pico-
second duration and more than 109 coherent photons/pulse is routinely used for the
wide variety of research fields such as material science [2], atom and molecular
science [3], soft x-ray imaging [4], laser ablation physics and laser processing [5].

In a view point of the source development, one of the most serious limitations so
far is the lasing wavelength, and the extension of the lasing wavelength to shorter
region is urgent subject. Another important issue is to have deeper understanding
of characteristics of x-ray amplifier plasmas, because under the coupling of x-ray
seeder with x-ray amplifier, the final beam quality is determined by plasma param-
eters such as density gradient, homogeneity etc., of the x-ray amplifier plasma. Po-
larization characteristics is one of the parameters, and the polarization transport in
x-ray amplifier is important in the applications of SXRL beam with higher-order
harmonics x-ray seeder and double target geometry.

In the applications of the SXRLs, observation of non-periodic or unrepeatable
ultra-fast phenomena such as nano-meter scale deformation of domain structure of
substances under the phase transition or surface distortion in laser ablation are quite
attractive application in terms of full use of the advantages of plasma x-ray lasers. In
order to apply the SXRL beam to this field, we have developed x-ray laser interfer-
ometer, which enable us to obtain surface information with 1 nm depth-resolution
and 7 ps temporal resolution. On the other hand, the study of SXRL ablation (EUV
ablation) has created feasible opportunities for technological breakthrough in the re-
search field of laser surface nano-processing and for fundamental investigations of
materials in warm dense matter state. The experimental data obtained through this
study can provide good benchmarks for theoretical codes and contribute to under-
stand the laser matter interaction.

In this paper, we describe recent progress in the source development of coherent
soft x-rays and the applications in Japan Atomic Energy Agency (JAEA).
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Fig. 1 Experimental-set up for measurement of the polarization

2 Source Development of Novel Coherent X-Rays

2.1 Observation of Polarization of SXRL in Transient Collisional
Excitation Scheme

The polarization of plasma x-ray lasers is determined by the summation of plasma
anisotropy as the polarization processes such as anisotropic collision, radiation trap-
ping and depolarization processes such as collisional magnetic-sublevel-mixing and
localized plasma electric-field. Through polarization measurement, we may obtain
the information about the anisotropic feature in plasma and about the polarization
transport in x-ray amplifier. The polarization of collisional excitation lasers has
been measured for quasi-steady state scheme [6], however there are few reports for
transient excitation scheme. Recently concerning with the x-ray amplifier coupled
with higher-order harmonics as x-ray seeder, theoretical investigation of polariza-
tion transport has been studied, which implies the importance of the information of
polarization characteristics of the x-ray amplifier [7]. In order to measure the polar-
ization characteristics of TCE gain medium plasma, we conducted an experiment
under the collaboration with APRI-GIST and MBI. Figure 1 is the experimental
set-up. The SXRL beam at the wavelength of 13.9 nm passes through a Zr filter to
cut visible light and is divided into two polarization components by a Mo/Si multi-
layer free-stand soft x-ray beam splitter (BS) fabricated in MBI. The reflectance and
transmittance, together with the polarization separation ratio of this BS has been cal-
ibrated using synchrotron radiation source. Here s- and p-polarization component
means that the direction of electric field is parallel and perpendicular to the target
surface, respectively. We observed the two polarization components at the same time
by use of two charged couple devices (CCDs).

We measured the polarization degree, P , P = (Ip − Is)/(Ip + Is), for three cases,
i.e., XRL from the first target, the second target, and the double target geometry.

Figure 2 shows the experimental result. It was found that the SXRL in the TCE
scheme was strongly polarized, P ∼ 0.8, in the direction perpendicular to the target
surface. For the double target case, the tendency was the same however, the po-
larization degree was slightly lower (P ∼ 0.65), which might attribute to the gain
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Fig. 2 Measured polarization degree for the second target (left), and double target (right)

saturation effect. Detailed analysis of the result using ray-trace code is now going
on.

2.2 Observation of Higher-Order Harmonics Emission from
Relativistic Plasma

In JAEA, several attempts toward shorter wavelength lasing have been studied [8, 9].
Recently higher-order harmonics generation experiment using ultra-intense laser
pulse was conducted. A He gas target with the gas density of around 1019 cm−3

was irradiated by J-KAREN laser which provided 0.4–1 J, 27–40 fs pulse with the
focusing intensity of around 4 × 1018 W/cm2. The charged particles from the He
plasma were ejected by the bending magnet, and the x-ray emission from the plasma
was observed by grazing incidence spectrometers. Figure 3 shows the spectrum ob-
tained in this experiment. Higher-order harmonics signal up to the order of N = 180
were clearly observed. One of the interesting features was that we had even-number
order of the harmonics together with the odd-number order. This means this emis-
sion is not originated from the atomic HHG. Observation using another spectrome-
ter which covered shorter wavelength region showed that the signal extended to the
water-window region.

Present higher-order harmonics is quite different from other coherent sources
such as atomic higher-order harmonics, nonlinear Thomson scattering and beta-
tron radiation. We performed 3D PIC (particle-in-cell) simulation to explain the
present results. The result of the calculation shows due to the ponder-motive force
and Lorentz force induced wake wave and bow wave together with laser-induced
modulation generates high density spikes in the plasma. This localized high density
regions are collectively oscillated under the laser electric field, resulting in the gen-
eration of the higher-order harmonics. Following this model, as the laser intensity
is increased, the expected photo energy of higher-order harmonics becomes larger,
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Fig. 3 Obtained HHG
spectrum. Up to N = 180,
HHG signal are clearly
resolved. The decrease of the
signal for the photon energy
larger than 200 eV is due to
poor efficiency of the
spectrograph

and the upper limit of the laser intensity may be determined by radiation damp-
ing regime with the laser intensity of around 1023 W/cm2. This means this scheme
can become one of the feasible candidates for generating intense coherent x-ray in
10 keV range.

3 Application of SXRLs

The 13.9 nm laser in JAEA has been used for wide variety of application researches,
such as material science, plasma physics, atom and molecular physics, ultrafast soft
x-ray imaging and laser processing under the collaborations with universities and
other institutes. In these applications, we choose two examples and describe the
recent progress: The first one is the development of x-ray laser interferometer for
probing surface dynamics, and the second is the study of SXRL ablation of sub-
stances.

3.1 X-Ray Laser Interferometer for Probing Surface Dynamics

Schematic figure of the x-ray interferometer is described in Ref. [10]. A Pt sample
was pumped by an IR pulse with the Gaussian spatial profile of the spot size of
60 µm, duration of 80 fs, and the peak intensity of 5 × 1013 W/cm2. The SXRL
probe beam illuminated the pumped region, and this probe beam with having the in-
formation of the surface deformation, was reflected by the imaging mirror and went
to the double Lloyd’s mirrors. Here the probe beam was divided into two parts, one
had the information of surface deformation and the other was used as the reference,
and the two components were merged at the detector (CCD) at the distance of about
5 m. The resolution of this interferometer was tested using a Si sample with several
6 nm-depth grooves on the surface, and the depth and lateral resolution was deter-
mined to be 1 nm and 1.5 µm, respectively. Using double time fiducial technique,
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Fig. 4 Temporal evolution of interference patterns of Pt surface pumped by 80 fs-duration Gaus-
sian optical pulse

temporal synchronization of the pumping IR pulse and SXRL probe was achieved
to be better than 2 ps.

Figure 4 shows the temporal evolution of the interference pattern as the function
of the delay time of the SXRL probe. Our observation shows even in the time of
10 ps, fringe shift can be seen. The absence of the fringe shift in the central portion
is due to that the higher fluence of the pump laser (more than 1 J/cm2) destroys and
ionizes the surface in the early time region. This is consistent with observation using
soft x-ray reflectometer.

The pumping area may be categorized into 3 areas: (a) The central portion with
the fluence larger than 1 J/cm2, (b) middle region with 0.4 to 1 J/cm2, and (c) outer
region with the fluence of around laser ablation threshold. We could see a ring
structure in region (c), whose reflectivity was low even in early time region. This
temporal behavior of the reflectivity was similar to that of region (a), whereas for
region (b) the reflectivity decreased slowly. Detailed analysis using theoretical code
will be published elsewhere.

3.2 The Study of SXRL Ablation of Substances

Laser ablation has many technological applications in material processing and nano-
structure fabrication. The laser-induce damage of the materials has been intensively
studied and its dependence upon the pulse width, the photon energy, and the fluence
has come to be understood. Furthermore novel light source in soft x-ray region, i.e.,
laser-based SXRL and X-FEL, provides new possibility of laser processing, and
it is urgent subject to have understanding of the interaction between intense soft
x-ray and substances. Recently we found that the threshold fluence value for the
ablation of Si and LiF crystal using pico-second duration SXRL pulse was smaller
by 2–3 orders magnitude than that of IR and visible laser case. This was qualitatively
explained by spallative ablation model: Molecular dynamics simulation shows that
SXRL absorption increases temperature of surface layer of the material, and if the
heating time is shorter than the heat transport (sonic) time then the temperature
growth increases the tensile stress in the material which induces the spallation of
the surface layer.
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Fig. 5 SEM image of the
irradiation area of Aluminum
sample under the laser
fluence of 30 mJ/cm2

Fig. 6 Fluence dependence
of the melting depth of the Au
sample. Solid circle is the
experimental result and
dashed line is the result by
molecular dynamics
simulation, which is
consistent with the
experiment

For the quantitative analysis, we measured the depth of melting region of Au and
Al in the single-shot SXRL exposure. Figure 5 shows SEM images of typical irradi-
ation area of Al samples. AFM analysis of these irradiation area shows the surface is
the mixture of splashed molten metals and hole induced by removed metal from the
surface. The measured melting depth of Au is plotted as the function of the fluence
in Fig. 6. The blue solid circle and blue dashed line are the present experimental re-
sult and the theoretical calculation, respectively. Other experimental result using IR
and optical pulse together with the calculation is also added (red marks and lines).
Comparison with the present experimental result and the theoretical calculation im-
plies that spallative ablation model is good explanation of the present experimental
result.
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Abstract This report presents the results from experiments at PALS Centre using
a Zn X-ray laser with the pulse length of 0.15 ns and the wavelength of 21.2 nm,
working in single or double pass regime with the output energy of 0.4 mJ or 4 mJ per
pulse, respectively. The current X-ray laser was experimentally examined to obtain
its temporal coherence and spectral width using a path-difference interferometer.
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The double pass regime shows that QSS plasma based source-amplifier is promising
for “short” fs soft X-ray pulses. The X-ray laser is commonly used for user’s experi-
ments. Its advantages can be shown in applications such as probing of dense plasmas
(up to 2.5 × 1024 cm−3) or single shot experiments (4 × 1014 photons/pulse). The
simple technique based on Talbot effect was used to obtain the gradients of electron
densities of line plasmas produced under conditions corresponding to XRL’s am-
plifiers operating in TCE and QSS regime. To investigate radiative shock wave in
laboratory is challenging in aspects of the optimization of experimental parameters.
Due to the high electron density (1022 cm−3) produced in the gas medium propa-
gated by the shock wave, the velocity of the shock wave, and the absorption losses
on optical elements, it is necessary to use the energetic single shot probe.

1 Introduction

Coherent and high-brightness radiation sources at very short wavelengths are a
tool of significant interest in future studies of dense and/or highly ionized plasmas.
Among the prospects offered by these sources, there are both novel plasma-probing
techniques able to access extremely high densities and provide nanometer spatial
resolution, as well as new ways of generation of extremely dense and highly ionized
plasmas, previously inaccessible in laboratory conditions. This report describes the
XRL, which was implemented with a goal to produce as great amount of energy as
possible near the wavelength of 20 nm, use the energetic XRL for imaging, and to
probe dense plasmas.

2 Characteristics of Ne-Like Zn X-Ray Laser at PALS Centre

Over past decade, the most energetic XRL is delivered at Prague Asterix Laser Sys-
tem (PALS) Centre [1]. The pumping iodine laser emitting at 1.3 µm has total energy
about 1 kJ. The pumping beam is split into two beams, prepulse and main pulse, and
this sequential generation of the XRL (see Fig. 1) can provide output energies up to
10 mJ.

Several pumping schemes were examined to generate the XRL (Ne-like Fe, Zn,
Se and Ni-like Ag), but the most robust and the most emitting schema is Ne-
like Zinc. The population inversion is produced between 2p5 3p and 2p5 3s fine-
structure levels of Ne-like ions, through electron collisional excitation from the Ne-
like ground state 2p6. The inversion is maintained by strong radiative dipole decay
from the 3s levels back to the ground state while the upper 3p levels are metastable
with respect to this process. Under appropriate plasma conditions, the strongest pop-
ulation inversion is generated (due to the highest monopole electron excitation rate
from the ground) for the transition (2p5

1/23p1/2)J = 0 → (2p5
1/23s1/2)J = 1, corre-

sponding in Ne-like zinc to the wavelength of 21.22 nm. The intensity and beam
profile emitted by this type of XRL strongly depends on the density profile of the
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Fig. 1 Sequential pumping
of the XRL amplifier, where
the typical ratio of the
prepulse (<1011 W cm−2)
and the main pulse
(∼1013 W cm−2) is about
10−3. Half-cavity mirror is
placed on one side of the Zn
slab target to boots output
energy

amplifying plasma, as the largest population inversion on the J = 0–1 transition oc-
curs at high electron densities. To reduce density gradients in the plasma ablated by
a laser from a massive slab target, a technique, consisting of applying a prepulse
typically a few nanoseconds prior the main heating pulse, is employed [2–4]. The
parameters of the prepulse relative to the main pulse are one of the key features de-
termining the functionality of the XRL and characteristics of the emitted beam. Two
configurations where a weak prepulse is applied 10 ns or 50 ns ahead of the main
pulse will be discussed. The prepulse is delivered and focused separately to produce
a wide pre-plasma column into which the main pulse, focused much more tightly,
is coupled (see Fig. 1). The configuration where the prepulse is 10 ns ahead can be
operated in single or double-pass regime. The typical value of energy (double-pass
regime) is 4 mJ with peak power 40 MW and with 3 × 1014 photons per pulse. The
10 ns configuration is the most stable and robust, and at PALS is provided as the
user beamline. In order to increase the energetic output of the XRL, the longer pre-
pulse delays were investigated. The best results were observed for 50 ns prepulse
delay operated in double-pass regime. This was studied by the streak camera and
near-field measurements. While the streak camera records indicate comparable ki-
netics of the exited levels for both regimes, from the near-field data, it is found out
that the 50 ns prepulse delay can generate 2× larger (in the direction perpendicular
to the target) amplification region than in 10 ns regime (see Fig. 2). Therefore the
energy measured for 50 ns prepulse delay is 10 mJ with peak power 100 MW and
with 1.2 × 1015 photons per pulse.

3 Further Characterization of the Ne-Like Zn X-Ray Laser

Using the Zn XRL as the user beamline requires a detailed characterization of its
output parameters such as the energy, the pulse length etc. In addition to routine
monitoring parameters, the spectral profile and linewidth were explored. The band-
width of the Zn XRL is extremely narrow, about 10−4, therefore direct measure-
ment is beyond capabilities of existing spectrometers in XUV range. Hence, the
wavefront-splitting interferometer [5, 6] was used to measure temporal coherence



154 M. Kozlova et al.

Fig. 2 Near-filed profiles in
the direction perpendicular to
the target (integrated over
lateral FWHM width) for the
10 ns and 50 ns pumping
configurations

of the source from which the spectral linewidth is inferred. The experimental setup
is shown in Fig. 3. The XRL beam, operated in double-pass regime (better spatial
coherence expected), was send either to the footprint to monitor spatial intensity dis-
tribution and alignment, or to the interferometer. The direct light from the plasma
was blocked by Al filter after multilayer mirror.

Two sets of data were acquired for the distance between the source and the inter-
ferometer (5 m and 7 m). The distance of the interferometer and the camera was, in
both cases, 1.5 m and the tilt of the camera was 35 degrees.

The spectral linewidth (�λ) is given by

�λ = λ2

c
�ν (1)

where λ is XRL wavelength. The coherence time (�ν) can be measured by the vari-
ation of the path difference between dihedron mirrors. This measurement resulted in
0.7 ps and 1 ps for distance of 5 m and 7 m, respectively. According to Eq. (1), the
corresponding spectral linewidths are 11.3 mA and 7.7 mA. The measured data of
the coherence time leading to a Fourier transform limit of the duration below 1 ps,
which is much smaller that duration of the duration of the SXRL and potentially it
indicates the possibility of the amplification of sub-picosecond duration [7].

4 The Zn X-Ray Laser as a Powerful Tool to Probe Dense
Plasmas

Because of natural constraint, the electromagnetic radiation can propagate through
the plasma only if the electron density does not reach the critical density that scales
as λ−2. Therefore, one is obliged to use the short-wavelength probe in order to
investigate the region close to the critical density for VIS or UV laser light where
a lot of interesting phenomena occur. Besides the wavelength criterion, the probe
beam must be bright enough to overcome the thermal radiation of the investigated
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Fig. 3 The sketch of the
experimental scheme. The
XRL beam is either sent to
footprint or to the
interferometer

plasma. Therefore the most suitable plasmatic sources for dense plasma probing
are X-ray K-alpha radiation sources, or X-ray lasers [8] emitting in soft X-ray or
extreme ultra-violet range [9].

4.1 Deflectometry of the Dense Plasmas

This paper introduces a new simple deflectometric technique that enables to re-
solve the gradients in both directions of the projection plane using the deformation
of the Talbot pattern of a single 2D grating. The simplicity and low demands on
spatial coherence of the probing beam enables the use of this method in complex
experiments where the previous techniques would not be acceptable. The probing
technique is based on a modification of the Talbot reconstruction of the 2D grat-
ing, caused by density gradients in the probed plasma. The suggested experimental
setup is a simple modification of the setup used for X-ray laser backlighting [10].
The plasma is imaged on a CCD camera with sufficiently high magnification, so
that good spatial resolution is achieved. The pinhole is placed in the position of the
probing source image in order to eliminate most of the plasma self-emission and en-
hance the signal-to-noise ratio. The size of the pinhole must be set as a compromise
between this ratio and maximum detectable wave-front tilt (maximum detectable
density gradient). The 2D grating is placed between the pinhole and CCD so it has
its first Talbot sub-plane (or plane) on the CCD. The simplified experimental setup
is shown in Fig. 4.
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Fig. 4 Experimental setup of the density gradient measurement. a is a object distance, a′ is the
image distance, f denotes focal length of the imaging element, Δ is the distance between 2D
grating and CCD. G′ denotes the virtual image of grating G that is placed at a distance b in front
of the probed plasma

The beam of the Ne-like zinc X-ray laser emitting at 21.2 nm [1] was used as a
probe beam, operating in the single pass regime with the 150 ps (FWHM) pulses
of 0.4 mJ estimated energy in a pulse. The Mo-Si multi-layer spherical mirror with
f = 300 mm was used to image the plasma on back-illuminated X-ray CCD with
magnification factor M = 5.5. The pinhole of the diameter of 0.5 mm was put to
the image of the XRL source in order to reduce the signal of plasma self-emission
[10]. The XRL source was 2800 mm from the imaging mirror. Then the 100 µm-
period laser-drilled 2D grating made of 5 µm thick steel sheet was placed to the
distance � = 980 mm from the CCD, i.e. the higher sensitivity and worse spatial
resolution configuration for the first Talbot sub-plane (q = 1) was used. The plasma
was created by the focusing sequence of two pulses in order to create similar plasma
conditions on solid target as with XRL sequence. The linear plasma was created by
80 J@250 ps pulse of 1.3 µm laser by pair of cylindrical and spherical lenses with
focal lengths of 6 m and 1.2 m, respectively, into the 150 µm-wide and 1.5 mm-
long line, overfilling the 1 mm-wide slab in order to produce uniform irradiation on
the target with intensity of 4 × 1013 W cm−2. The plasmas created by irradiation of
Zn, Fe, and Au slabs were investigated. The recorded pattern Φ(x,y) is related to
density gradient ∇n via the formula∫ L

0
∇n(x, y, z) dz = Φ(x,y) (2)

where L is the length of plasma. If plasma is regarded as uniform in probing di-
rection, Eq. (2) can be simplified to L∇n(x, y) = Φ(x,y) and supposing ne 	 nc

the relation ∇ne(x, y) = −2ncΦ(x, y)/L could be employed. The recorded patterns
and evaluated electron density gradient maps for Zn are shown in Fig. 5, for Fe in
Fig. 6 and for Au in Fig. 7. All presented plasmas were probe 0.3 ns after auxiliary
main pulse arrived to the target.

4.2 XUV Probing of the Laser Driven Radiative Shocks

Using high-energy lasers, the radiative shocks can be produced in gases. For in-
stance, the laser intensity about 1014 W cm−2 permits to generate shocks propagat-
ing at ∼50 km s−1 in gases at low pressure and to produce interesting phenomena
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Fig. 5 The example of recorded pattern (left) of the Zn plasma created on 1 mm solid target by
sequence of prepulse (I = 4 × 1010 W cm−2) and main pulse (I = 4 × 1013 W cm−2), where the
prepulse is 10 ns ahead to main pulse, and the corresponding electron density map (right)

Fig. 6 The example of recorded pattern (left) of the Fe plasma created on 1 mm solid target by
sequence of prepulse (I = 4 × 1010 W cm−2) and main pulse (I = 4 × 1013 W cm−2), where the
prepulse is 10 ns ahead to main pulse, and the corresponding electron density map (right)

like ionization wave, also called radiative precursor [11]. In such environment, the
electron density may be up to 1023 cm−3 and thus is difficult to probe it using long
wavelength light such as VIS. To be able to probe electron densities close to critical
density, the critical density of probe must be 10× higher than the investigated elec-
tron density. The critical density of the Zn XRL is about 1024 cm−3, which makes it
a very promising tool for investigation. Although, all the requirements on the prob-
ing beam is fulfilled, the X-ray shadowgraphy is a very delicate and requires a high
quality of all used components such as filters, mirrors, windows or membrane of
closing the gaseous targets. Recent experiments performed at PALS laser facility
in 2010 and 2011 reveal the critical optical elements, which are necessary for such
study. In Fig. 8 is schematically shown the experimental setup.

Probe beam enters and exits the gaseous target through membranes which must
be transparent enough, to do not absorb all XRL signal, and sturdy enough to with-
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Fig. 7 The example of recorded pattern (left) of the Au plasma created on 1 mm solid target by
sequence of prepulse (I = 4 × 1010 W cm−2) and main pulse (I = 4 × 1013 W cm−2), where the
prepulse is 10 ns ahead to main pulse, and the corresponding electron density map (right)

Fig. 8 The experimental schema. The auxiliary beam @1.3 micron is focused on Au/CH pis-
ton and launches the shock. 20 ns after the shock start propagating is investigated by XRL. The
modifications of transmissivity are imaged on the CCD with magnification 5.5

Fig. 9 The image of XRL reflected by Mo/Si multilayer mirror (left), Al/Mo/B4C multilayer
mirror (right) and corresponding images of shock waves
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stand a difference of pressure of 0.5 bar (inside the target) and 0 bar outside, without
leakage. In order to have the smallest energetic losses, the Si3N4 membrane was
used (T = 0.017 @21.2 nm). The imaging mirror must have a good and uniform
reflectivity at given wavelength. In Fig. 9, there are shown two examples of imaging
mirrors and corresponding shadowgrams of the shocks. On left part (see in Fig. 9)
the front of the shock wave is almost not distinguishable due to strong perturba-
tions coming from Mo/Si mirror. To enhance the mirror quality the new Al/Mo/B4C
multilayer mirror was used [12]. The difference is obvious, see in Fig. 9 (right).

5 Conclusion

At conclusion, the work at PALS facility over past decade, led us to provide the most
energetic X-ray source as standard user beamline, delivering up to 10 mJ. Beside the
standard characteristics of the XRL beam, the linewidth measurement was done and
it indicates the possibility of amplification of pulses below 1 picosecond. These
results are in good agreement with calculations. It was shown that the Zinc X-ray
laser is powerful tool to probe dense plasmas. The electron densities of various
elements were measured by deflectometry technique. The results will be used as
benchmark data for ARWEN code. Also the XRL beam was used to investigate the
radiative shock waves. The critical elements of the experimental setup are the optical
components. The dramatic improvement in the pattern contrast was presented.
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Chapter 25
Development of High Reflective Multilayer
Mirrors at “Water Window” Wavelengths
in IPOE

Haochuan Li, Jingtao Zhu, and Zhanshan Wang

Abstract Some X-ray sources for laboratory near “water window” wavelengths
have been developed. High reflective multilayer mirrors are required. In this wave-
length region, Cr/Sc, Cr/Ti, Cr/V and Cr/C are promising for high reflective mul-
tilayer mirror. The layer thickness is typically about 1.0 nm. We have deposited
Cr/C and Cr/Sc multilayers for λ = 4.48 nm and reflectance of 15.2 % was obtained
for Cr/C at near normal incidence. We also show that the interface of Cr/Ti multi-
layers can be significantly improved by inserting B4C as diffusion barrier layer. In
this report, high-reflective multilayer mirrors with and without barrier layer were
deposited by using magnetron sputtering method. The reflective properties of the
multilayer mirror were measured by using synchrotron radiation.

1 Introduction

Multilayer-based reflective optics in the extreme ultraviolet and soft x-ray region has
tremendously progressed in the past three decades, which has been widely used in
EUV lithography, x-ray astronomy, soft x-ray microscopy and synchrotron radiation
instruments [1]. In the “water window” wavelength (2.3 nm < λ < 4.3 nm), great
opportunities emerge in microscopy of biological samples with both high contrast
and high resolution [2]. High reflective coatings are needed for laboratory “water
window” light source.

In the “water window” wavelengths, C, Sc, Ti, V are suitable spacing layer ma-
terial near their respective absorption edges. State-of-the-art Cr/C [3] and Cr/Sc [4]
multilayers have near-normal reflectance of about 13% and 20% respectively. Ti-
based [5] and V-based [6] multilayers are still under-developed with reflectance of
2 %–3 %.

In this paper, we present the development of ultra-thin multilayers near “water
window”. Cr/C and Cr/Sc multilayers were prepared for λ = 4.48 nm and measured
at BESSY II. Reflectance of 15.2 % was obtained for the Cr/C one. Cr/Ti multilayers
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for λ = 2.73 nm were studied by introducing B4C at interfaces. The effect of B4C
thickness and interface symmetry were investigated. The hard x-ray (λ = 0.154 nm)
reflectance were found 8 times higher after introducing 0.13 nm B4C at both inter-
faces.

2 Experimental Details

All the multilayers were deposited by an ultrahigh vacuum direct current magnetron
sputtering system. Base pressure was below 5.0 × 10−5 Pa. The sputter gas was
argon at a constant pressure of 1.0 mTorr (0.13 Pa). All multilayers were deposited
onto sliced polished silicon (100) wafer.

Grazing-incidence X-ray reflectance (XRR) measurements were made in the
θ–2θ geometry using a 4-circle x-ray diffractometer having a sealed-tube Cu source
and a Si (220) crystal monochromator tuned to the Cu K–α line (λ = 0.154 nm,
E = 8.05 keV). The angular divergence of this system is estimated to be ∼0.007°.
Near-normal incidence soft x-ray reflectance measurements for Cr/C and Cr/Sc were
made on beam line UE56/2-PGM-1 at BESSY-II synchrotron radiation.

3 Results and Discussion

3.1 Cr/C and Cr/Sc Multilayers

Cr/C and Cr/Sc multilayers were designed as near-normal incidence reflective mir-
ror with period D = 2.26 nm, thickness ratio (C layer thickness to period) Γ = 0.55
and bilayer number N = 300. After deposition, XRR measurements were per-
formed. The results are shown in Fig. 1(a). Both curves show sharp and intense
Bragg peaks up to 4° of grazing incidence angle, which indicate sharp interfaces
with small roughness or interdiffusion. The reflectance were measured at syn-
chrotron radiation (SR) facility and shown in Fig. 1(b). Cr/C multilayer has a re-
flectance as high as 15.2 %, while Cr/Sc has only 7.5 %. The less reflectance of
Cr/Sc is due to smaller optical contrast at this wavelength than Cr/C.

3.2 Cr/Ti Multilayers

We have deposited 4 sets of Cr/Ti multilayers. Firstly, four pieces of pure Cr/Ti
multilayers with Γ = 0.45, N = 50 were prepared as reference samples and the
periods of the multilayers were in the range of 1.37–1.66 nm. Then, other three
sets had the same deposition time of Cr and Ti with the 1.37-nm-thick pure Cr/Ti
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Fig. 1 XRR (a) and SR (b) measurements of Cr/C and Cr/Sc multilayers

multilayer, but they had B4C diffusion barrier layer inserting at the Cr-on-Ti or Ti-
on-Cr or both interfaces. Each set had five samples with nominal B4C thickness of
0.08, 0.13, 0.18, 0.22, 0.27 nm.

The four sets of multilayers were measured by XRR. Only the first order peaks
can be observed as the periods are ultra-short. Thus we plotted the peak intensities
versus peak positions of all the samples in Fig. 2(a). For three sets with B4C barrier
layer, points on the left (low angle) side represent multilayers with thicker B4C as
the Cr and Ti layer thicknesses are identical to each other. Inserting B4C on either
interface would improve multilayer quality, and the best performance was achieved
by inserting B4C at both interfaces. Inserting B4C at Cr-on-Ti interface gives more
reflectance than at Ti-on-Cr interface. Comparing samples with different B4C thick-
ness, we have found that B4C of 0.13 nm thick provide reflectance improvement as
good as thicker ones. Considering that thicker B4C will reduce theoretic reflectance,
0.13 nm B4C layer will be inserted at both interfaces.

Basing on the preliminary results, two pieces of Cr/Ti multilayers with N = 600
were deposited for λ = 2.73 nm, one with 0.13 nm B4C barrier layer on both inter-
faces, the other without barrier layer. The XRR measurement results are shown in
Fig. 2(b). The peak reflectance of the Cr/Ti multilayer with B4C barrier is 8 times
higher than the one without barrier layer. Such great improvement in hard x-ray re-
flectance exhibits the effect of B4C barrier layer, and also predicts improvement in
soft x-ray reflectance at λ = 2.73 nm.

4 Conclusion

Cr/C and Cr/Sc multilayers for λ = 4.48 nm were deposited and reflectance of
15.2 % was obtained for the Cr/C one. The B4C diffusion barrier layer inserting into
Cr/Ti multilayers were investigated, and the best barrier layer thickness is 0.13 nm.
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Fig. 2 (a) First order peak reflectance versus peak position plot of the four sets of N = 50 Cr/Ti
multilayers with or without B4C barrier layer. (b) XRR curves (log scale) of N = 600 Cr/Ti multi-
layers with or without B4C barrier layer, the inset shows the linear scale zoom of first order peak

After introducing 0.13 nm B4C in both interfaces, an 8 times improvement of re-
flectance at 8.05 keV was observed.
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Chapter 26
Time Resolved Holography Scheme Using
a Table Top Soft X-Ray Laser

E.B. Malm, N.C. Monserud, P.W. Wachulak, C. Brown, W. Chao,
E. Anderson, H. Xu, C.P. Hains, G. Balakrishnan, C.S. Menoni, J.J. Rocca,
and M.C. Marconi

Abstract We demonstrate a versatile table-top holography setup capable of acquir-
ing single-shot soft X-ray holograms with a 10–90 % knife edge spatial resolution of
170 ± 26 nm and 1 ns temporal resolution. A Fresnel zone plate is used to create the
reference wave as well as to illuminate the sample in a Fourier transform holography
scheme. A 100 µm in diameter central opening in the zone plate allows the incident
beam to pass through and directly illuminate the object. A pinhole is located in the
sample mask allowing the first order from the zone plate to pass while blocking the
higher orders. This setup can be used to enhance edges for conventional single-shot
soft X-ray holography imaging.

1 Introduction

X-ray imaging promises to provide nanometer spatial and femtosecond temporal
resolutions [1]. So far, a major limitation preventing X-ray imaging from becoming
more prevalent is that much of X-ray imaging research is conducted at limited-
access free electron lasers (XFELs) or synchrotron sources [2–5]. Recently, table-
top sources have shown the ability to provide the coherence and intensity required
for X-ray imaging [6–10]. As table-top soft X-ray lasers become more available,
experimental setups need to be developed in order to image specimens in other areas
of science.
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In this paper we describe a Fourier transform holography (FTH) setup similar to
the one described by McNulty [4]. It utilizes FTH for soft X-ray imaging. A Fres-
nel zone plate is used to create the reference wave while transmitting the beam
directly to illuminate the object creating the object wave. The interference between
these two waves allows for direct reconstruction of the sample with a simple two-
dimensional Fourier transform applied to the detected intensity. Previous work has
used the diffracted field from the zones of a Fresnel zone plate to illuminate the
object. This experiment allows the incident beam to pass directly through a cen-
tral opening in the zone plate. The central opening allows for a more intense and
uniform illumination of the sample and provides single-shot nanometer-scale re-
constructions.

2 Soft X-Ray Laser

The coherent soft X-ray beam is produced from a table-top discharge-pumped laser
emitting at a wavelength of 46.9 nm [11]. The high-gain lasing medium is Ne-like
argon plasma. The 46.9 nm wavelength light used for illumination is produced by
a table-top discharge pumped capillary Ne-like Ar laser. This compact laser when
operated with a 27 cm long capillary produces ∼0.3 mJ pulses at a repetition rate of
1 Hz. The laser fits on an optical table occupying a 1 × 0.5 m2 footprint. The EUV
laser has a high temporal coherence with a fractional spectral bandwidth of �λ/λ ≈
3–4 × 10−5 [12], which corresponds to a coherence length of lc ≈ 750 µm. The
beam is also highly spatially coherent. The spatial coherence radius in the position
where the hologram was recorded was approximately 500 µm for a capillary length
of 27 cm and become fully coherent as the capillary was lengthened to 36 cm [13].

3 Experimental Setup

Figure 1 shows a diagram of the experimental setup. The laser pulse reflects off a
Mo/Si multilayer mirror at 45° incidence angle (not shown in the figure). The mir-
ror allows a precise alignment of the laser beam in the optical axis of the hologram
recording setup and simultaneously provides extra spectral filtering to the illumi-
nation. The pulse then illuminates a Fresnel zone plate which produces a reference
wave focusing in the 400 nm pinhole made in the sample substrate and at the same
time allows the beam to directly illuminate the sample with its 100 µm central open-
ing. A pinhole in the sample mask allows for the first order from the zone plate to
pass while filtering out the higher orders. The sample is placed in the first order fo-
cal plane of the zone plate which is approximately 1 mm away from the zone plate.
The sample is located 5.5 cm from an X-ray back illuminated charge coupled device
(CCD) camera from Andor. The CCD has 2048 × 2048 pixels with a square pixel
size of 13.5 × 13.5 µm2. This setup allows for single-shot time-resolved holograms
with real-time detection and reconstruction.
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Fig. 1 The Fresnel zone plate creates both the reference and the object waves necessary for FTH.
The first order from the zone plate passes through a pinhole in the mask. The 100 µm in diameter
central opening in the zone plate allows for the incident light to illuminate the object creating the
object wave. The object and reference waves interfere on the CCD

4 Experimental Results

Experiments in the past have used zone plates with all the zones to image samples
with X-rays [4]. This previous work used diffracted light through the zones to il-
luminate the object which might produce a complicated illumination pattern in the
sample plane. In the experiment described herein a 100 µm in diameter central open-
ing was created in the zone plate that was used to illuminate the sample. To show
the advantage of using a central opening instead of a zone plate with all the zones,
we performed a comparison in reconstruction quality for the two cases.

The sample was a series of elbow-shaped apertures made in a 200 nm thick Si3N4

membrane with a 200 nm layer of gold deposited on top. The sample was then milled
using a focused ion beam (FIB). The slits’ widths in this sample vary from 2 µm,
1 µm, 0.5 µm and finally to 0.25 µm in the smallest elbow test pattern. A scanning
electron micrograph (SEM) image of the sample is shown in Fig. 2a. Figure 2b was
obtained using a zone plate with 100 µm in diameter central block with a zone plate
outer zone width of 120 nm.

The reconstruction clearly shows that the sample is illuminated with a distorted
wavefront which is less than ideal for imaging purposes. Figure 2c shows the effect
of illuminating the object directly with an opening in the zone plate. The bottom
section of the sample, indicated with the red dashed line, was illuminated with the
opening while the remaining parts were illuminated with the diffracted field from the
zone plate. The central opening provides a more intense and uniform field making it
more advantageous for imaging. This setup is capable of imaging large samples with
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Fig. 2 (a) An SEM image of the sample. (b) The reconstruction using a Fresnel zone plate with a
100 µm in diameter central block. The inset in (b) shows a diagram of the zone plate used with a
central block. (c) A reconstruction using a Fresnel zone plate with a D = 100 µm central opening.
The inset in (c) shows a diagram of a zone plate with a central opening. The bottom section of
(c) is directly illuminated with the incident beam (red dashed line), while (b) is illuminated by the
diffraction through the zone plate entirely

nanometer-scale resolution. The only limitation to the sample size is determined by
the central opening of the zone plate which in this case is 100 µm in diameter.

5 Edge Enhancement

To show the versatility of this setup, it is possible to enhance different features of
the sample by repositioning the zone plate relatively to the reference hole. In this
experiment the sample was fabricated on a 200 nm of Si3N4 with 200 nm of gold
deposited on top. A FIB was used to create the four pillar design into the membrane.
The sample contains four pillars with a height of 10 µm and of varying widths. The
pillar widths are 4 µm, 2 µm, 1 µm and 0.5 µm. An SEM of the pillar sample is
shown in Fig. 3a.

The image also shows that the sample is contaminated with several small parti-
cles. The contamination appears semi-transparent making it difficult to determine
its extent with an SEM. In order to see the contamination more clearly, the image
contrast was adjusted and is shown in Fig. 3b. As a comparison, Fig. 3c shows the re-
construction of the sample using the optical setup shown above, and the two images
agree well with each other. The small differences between the SEM image and the
soft X-ray image could be attributed to the different scattering properties between
electrons and X-ray photons. While Fig. 3c shows the capability to image samples
with a single-shot, Fig. 3d shows the ability of this setup to optically enhance edges.
By adjusting the focal spot location it is possible to increase the amount of light
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Fig. 3 (a) An SEM image of
the pillar sample. (b) An
SEM image with the contrast
adjusted to show the
contamination more clearly.
(c) A reconstruction from a
single-shot hologram.
(d) A single-shot
reconstruction showing the
edge enhancement by
readjusting the zone plate
focal position

Fig. 4 A knife edge cut from
the single-shot reconstruction
from Fig. 3c. The resolution
obtained is 170 ± 26 nm

at high diffracted angles which would enhance the signal in the hologram corre-
sponding to high spatial frequencies. This annular illumination results in an edge
enhanced reconstruction, and the adjustment allows for edge enhancement without
any post processing of the reconstruction. A typical example of this illumination
effect is shown in the reconstruction in Fig. 3d.

To make a first assessment of the spatial resolution we utilized the knife edge
method [14]. A characteristic knife edge cut along the reconstruction in Fig. 3c is
shown in Fig. 4. Performing these cuts in different regions of the image gives dif-
ferent values for the 10–90 % intensity transition. We performed a statistical study
to obtain a resolution of 170 ± 26 nm from a single-shot hologram based on 12
measurements. The theoretical diffraction limit for the zone plate used in this exper-
iment with a 100 µm in diameter central opening was numerically calculated to be
150 nm, a little larger than for a full zone plate equal to 122 nm.
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6 Conclusion

In conclusion, we have demonstrated a soft X-ray optical system capable of ac-
quiring single-shot holograms with a resolution of 170 ± 26 nm. Also, optical edge
enhancement can be easily implemented by repositioning the zone plate relative to
the sample. This work has shown that having a central opening in the zone plate for
direct illumination of the sample is advantageous to illumination with the diffracted
field through the zone plate.
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Chapter 27
Plasma Homogenization for Overcoming
Refractive Losses in X-Ray Lasers

Leili Masoudnia and Davide Bleiner

Abstract Refractive losses along laser-produced plasmas used as gain media are
caused by density gradients. The pump pulse is thus deflected from the high gain
region and the short wavelength signal steers-away causing loss of collimation. Hol-
low cylinders used as targets make the plasma homogeneous and can mitigate re-
fractive losses by means of waveguiding.

1 Introduction

Profiles of the electron-density in laser-produced plasmas used as gain media lead
to a deflection of the pump pulse up to a turning point. The generated short-wave
also steers-away during propagation along the plasma column causing loss of colli-
mation and illumination quality. The prepulse technique was shown to mitigate the
refraction problem [1] as well as original target designs [2–5]. Refraction is thus an
important effect limiting the gain. To begin with, the refractive losses in a planar
target are discussed. Then at original target design to produce plasma homogeniza-
tion was studied; besides, a computational study with a hydro-code for planar and
hollow cylindrical target is presented which includes a ray tracing modeling based
on the Eikonal theory of the trajectory-equation.

2 Refractive Losses in a Planar Target

Figure 1 shows the electron density distribution before and after delivering of the
main pump pulse on a planar target. The onset of a density gradient deflects the
pump pulse up to a turning point, causing loss of efficiency.
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Fig. 1 Electron density distribution before and after delivery of the main pump pulse with
the hydro code. The pump is reflected already at �56 % of the maximum penetration depth
(nc = 1.1 × 1021)

Fig. 2 Trajectory of the pump pulse considering the density profile before the main pulse for the
irradiation angle in the range 10° to 80°

Figure 2 shows pump pulse trajectory as a function of irradiation angle. With the
smaller angle one notes a longer active volume, that for 49° angle gives a penetration
depth of 48 µm (Fig. 1). A longer and shallower active volume has a higher gain-
length product for saturation.

The trajectory of the short-wavelength signal is shown on Fig. 3. At a distance
larger than 55 µm, the output divergence is approx. 6 mrad, which is in agreement
with our experimental studies [6]. The observations point at one common solution;
i.e., plasma homogenization is required [7].

3 Plasma Confinement for Signal Waveguide

Using hollow targets confines the plasma and acts as a signal waveguide. Figure 4
shows the two counter-propagating fronts toward the center at 1 ns. These merge at
1.7 ns and create a concave density profile. At 5 ns the profile evolves into a convex.
Figure 5 shows that using the hollow cylindrical target can effectively overcome the
refraction problem of X-ray lasers.
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Fig. 3 Short-wavelength signal trajectory along the plasma gain medium (a), and refraction rate
as a function of distance from the target (b)

Fig. 4 Temporal and spatial evolution of the electron density profile for hollow cylinder target.
The profile tends to self-homogenize

Fig. 5 Short-wavelength signal trajectory inside the hollow cylindrical target (a), and refraction
rate as a function of radius (b)



174 L. Masoudnia and D. Bleiner

4 Conclusions

Ray trajectory for the IR pump pulse and short-wavelength signal for planar target
showed that at the smaller grazing angle a longer active volume is excited. There-
fore, a maximum gain-length product was achieved, if refraction would not limit the
performance. Ray trajectory for the X-ray signal in hollow targets is presented, and
it is shown that it can effectively mitigate refractive losses.
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Chapter 28
Temporal Coherence and Spectral Linewidth
of Neon-Like XUV Lasers Pumped
in the Quasi-steady State Regime

L. Meng, A. Klisnick, M. Kozlova, K. Bohacek, M. Krus, J. Prokupek,
L. Urbanski, M.C. Marconi, M. Berrill, J.J. Rocca, O. Guilbaud, F. Tissandier,
S. Sebban, P. Zeitoun, A. Calisti, S. Ferri, C. Mossé, and B. Talin

Abstract We report recent experimental progress in the characterization of the tem-
poral coherence and related spectral linewidth of plasma-based soft X-ray lasers
(SXRL). New measurements were carried out with two types of SXRLs pumped
in the quasi-steady state (QSS) regime, in a capillary-discharge plasma and in a
laser-produced plasma. We describe the main results obtained from both experi-
ments and compare them to dedicated numerical simulations. We discuss the results
in the context of the possibility to achieve XUV lasers with pulse duration below
1 picosecond.

1 Introduction

The progress of collisional soft X-ray lasers (SXRL), generated by quasi-steady
state [1] or transient pumping in solid target plasmas [2], optical-field-ionization
in gaseous targets [3], and capillary discharges [4], have opened the way to com-
pact devices and new prospects for various applications. This requires a detailed
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characterization of their output parameters, like the energy per pulse, duration
etc. The spectral linewidth �λ, or the coherence time τc are also very impor-
tant parameters, since they determine the shortest pulse duration (Fourier-transform
limit τFL) that can be achieved (in a linear amplification regime), through the re-

lation: τFL = α λ2

�λ
= βτc, where α and β are numerical factors depending on the

particular shape of the line profile. The spectral width of the SXRL line results from
the complex combination of several processes, namely the contribution of homo-
geneous (natural and collisional) and inhomogeneous (Doppler) broadenings of the
intrinsic profile, followed by gain narrowing with amplification of the line along
the plasma length [5]. When inhomogeneous broadening is the dominant cause of
broadening the line can be rebroadened when the laser reaches saturation [6].

The purpose of our work is to characterize experimentally the spectral behavior
of existing collisional excitation SXRLs, and to evaluate their potential to support
the amplification of pulses with duration below 1 ps. Over the recent years, our
previous studies were devoted to short pulse (femtosecond to picosecond) pumped
systems, in which the duration of the SXRL pulse is of the same order of magnitude
as the coherence time. At LOA-Palaiseau (France), a coherence time of ∼5 ps was
measured in a Ni-like Kr laser generated at 32.8 nm from an optical-field ionized
plasma [7]. At Colorado State University (USA), a shorter coherence time of ∼1 ps
was measured in a Ni-like Mo laser (λ = 18.9 nm) pumped in the transient regime
with a grazing incidence irradiation geometry [8]. Here in the present paper, we
present new measurements that were carried out with two types of neon-like SXRLs,
pumped in the quasi-steady state (QSS), long pulse (100 ps to nanosecond) regime:
the capillary-discharge argon laser generated at CSU (USA) [9, 10], and the Ne-like
Zn laser generated at PALS (Czech Republic) [1]. These sources differ from the
previous ones by several aspects, among which a higher ionic temperature leading
to a larger contribution of Doppler broadening of the laser lines.

We used a variable path-difference, wavefront-division interferometer, which
was specifically designed to measure the temporal coherence of the source. This
interferometer, described in [11], is composed of two dihedrons, tilted towards each
other with a small angle. The incoming beam is separated into two beamlets that
slightly converge towards each other after reflection on the dihedrons. In their over-
lapping region, interference fringes can be recorded using a XUV CCD camera. One
of the dihedrons can be accurately translated vertically in order to introduce a path
difference between the interfering beams. By following the evolution of the fringe
visibility as a function of the delay with successive shots performed in identical
conditions, it is possible to measure the coherence time of the pulse, and to infer the
spectral width of the line through a Fourier transform.

2 Capillary-Discharge Ne-Like Ar Laser

Capillary discharge XUV lasers are the highest average power tabletop source of
coherent soft-x-ray radiation [9, 12] up to date. The capillary discharge Ne-like Ar
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Fig. 1 (a) Example of a measured visibility curve; (b) Measured spectral width as a function of
amplifier length. The black points with error bars stand for experimental data, and the three curves
show the simulation results for different temperatures [10]

laser operating at λ = 46.9 nm (3p-3s J = 0–1 line), was first demonstrated in 1994
[4] and has been widely characterized [13–17]. However, the spectral linewidth and
the temporal coherence, which are important parameters in applications such as
interferometry [18] and large area nanopatterning [19], remained to be measured.
Capillary discharge plasmas are characterized by a low electron density (Ne ∼ 2 ×
1018 cm−3) and a relatively high ionic temperature (kTi ∼ 100 eV). The Doppler
effect is thus expected to be the dominant cause of broadening of the laser line. The
Ne-like Ar laser is thus an appropriate system to study the possible existence of
saturation rebroadening predicted in highly inhomogeneous line profiles [20]. This
is achieved by measuring the linewidth evolution with the plasma column length.

The experiment was performed at CSU (USA). The experimental setup and the
results obtained are presented in more detail in [10] as well as in a companion paper
(see [21]). Figure 1(a) shows an example of the measured variation of the fringe vis-
ibility with the path difference. The coherence time is defined as the delay at which
the visibility is decreased by 1/e of its maximum. We find that the experimental data
fit very well to a Gaussian curve. The corresponding spectral profile, inferred by a
Fourier transform of the visibility curve, is also Gaussian. The linewidth is defined
as the FWHM of the spectral profile.

The measured variation of the spectral bandwidth as a function of the plasma
length is shown in Fig. 1(b). One can see that the bandwidth decreases slowly, while
no rebroadening of the line is apparent for the longest lengths, although the laser is
operated at saturation. The experimental data are compared to the predictions of nu-
merical simulations, performed at CSU, that compute the line propagation along the
amplifier axis taking into account gain saturation and refraction losses. One can see
that these calculations predict a weak rebroadening of the line beyond L ∼ 24 cm.
However this effect is small compared to our experimental error bars. For the longest
plasma length, the typical coherence time τc is 2.3 ps, corresponding to a Fourier
limit pulse duration τFL of 1.9 ps, which are both much shorter than the duration of
the SXRL pulse (1.2–1.8 ns).
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Fig. 2 Portion of the
interferogram detected with
the Ne-like Zn laser at
21.2 nm

3 Laser-Based Ne-Like Zn Laser

More recently we carried out a temporal coherence measurement of the Ne-like Zn
laser, emitting at 21.2 nm (3p-3s J = 0–1 line, as above). This SXRL is generated at
the PALS (Prague, Czech Republic) laser facility and was used for several applica-
tions [22]. The lasing plasma is pumped by a succession of a low-energy prepulse
and high-energy main pulse, both ∼300 ps in duration, delivered by an iodine pump
laser (λ = 1.315 µm). After double-pass amplification in a 3-cm zinc plasma col-
umn, the 21.2 nm pulse reaches saturation with a typical energy of ∼1 mJ per pulse
or more [1].

Although lasing is obtained on the same Ne-like 3p-3s transition as for the
capillary discharge laser discussed above, the plasma conditions in the gain zone
are markedly different. Here the electron density is typically ×100 times higher
(Ne ∼ 2–5 × 1020 cm−3), while the ionic temperature is only twice as high
(kTi ∼ 150–200 eV). As a result, in Ne-like Zn, both collisional and Doppler broad-
enings contribute at the same level, as will be shown below.

The interferometer was implemented along the 21.2 nm beam path, at a distance
of ∼5.5 meters from the source. Figure 2 shows a typical example of a single-shot
interferogram, when the path-difference between the interfering beams was close to
zero. The size of the overlapping region, where fringes are apparent, is ∼650 µm.
This is slightly larger than the spatial coherence of the beam at the interferometer
position, so that the fringe visibility is relatively low, of the order of 30 %. The
distance from the source was increased by ∼1.5 m in a second series of measure-
ments, but the fringe visibility was not significantly improved. Another difficulty
was the limited number of shots available in a data set, due to the low repetition rate
of the laser (2 shots per hour). Two series of data, where the path difference was
varied from −300 µm to +300 µm, were obtained for the two different distances
from the source mentioned above. They led to slightly different, although consistent
values for the coherence time of the 21.2 nm laser, namely τc = 1 ps and 0.7 ps for
the 5.5 m and 7 m distance respectively. The corresponding spectral linewidth are
11.3 mÅ and 7.7 mÅ respectively.

The measured �λ values were compared to the predictions of numerical simula-
tions, using the PPP lineshape code [23] to calculate the intrinsic broadening, and
a 1D-radiative transfer code [24] that computes the amplified profile, taking into
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account saturation. The plasma conditions in the gain zone are not known precisely,
but estimated as Ne ∼ 2–5 × 1020 cm−3, kTe = 200–300 eV; kTi = 150–200 eV.
A small-signal gain coefficient of 7 cm−1 was considered. We find that within this
parameter range, the amplified linewidth of the 21.2 nm laser varies between 7.4
and 10.6 mÅ, in good agreement with our measurements. The contribution of the
collisional broadening to the intrinsic line profile ranges from 11 to 24 mÅ, whereas
the Doppler one is of the order of 25 mÅ.

Finally the measured τc values were used to estimate the corresponding Fourier-
transform limit τFL, which is the shortest duration that could be reached if the
21.2 nm was fully temporally coherent. From the definition recalled in Sect. 1, and
considering a Gaussian shape, we find that τFL is below 1 ps for both measurements,
namely 0.6 and 0.7 ps. This is the shortest value ever measured for a plasma-based
SXRL and this confirms the high potential of the Zn quasi-steady state laser for the
generation of femtosecond amplified pulses, through seeding with high-harmonic
radiation.

4 Conclusion

We have measured the temporal coherence and spectral width of two Ne-like soft
X-ray lasers pumped in the quasi-steady state regime with two distinct techniques,
leading to different plasma conditions and spectral characteristics.

The Ne-like Ar, capillary-discharge pumped laser exhibits a spectral width that
decreases slowly as the plasma length increases, as a result of gain narrowing. The
small saturation rebroadening, predicted by numerical simulations, was not ob-
served and could be beyond our experimental accuracy. The measured coherence
time is ∼2 ps, much shorter than the pulse duration of 1.2–1.8 ns. For the laser-
pumped Ne-like Zn laser, the measured coherence time is shorter (0.7–1 ps), leading
for the first time to a Fourier-transform limit duration that lies below 1 ps.

In both cases, the inferred values for the spectral width of the laser line are in
good quantitative agreement with the predictions of numerical simulations. Finally
since the measured coherence times are in both cases much smaller than the duration
of the SXRL pulse, picosecond (or potentially sub picosecond) durations could be
reached through seeding with femtosecond high-order harmonic radiation.
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Chapter 29
Spectral Broadening of Ni-Like XUV Laser
Lines

L. Meng, A. Calisti, S. Ferri, C. Mossé, B. Talin, D. Benredjem, O. Guilbaud,
and A. Klisnick

Abstract We have used the PPP lineshape code to calculate the intrinsic (i.e. be-
fore amplification) line profile of the Mo XUV laser over an extended range of
plasma densities and temperatures, chosen to cover conditions for collisional excita-
tion pumping in the transient and quasi-steady state regimes. The calculated profiles
were then used to simulate the amplified line profile, using a detailed 1D-radiative
transfer code, taking into account the effect of saturation. We discuss the possibility
to achieve a gain bandwidth that would support pulse amplification below 1 ps.

1 Introduction

The demonstration of seeded, plasma-based XUV lasers with high-order harmonic
radiation has opened new and promising prospects for both these sources towards
higher peak brightness and output energies. Compared to the usual amplified spon-
taneous emission (ASE) mode, the optical quality of the seeded output beams is
dramatically improved, with a smaller divergence and a higher degree of spatial co-
herence [1, 2]. The degree of temporal coherence was also observed to be improved
by the seeding operation [3], but the measured coherence time was of ∼ 1 ps thereby
limiting the shortest duration accessible to a similar value [4]. A challenging goal is
to extend the pulse duration of seeded XUV lasers to the femtosecond range, since
this would considerably enhance the potential of these sources to application fields
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like ultrafast coherent imaging or interaction with matter at high XUV intensities.
This will require significant enlargement of the XUV laser spectral bandwidth.

The main purpose of the work described in this paper was to determine the main
plasma parameters that could be used in the experiment to reach the desired band-
width. We have used the PPP lineshape code [5] to calculate the respective contribu-
tions of the broadening processes that affect the intrinsic spectral profile of the 4d–
4p (J = 0–1) lasing line in Ni-like Mo. Our study cover an extended range of plasma
temperatures and densities over which collisional excitation pumping of these ions
can be induced. We consider two different pumping regimes: (i) the transient pump-
ing regime, which relies on a picosecond pump laser pulse, leading to plasmas with
relatively low ionic temperatures; (ii) the quasi-steady state (QSS) regime, in which
the ionic temperature is higher due to a longer (few 100 ps) pump pulse and more
efficient electron-ion thermalization. The calculated intrinsic line profiles were then
used to simulate the amplified line profile, using a detailed 1D-radiative transfer
code [6], taking into account the effect of saturation. We discuss the possibility to
achieve a gain bandwidth that would support pulse amplification below 1 ps.

2 Calculation of the Intrinsic Line Profile

The PPP code is a multi-electron radiator line broadening code [5, 7], which in-
cludes natural and Doppler broadening, as well as (electronic) collisional broaden-
ing using the classical impact approximation. The effect of ions was treated using
the static approximation. Figure 1 shows the computed overall FWHM linewidth �ν

plotted as a function of the electron density, for ionic temperatures of 20 eV (tran-
sient pumping, left graph) and 200 eV (QSS pumping, right graph) respectively. In
both cases the electron temperature was taken as 200 eV. The overall linewidth was
inferred from the calculated spectral profile, which was first fitted with a Voigt pro-
file. The individual contributions of the thermal Doppler component (independent
of Ne) and of the (electron) collisional component are also shown in Fig. 1.

It can be seen that the respective weight of collisional versus Doppler broaden-
ing varies considerably over the considered Ne range. At high Ne the collisional
broadening component dominates in both cases, while the linewidth increases with
Ne, although less than proportionally. In the transient pumping case the collisional
broadening is always larger than the Doppler one, except for Ne < 8 × 1019 cm−3.
In the QSS pumping case the Doppler broadening starts to dominate for densities
below ∼3 × 1020 cm−3.

It should be noted that the Doppler broadening is calculated here in the free-
particle limit, assuming that the velocity of ion emitters does not change over the
radiative lifetime. A more recent investigation, involving molecular dynamics simu-
lations, shows that this approximation can be inappropriate in our conditions, where
ionic correlation effects cannot be neglected. This aspect is discussed in a compan-
ion paper [7]. The inclusion of these effects in a line-transfer model used to calculate
the amplified line profile is not straightforward. Thus for the discussion below, we
consider the usual free-particle limit Doppler broadening only.
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Fig. 1 Calculated intrinsic linewidth (FWHM) as a function of Ne, for 2 pumping regimes:
(left) transient pumping (kTi = 20 eV); (right) QSS pumping (kTi = 200 eV). In both cases
kTe = 200 eV. Individual Doppler and collisional broadening components are also shown

3 Amplified Line Profile and Fourier-Transform Limit Duration

The calculated intrinsic linewidths were then used to calculate the amplified profile,
using a 1D-line transfer code [6]. This code describes the frequency-dependent am-
plification of the laser line intensity, taking into account the homogeneous (natural
and collisional broadening) and inhomogeneous (thermal Doppler frequency shifts)
components of the spectral profile, while allowing for gain saturation. A small-
signal gain coefficient of 70 cm−1 and a plasma length of 7 mm were consid-
ered.

Figure 2 shows the evolution of the spectral linewidth as a function of amplifi-
cation length, calculated in three distinct cases, corresponding to different plasma
conditions: (a) Ne = 8 × 1020 cm−3, kTi = 20 eV (homogeneous profile); (b) Ne =
2 × 1019 cm−3, kTi = 200 eV (inhomogeneous profile); (c) Ne = 3 × 1020 cm−3,
kTi = 200 eV (mixed profile). As expected, saturation rebroadening is observed
only in the inhomogeneous case (b), while the output linewidth recovers ∼2/3
of its intrinsic value for L = 7 mm. It should be noted that in all cases (even
in the homogeneous case (a)), the amplified line profile tends to a Gaussian
shape.

The Fourier-transform limit duration τFL, i.e. the shortest pulse that could be
extracted from the plasma (in a linear amplification regime), is related to the

spectral linewidth �λ as: τFL = κ λ2

�λ
, where κ is a numerical factor depend-

ing on the particular shape of the line profile (here κ = 1.5 × 10−9 for a Gaus-
sian profile). In the three above cases we find that τFL is below 1 ps, namely
(a) τFL = 450 fs; (b) τFL = 380 fs; (c) τFL = 650 fs. The shortest duration is ob-
tained for the strongly inhomogeneous case (b), due to the linewidth rebroadening
at saturation. However ionic correlation effects, discussed in [7], were found to be
significant in these plasma conditions. As a result, collisional cross-relaxation is
efficient and tend to homogenize the profile, preventing the rebroadening behav-
ior.
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Fig. 2 Calculated amplified linewidth (FWHM) as a function of plasma length for three different
plasma conditions, corresponding to different types of profile (see text): (a) homogeneous; (b) in-
homogeneous; (c) mixed
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Chapter 30
Visualization of Rapid Dynamic Interactions
by Flash Soft X-Ray Microscopy

C.S. Menoni, S. Carbajo, I.D. Howlett, W. Chao, E.H. Anderson,
A.V. Vinogradov, I.A. Artyukov, K. Buchanan, M.C. Marconi, and J.J. Rocca

Abstract We demonstrate sequential single-shot real space imaging using a com-
pact soft x-ray (SXR) microscope. A sequence of real space flash images ac-
quired with a table-top SXR laser was used to follow and record the motion of a
rapidly oscillating magnetic nanoprobe tip and detect nanoscale dynamic interac-
tions. Changes of tens of nm in the oscillation amplitude were detected when the
nanoprobe was made to interact with stray fields from a magnetic sample. Modeling
of this interaction confirms the results of the experiments. The ability of compact
SXR microscopes to freeze dynamics open up the pathway to investigate the dynam-
ics of a variety of processes that include the motion on nanodevices and potentially
nonrecurrent phenomena.

1 Introduction

Time resolved x-ray imaging is a powerful technique to record dynamic interac-
tions at the nanoscale. Stroboscopic pump and probe imaging techniques using syn-
chrotron illumination have been extensively used to monitor dynamics of magnetic
materials [1–3]. These experiments have been successful at probing dynamic pro-
cesses that can be held unaltered over minutes or hours, the time it takes to average
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several million of events before moving to the next time delay. There are, however,
other material processes such as twinning [4] and nanoscale ablation [5] that are
statistically reproducible but individually nonrecurring which can only be imaged
using flash illumination. SXR single shot imaging has been demonstrated [6–10].
As of today dynamic SXR imaging has only been realized in holographic and co-
herent diffractive imaging geometries which require extensive post-image process-
ing [11, 12] using free electron lasers. Electron microscopes have also the ability
to follow dynamics at the nanoscale [13–16]. Femtosecond temporal and picometer
spatial resolution can be obtained using a scanning imaging configuration similar to
photon-based stroboscopic pump and probe, that uses a few electrons per pulse at
the expense of long image acquisition times [13, 14]. Single-shot full field imaging
instead uses a large number of electrons per pulse, thus the spatial and temporal
resolution are limited by space charge effects to 10’s of nanometers and 10’s of
nanoseconds respectively [15, 16]. Electron beams are also affected by the presence
of electric and magnetic fields. These constraints do not apply to x-ray microscopes.

Soft x-ray microscopes owe their ability to render real-space images with
nanoscale resolution to the use of tailored diffractive optics. Advances in the fab-
rication of zone plate nanostructures have been instrumental in achieving 12 nm
spatial resolution [17]. In turn, the use of bright table-top SXR lasers for illumina-
tion give SXR microscopes the capability to acquire single-shot real-space images
in a non-destructive way [6]. We demonstrate the recording of nanoscale dynamic
interactions using a compact SXR microscope. A sequence of single-shot real-space
SXR captured the interaction of a magnetic cantilever tip and a magnetic sample.
Analysis of the time-sequenced images revealed an increase in the amplitude of the
tip oscillation of a few tens of nm due to the magnetic interaction. These results open
new opportunities in material science and nanotechnology, such as the characteriza-
tion of rapid motion in micro/nano-electro-mechanical devices, and the study of fast
non-periodic nanoscale processes in materials, such as the propagation of twins and
nanoablation related events. Both these and other laser-initiated phenomena can be
accurately synchronized with SXR laser probe pulses by using the same laser driver.

2 Experimental Details and Results

Sequential table-top SXR imaging was implemented using a compact microscope
that combines illumination from a desk-top size SXR capillary discharge laser
with reflective and diffractive optics [18]. The laser emits pulses of 1.5 ns dura-
tion at a wavelength of 46.9 nm (26.5 eV), with a spectral bandwidth of �λ/λ =
3.5 × 10−5 [19, 20]. A capillary length of 22 cm was selected to obtain pulses of
10 µJ energy, equivalent to 2.4 × 1012 photons/pulse and to maintain the spatial
coherence of the laser beam relatively low to minimize coherence effects on the
image. The microscope uses a Schwarzschild condenser and a zone plate objective.
The Schwarzschild primary convex mirror, 10.8 mm in diameter, and the secondary
concave mirror, 50 mm in diameter, are coated with Sc/Si multilayers that result in
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Fig. 1 Schematic of the set up used to implement single shot imaging with a transmission SXR
microscope. The object is a commercially available cantilever tip. The tip was driven by a sinu-
soidal voltage signal of frequency equal to the tip’s resonance frequency

a throughput of 16 % at λ = 46.9 nm and a numerical aperture of 0.18 NA [21].
The objective is a freestanding zone plate with 500 µm diameter, numerical aperture
0.32 NA, and a focal length f = 740 µm at λ = 46.9 nm. Its efficiency is 10 % in
first order [22]. Sequential single shot images were captured by a back-illuminated
array detector with 2048 × 2048 pixels of 13.5 µm size. The detector was cooled to
−15 °C to minimize thermal noise. We have previously shown through static imag-
ing of gratings with different period that the combination of a 0.32 NA objective
zone plate with illumination from the 46.9 nm laser yields images with a spatial
resolution of 54 nm [6].

Two commercially available nanoprobe tips were used in the experiments: a high-
aspect ratio Si tip and a Co-alloy coated standard magnetic tip that was magnetized
along the tip axis prior to use. The former consisted of a cone shaped tip with a
nominal radius of 20 nm, a nominal spring constant of 40 N/m, and a resonance
frequency of 318.6 kHz. The magnetic nanoprobe had a cone shaped tip radius
of 40 nm, a nominal spring constant of 0.7 N/m, and a resonance frequency of
65.2 kHz. Each tip was clamped onto a rectangular bimorph actuator driven by a
sinusoidal voltage signal (Fig. 1). The 1:1 array of 10 µm × 2 µm × 40 nm magnetic
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Fig. 2 Sequence of single-shot SXR images of the nanoprobe tip freeze the dynamics of the tip
oscillation. The tip moves 57 nm in 0.41 µs

strips was fabricated by means of standard UV photolithography in conjunction
with lift-off process in a 40 nm thick Permalloy film with composition of Ni/Fe
81:19 wt% that was deposited onto a photoresist-patterned Si wafer by DC mag-
netron sputtering.

Images were acquired by triggering the laser at different times with respect to the
tip driving signal. Figure 2 shows a sequence of images taken at different times in the
oscillation of the tip. Each image was analyzed using a procedure that consisted of:
(1) background-histogram equalization; (2) localization of the tip extremum through
a gradient map; (3) plotting of the image intensity profile along a vertical row of pix-
els containing the tip axis. This intensity profile consists of dark regions at the loca-
tion of the tip and surface respectively and a clear region in between (Fig. 2). (4) The
tip-to-surface separation was determined as the full-width-at-half-maximum of the
intensity profile. A set of over 100 sequential images were captured to map the en-
tire period of the tip oscillation. Averaging of five independent sets of tip trajectories
traces over a period allowed us to calculate the mean tip-to-sample distance with an
uncertainty of ±3 nm corresponding to one standard deviation. Finally, sequences
of images of the nanoprobe tip dynamics were assembled into motion picture by
sequencing the SXR images in temporal order [23].

We have used the SXR flash imaging capabilities to record nanoscale dynamic in-
teractions. We exploited the immunity of photons to electrostatic and magnetostatic
fields to record the interaction of the magnetic nanoprobe tip with the stray mag-
netic fields created by the magnetized Permalloy microstrip (Fig. 3a). This type of
interaction is what occurs in a magnetic force microscope. From a sequence of sin-
gle shot SXR images, the motion of the magnetic nanoprobe tip was reconstructed
when placed in a region between the strips and above the edge of a strip (Fig. 3). For
a given sign of the Permalloy strip remnant field, an increase in the amplitude of the
oscillation of (40 ± 3) nm and (30 ± 3) nm were measured. Reversing the direction
of the remnant field caused the tip amplitude to decrease (Fig. 3c).

The amplitude changes in the magnetic tip oscillation caused by the interaction
with the Permalloy microstrips were modeled assuming the tip to be a perturbed
harmonic oscillator in the presence of a magnetic dipole-dipole force. The force
gradients were calculated using established values of magnetization of 8×105 A/m
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Fig. 3 (a) Schematic rendering of the geometry used to interrogate the magnetic interaction of
the magnetized nanoprobe tip and magnetized patterned Permalloy sample. (b) Tip motion recon-
structed from the single shot SXR images for locations of the tip above the edge of a microstrip
(i and iii) and in between two microstrips (ii). (c) The amplitude of the tip corresponding to the
locations indicated by i, ii, and iii is shown for two possible orientations of the remnant field, show-
ing an increase in the amplitude and a decrease compared to the unperturbed oscillation when the
direction of the magnetization is changed

and 14 × 105 for Permalloy and Co-alloy which, for the volumes under consider-
ation, result in magnetic moments of 4.1 × 10−17 A m2 and 6.4 × 10−13 A m2 for
the tip and microstrips respectively. The magnetic force fields effectively change
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Fig. 4 (a) Photograph of the patterned Permalloy strips. (b) Map of the z-component of the mag-
netic field strength (Hz) present at z = 150 nm from the surface of a single 10 µm × 2 µm × 40 nm
Permalloy strip in remanence along the x direction. The model shows large magnetic strength on
the edges of the Permalloy microstrip. Fields calculated using Object Oriented Micro Magnetic
Framework (OOMMF) [24]. (c) Calculated amplitude of the tip oscillation for different locations
of the tip above or in between the microstrips. The black dots are the maxima and minima of the
tip oscillation obtained from the reconstruction of the tip motion shown in Fig. 3b

the restoring force of the oscillating magnetic tip through the addition of a term
that is proportional to the magnetic force gradient. A change in the restoring force
constant modifies the tip’s resonant frequency. When driving the tip at a fixed fre-
quency, a small change in the restoring force varies the amplitude and phase of the
tip oscillation. Figure 4 shows the variation of the z-component of the magnetic field
calculated at 150 nm above the surface of the microstrip where the tip is located are
significant at the edges of the microstrip. The results of the model are shown in
Fig. 4c. The model predicts changes in the amplitude of the tip oscillation of tens of
nanometers, which is in very good agreement with the experimental results.
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3 Conclusions and Outlook

In conclusion we have directly visualized nanoscale phenomena with a table-top mi-
croscope using bright flashes from a compact SXR laser. We have recorded single-
shot real-space images that mapped the motion of a magnetic nanoprobe tip and
its interaction with a magnetic sample. The ability to visualize nanoscale motion
on a table top will impact the development of nano-electro-mechanical devices.
Moreover, the use of a similar SXR microscope in a reflection configuration [25]
will allow to visualize nanoscale material surface dynamics such as laser abla-
tion, nanomachining and the study of material dislocation dynamics, nucleation
and growth. Furthermore, our table-top SXR laser dynamic imaging technique is
readily scalable in wavelength and temporal resolution. The recent advances in sat-
urated table-top SXR laser sources, that now provide picosecond pulses with ener-
gies >10 µJ per pulse at 13.9 nm [26], will open the possibility to visualize ultrafast
dynamics with a few tens of nanometer spatial resolution and picosecond time reso-
lution. Further advances in injection-seeding table-top SXR lasers that are expected
to produce high energy femtosecond pulses will make it possible to extend this tech-
nique to the femtosecond range [27].
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Chapter 31
Using the X-FEL to Understand X-Ray
Thomson Scattering for Partially Ionized
Plasmas

Joseph Nilsen, Walter R. Johnson, and K.T. Cheng

Abstract For the last decade numerous researchers have been trying to develop ex-
perimental techniques to use X-ray Thomson scattering as a method to measure the
temperature, electron density, and ionization state of high energy density plasmas
such as those used in inertial confinement fusion. X-ray laser sources have always
been of interest because of the need to have a bright monochromatic X-ray source
to overcome plasma emission and eliminate other lines in the background that com-
plicate the analysis. With the advent of the X-ray free electron laser (X-FEL) at the
SLAC Linac Coherent Light Source (LCLS) we now have such a source available
in the keV regime. Other X-FEL sources are being built in Germany and around the
world. One challenge with X-ray Thomson scattering experiments is understanding
how to model the scattering for partially ionized plasmas. Most Thomson scattering
codes used to model experimental data greatly simplify or neglect the contributions
of the bound electrons to the scattered intensity. In this work we take the exist-
ing models of Thomson scattering that include elastic ion-ion scattering and the
electron-electron plasmon scattering and add the contribution of the bound electrons
in the partially ionized plasmas. Except for hydrogen plasmas almost every plasma
that is studied today has bound electrons and it is important to understand their con-
tribution to the Thomson scattering, especially as new X-ray sources such as the
X-FEL will allow us to study much higher Z plasmas. Currently most experiments
have looked at hydrogen or beryllium. We will first look at the bound electron con-
tributions to beryllium by analyzing existing experimental data. We then consider
several higher Z materials such as Cr and predict the existence of additional peaks in
the scattering spectrum that requires new computational tools to understand. For a
Sn plasma we show that the bound contributions changes the shape of the scattered
spectrum in a way that would change the plasma temperature and density inferred
by the experiment.
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1 Introduction

Thomson scattering of X-rays is being developed as an important diagnostic tech-
nique to measure temperatures, densities, and ionization balance in warm dense
plasmas. Glenzer and Redmer [1] have reviewed the underlying theory of Thomson
scattering being used in experiments.

In this work we start with the theoretical model proposed by Gregori et al. [2] but
with one important difference. We evaluate the Thomson-scattering dynamic struc-
ture function using parameters taken from our own average-atom code [3, 4]. The
average-atom model is a quantum mechanical version of the temperature-dependent
Thomas-Fermi model of plasma developed years ago by Feynman et al. and is de-
scribed in Ref. [5]. It consists of a single ion of charge Z with a total of Z free
and bound electrons in a Wigner-Seitz cell that is embedded in a uniform “jellium
sea” of free electrons whose charge is balanced by a uniform positive background.
This model enables us to consider the contributions from the bound electrons in a
self-consistent way for any ion. Other approaches such as Gregori’s includes hydro-
genic wavefunctions with screening factors to approximate the contribution from
the bound electrons for a limited number of materials.

In this paper we look first look at the bound electron contributions to beryllium by
analyzing existing experimental data. We then consider several higher Z materials
such as Cr and predict the existence of additional peaks in the scattering spectrum
that requires new computational tools to understand. For a Sn plasma we show that
the contributions from the bound electrons can change the shape of the scattered
spectrum in a way that would change the plasma temperature and density inferred
by the experiment.

2 Validating the Average-Atom Code for Be Experiments

Numerous experiments have been done to look at Thomson scattering for low-Z ma-
terials such as hydrogen and beryllium. We examine one particular experiment [6]
done at the Omega laser facility that looked at Thomson scattering in the forward
scattering direction (40 degrees) off solid Be with a Cl Ly-α source at 2963 eV. Fig-
ure 1 shows the measured spectrum as the noisy dotted line. An electron temperature
of 18 eV, ion temperature of 2.1 eV, and density of 1.647 g/cc is used in the average-
atom model to give an electron density of 1.8 × 1023 per cc, in agreement with the
analysis in Ref. [6]. The dashed line shows the experimental source function from
the Cl Ly-α line. Because of satellite structure we approximate the source by 3 lines:
a Cl Ly-α line at 2963 eV with amplitude 1 and two satellites at 2934 and 2946 eV
with relative amplitudes of 0.075 and 0.037 respectively. Using the 3 weighted lines
to do the Thomson scattering calculation, we calculate the scattering amplitude for
Thomson scattering (solid line) and compare against the experimental data (dotted
line). We observe excellent agreement within the experimental noise. Contributions
from the bound 1s electrons have a threshold at 2876 eV that are beyond the range
of the data shown in the figure.
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Fig. 1 Intensity vs photon
energy for scattering of a Cl
Ly-α X-ray off Be at 40°.
Dotted line is experimental
data (see Ref. [6]) while solid
line is calculation for an
electron temperature of
18 eV. The dashed line shows
the Cl X-ray source

Fig. 2 Intensity vs photon
energy for calculation of
scattering of a Cl Ly-α X-ray
off Be at 40° for an electron
temperature of 18 eV. The
contribution from the K-shell
bound electrons is shown

For Be under the conditions just described the L-shell is completely stripped
but the K-shell is 97 % occupied. The average-atom code has Zf = 1.647 for the
number of free electrons in the jellium sea outside the Wigner-Seitz cell. The bind-
ing energy of the K-shell electron is 86.8 eV which means the threshold for seeing
the bound state contribution should begin at 2963 − 86.8 = 2876.2 eV. To under-
stand the contributions of the bound K-shell electrons to the Thomson scattering we
expand the energy scale in Fig. 1 and re-plot it on a log-scale looking just at the
average-atom calculation. In Fig. 2 we observe a K-shell contribution that is about
40 times weaker than the low-energy plasmon peak so it would be very difficult to
observe in a laser-plasma experiment given the experimental noise.
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Fig. 3 Intensity vs photon
energy for calculation of
scattering of a 4750 eV X-ray
line off 10 eV Cr at 40°. The
case where the 3p and 3s
bound electron contributions
are included is shown by
solid line

3 Modeling Cr and Sn Experiments

If we now consider higher-Z materials such as Cr and Sn at an electron temperature
of 10 eV the bound state contribution can be very important. Following Refs. [4, 6]
an ion/electron temperature ratio of 0.1 is assumed to reduce the central elastic scat-
tering peak. The average-atom code predicts that solid density Cr (7.19 g/cc) heated
to 10 eV has 6.2 continuum electrons in the Wigner-Seitz cell. This makes it a closed
Ar-like core with nearly fully occupied 3s and 3p subshells with binding energies of
57.7 and 30.7 eV, respectively. The code predicts Zf = 2.92 and an electron density
of 2.4 × 1023 per cc. Figure 3 shows the scattered intensity versus photon energy
for calculations done with (solid line) and without (dashed line) the contribution of
the bound electrons for a 4750 eV X-ray source scattered at 40° off the Cr. Without
the bound electrons we predict the central elastic scattering peak and the plasmon
peaks. When we include the effect of the bound electrons we predict a very strong
scattering peak that is downshifted about 40 eV from the central elastic peak due to
the 3p electrons and a weaker 3s peak.

For solid density Sn (7.3 g/cc) at 10 eV we look at the case of the 2960 eV X-ray
source scattering in the backward direction at 130°. The average-atom code predicts
that warm dense Sn has 4.4 continuum electrons with an average occupation of 8.8
for the 4d electrons and 0.8 for the 5s electrons outside a closed Kr-like core with
all the lower orbital subshells fully occupied. We predict Zf = 3.37 which gives an
electron density of 1.25 × 1023 per cc. The binding energies of the 4d and 5s elec-
trons are 22.4 and 2.14 eV, respectively, which means the effect of the 5s electron
will be hidden under the elastic scattering peak. Figure 4 plots the scattering inten-
sity versus photon energy for calculations done with (solid line) and without (dashed
line) the contribution of the bound electrons. For backward scattering the scattering
is no longer in the collective regime and the distinct plasmon peaks are replaced by a
broader scattering structure. The contribution from the bound 4d electrons is now an
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Fig. 4 Intensity vs photon
energy for calculation of
scattering of a 2960 eV X-ray
line off Sn at 130° for an
electron temperature of 10 eV.
The strong contribution from
the 4d bound electrons are
apparent for the case where
the bound electrons are
included (solid line) when
compared with case without
bound electrons (dashed line)

additional large broad feature that lies on top of the Thomson scattering and would
make it easy to misinterpret the spectrum if one did not understand the contribution
of the bound electrons.

4 Conclusions

The availability of bright monochromatic X-ray line sources from X-ray free elec-
tron laser facilities opens up many new possibilities to use Thomson scattering as
an important diagnostics technique to measure the temperatures, densities, and ion-
ization balance in warm dense plasmas.

Current attempts to model Thomson scattering tend to use very simplified mod-
els, if anything, to model the effect of the bound electrons on the measured scat-
tered intensity. Our approach here is to evaluate the Thomson-scattering dynamic
structure function using parameters taken from our own average-atom code [3, 4].
This model enables us to consider contributions from the bound electrons in a self-
consistent way for any ion.

In this paper we validate our average-atom based Thomson scattering code by
comparing our model against existing experimental data for Be near solid density
and temperature near 18 eV. For solid density Cr at 10 eV we predict the existence
of additional peaks in the scattering spectrum that requires new computational tools
to understand. We also analyze solid density Sn at 10 eV and show that the contri-
butions from the bound electrons can change the shape of the scattered spectrum in
a way that would change the plasma temperature and density inferred by the exper-
iment.

Acknowledgements This work was performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Chapter 32
Development of Soft X-Ray Microscopy Using
Fresnel Zone Plate for Observation
of Laser-Induce Surface Dynamics

M. Nishikino, M. Baba, T. Suemoto, N. Hasegawa, M. Ishino, T. Kaihori,
T. Kawachi, and M. Yamagiwa

Abstract X-ray reflective microscope in EUV region has been tried with a Fresnel
zone plate (FZP). FZP with an outermost zone width of 0.28 µm and thickness of
250 nm is used as an objective lens. The focal length of FZP is 10 mm at the wave-
length of 13.9 nm. Image of a test object has been taken, and the spatial resolution of
the measured image is estimated to be less than 1 µm in the case of the magnification
of 20.

1 Introduction

The dynamical processes of the ultra-short pulse laser induced surface modifica-
tions such as laser ablation come to attract much attention for the micro processing
[1, 2]. The understanding of the dynamics of the laser ablation process is important
for the accuracy and control of the femtosecond laser processing technique. How-
ever, the dynamics of the femtosecond laser ablation is still not clear. Several studies
on the time-resolved imaging of femtosecond laser ablation process have been per-
formed on various materials. We have developed the femto-second laser pump and
soft x-ray laser interferometer system in order to observe the dynamical processes
of the femto-second laser ablation. By using this system, we succeed to obtain sur-
face expansion of the laser induced Platinum (Pt) surface in the early stage [3–5].
It is necessary for the observation of detailed laser ablation to develop the measure-
ment technique with high spatial resolution. An x-ray microscopy technique has
expanded in the various fields due to its capability of nondestructive, high resolu-
tion and highly sensitivity analysis [6, 7]. The x-ray microscopy with high spatial
resolution has been developed for mainly x-ray transmitted samples. In the case of
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Fig. 1 Schematic view of the experimental setup

the measurement of the opaque sample surface, we can use the refraction type of the
x-ray microscopy. Recently, the refraction type of x-ray microscopy with high res-
olution is developed for the technique of the mask defects in the EUV lithography
[8]. However, the decrease in the spatial resolution caused by the deference of focal
depth is seemed to be a problem. In this study we have developed the proto-type
reflected soft x-ray microscopy with a practical level resolution using the Fresnel
zone plate.

2 Experimental Setup and Results

A schematic view of the experimental setup for proto-type refracted x-ray mi-
croscopy is shown in Fig. 1. The experiment has been performed at JAEA plasma
x-ray laser (XRL) beam lines. A highly coherent XRL at a wavelength of 13.9 nm
was generated 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 pulse width of the XRL was about 7 ps. The distance between
the FZP and the CCD camera is 230 mm in the case of magnification of 20. The
image of the test pattern was measured with the CCD camera. 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 resolution was
680 nm. We have obtained the single shot image of the grid on the sample surface.

Figure 2(a) shows single-shot images and spatial profiles of the test pattern in
the different focal position. The spatial resolution is about 1 µm and keeps for about
160 µm on the sample in the horizontal direction. In the case of few photon numbers
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Fig. 2 Single shot x-ray image of test pattern. (a) The horizontal grid image. (b) The vertical grid
image

in the single-shot image, it becomes a high spatial resolution by the data accumu-
lation of x-ray images. Figure 2(b) shows single-shot images and spatial profiles of
the test pattern in the vertical direction. The spatial resolution on sample is about
2.6 µm, because of a grazing incidence in the reflected x-ray microscopy system. In
this experiment, the spatial resolution by the limitation of the CCD pixel size and
the magnification was demonstrated over whole region of the sample surface.

3 Summary

We have developed the reflective x-ray microscopy and observed the surface groove
of test pattern. The spatial resolution is evaluated about 1 µm in vertical and about
3 µm in horizontal direction, respectively. In future, the spatial resolution will be
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improved by increasing the magnification, and the XRL pump-probe system can be
upgraded to have higher spatial resolution of 1 nm in depth and 100 nm in lateral
space by combining the reflective x-ray microscopy.

Acknowledgements This work was partly supported by a Grant-in-Aid for Young Scientist (B)
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Chapter 33
0.27 GW Soft X-Ray Pulse Using
a Plasma-Based Amplification Chain

E. Oliva, M. Fajardo, P. Velarde, D. Ros, S. Sebban, and P. Zeitoun

Abstract Seeding plasma-based soft-x-ray lasers (PBSXRL) with high order har-
monics (HOH) has been demonstrated in plasmas created from gas targets (Zeitoun
et al. in Nature 431:426, 2004) and solid targets (Wang et al. in Nat. Photonics
2:94, 2008), obtaining 1 µJ, 1 ps pulses. Reaching multi-microJoule, hundreds of fs
regime is the ultimate goal. Recent papers (Oliva et al. in Opt. Lett. 34(17):2640–
2642, 2009; Phys. Rev. E 82(5):056408, 2010) showed that increasing the width
(up to 1 mm) of the plasma increases the amplification surface and improves the
gain zone properties. Up to 20 µJ could be extracted when seeding but the tempo-
ral duration and profile was not studied. Simulations show that the HOH is weakly
amplified whereas most of the energy is within a long (several picoseconds) wake
induced by the HOH (Al’miev et al. in Phys. Rev. Lett. 99(12):123902, 2007; Kim et
al. in Phys. Rev. Lett. 104:053901, 2010). Amplified Spontaneous Emission (ASE)
is also present in the output beam. Using the 1D Maxwell-Bloch code DeepOne
(Oliva et al. in Phys. Rev. A 84(1):013811, 2011) we will show that fully coherent,
wake and ASE-suppressed, 21.6 µJ, 80 fs pulse can be obtained when optimizing at
the same time both the seed and the plasma conditions.
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1 Introduction

The emergence of free-electron lasers (FEL) emitting in soft X-rays (30 eV–1 keV)
and hard X-rays (energy greater than 1 keV) [9] is making astonishing advances in
time-resolved X-ray Science [3, 8]. Plasma based seeded soft X-ray lasers [14, 15]
are table-top sources that deliver several hundreds nanoJoules with optimal spatial
properties as they are fully coherent [14] and aberration-free [4]. However, current
and future applications need pulses of hundred femtosecond or shorter. In addition
to this, time-dependent Maxwell-Bloch models show that the output beam consists
of amplified spontaneous emission (ASE), weakly amplified HOH and a wake field
with a complex structure (Rabi oscillations and coherent decay) [1, 6].

In this article, using our time-dependent Maxwell-Bloch code DeepOne, we will
study the seeding and amplification of high order harmonics (HOH) inside plasma-
based amplifiers. We will show that adjusting HOH duration and energy to some
values given by plasma hydrodynamics leads to a single component pulse of 1.5 µJ,
140 fs. The amplifier required is a 2.5 mm long, 100 µm wide plasma. The energy of
the amplified pulse can be enhanced by increasing the width (i.e. the amplification
surface) of the plasma [10, 11]. Nevertheless, to keep the duration of the HOH along
the amplifier and avoid the creation of strong ASE and wake, it is necessary to seed
at high intensity. Among other possible sources, we selected as seeding source a
100 µm wide plasma amplifier seeded by HOH as described above. We simulated
the full pre-amplifier main-amplifier chain, demonstrating that it is possible to obtain
a 21.6 µJ, 80 fs single pulse when seeding carefully a 1 mm wide, 2 mm long plasma
with a 100 µm wide, 2.5 mm long plasma.

2 Maxwell-Bloch Equations

Amplification of the HOH through a plasma is a multiscale phenomenon involving
different physical processes: temporal variation of the envelop of the HOH elec-
tric field (tens of femtoseconds), plasma response to this electric field (tens of pi-
coseconds) and plasma hydrodynamics (hundreds of picoseconds to nanoseconds).
Maxwell-Bloch type equations (Eqs. (1), (2), (3) and (4)) take into account the first
two processes whereas hydrodynamic data is used as an input [12]:
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Equation (1) is deduced from Maxwell wave equation for the electric field. It
describes the propagation, amplification by the polarization density P and damping
by the free electron current of the envelope of the electric field. ωp and ω0 are
respectively the plasma frequency and the electric field frequency. To simplify the
equations we use the coordinate change τ = t − z

c
, the so-called reduced time (i.e.

the referential frame of the photon), and define ζ = cτ .
The rest of equations are deduced from Bloch equations. Equation (2) gives the

temporal evolution of the polarization [7, 13], where γ is the depolarization rate,
which we take to be proportional to the electron-ion collision frequency [7] and
N2,N1 are respectively the population of the upper and lower level of the transi-
tion. z21 is the dipole matrix element. To model the spontaneous emission, we have
added a stochastic source term, Γ . This term is a random variable with vanishing
correlation function, properly normalized to obtain the expected Lorenzian lasing
line profile [2, 7].

Finally, the populations of the levels involved on the lasing transition are com-
puted using the standard rate equations coupled with the electric field (Eqs. (3), (4)).
The populations of the levels involved on the transition are coupled with collisional
(de)excitation and radiative deexcitation rates included in the Cij coefficients and
with the soft X-ray laser electric field through polarization density. We have modeled
the 2p53s J = 1 → 2p53p J = 0 transition in Ne-like Zinc, situated at 21.2 nm.

3 Polarization Dynamics and Amplification

The amplification of a short (tens of femtoseconds) HOH pulse inside a plasma has
been studied recently in several papers [1, 5, 6, 12]. The HOH immediately polarizes
the medium and creates a trailing pulse. The harmonic itself is barely amplified and
is the trailing pulse (the wake) who extracts the energy stored in the amplifier, but
during several picoseconds. The pulse shape is given by the plasma response to the
HOH electric field, i.e. by polarization dynamics.

An exact solution of the polarization induced by a Gaussian HOH pulse, assum-
ing that the HOH pulse does not modify the population inversion (i.e. far from the
saturation regime) can be written in as a product of three terms P(t) = P0 · P1 · P2
given by:

P0(t) = − iz2
21

�
E0(N2 − N1)e

γ 2σ2

2 σ
√

2π (5)

P1(t) = 1

σ
√

2π

∫ t

−∞
e
− (τ−tcent−γ σ2)2

2σ2 dτ (6)

P2(t) =
{

e−γ (t−tcent) t ≥ tcent

1 otherwise
(7)

where E0 is the maximum seeded electric field, σ is the standard deviation of the
Gaussian profile of the field and tcent is the time of the maximum seed intensity.
P1 and P2 define the temporal shape of the polarization. P1 controls the rising time
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(which depends on σ ) and P2 is the decay time, given by γ , the electron-ion colli-
sion frequency. Since both terms are normalized to unity, the numerical value of the
polarization is given by P0. Thus, the temporal shape of the amplified beam is given
by the last two factors and controlled by σ and γ . In the case of 20 fs HOH seeded in
a plasma with ne = 2.2 × 1020 cm−3 and Te = 531 eV, the two characteristic times
are σ = 9 fs and γ −1 = 176 fs. The small value of σ induces a sudden rise of the
polarization, which decays slowly, due to the higher value of γ . This slow decay is
the origin of the picosecond wake. Then, if the decay time is shorter, the duration of
the output beam would be also shortened. This is achieved increasing the electron
density of the plasma. In addition to this, increasing the duration of the pulse will
slow the rising of the polarization. This will improve the matching between HOH
and polarization, enhancing the HOH amplification and reducing the wake. Electron
density is greater in wider plasmas. Then, using wide plasmas will not only benefit
from greater gain zone but also from higher electron density and thus, shorter pulse
duration. A 200 fs, 1.5 nJ HOH seeded in a 100 µm wide, 2.5 mm long plasma
will make an output beam of 1.5 µJ 140 fs, keeping ASE negligible. The 10 MW
power attained by this source is 100 times greater than the experimental values us-
ing solid target [14] and its spatial and temporal coherences makes it suitable for
many applications.

4 Multi-stage Amplifiers

As explained, wider plasmas have a greater amplification zone and thus, more en-
ergy (tens of microJoules) can be extracted from then. Nevertheless, in order to keep
ASE and wake negligibles and maintain the duration of the amplified pulse below
100 fs, it is necessary to seed at high energies (greater than 1 µJ) while having a du-
ration between 100 fs and 200 fs depending on plasma electron-ion collision [12].
State-of-the-art HOH deliver this energy but, since the bandwidth is between 30
and 100 greater than the bandwidth of the plasma amplifier, only a small part of
the energy is coupled, being nowadays not possible to reach the in-band energy re-
quirements. On the other hand, a plasma amplifier seeded with HOH as explained
in Sect. 3 can be used as a pre-amplifier. Since both plasmas have similar electron
density and temperature, the bandwidth of the pre-amplifier will match that of the
main amplifier.

In Fig. 1 the modeled amplification chain is depicted. The pre-amplifier is a
100 µm × 2.5 mm plasma seeded with 50 nJ, 160 fs HOH, similar to the scheme
described in Sect. 3. The output is a 1.6 µJ 130 fs beam which is seeded in the
1 mm × 2 mm main amplifier, taking into account some loses on the focusing op-
tics. This beam is strongly amplified while conserving the short duration till 21.6 µJ
and 80 fs. As shown in Fig. 1 the HOH completely dominates the output beam. The
high power attained by this source makes it perfect for many challenging experi-
ences.

In conclusion, we have shown that a careful matching of the HOH characteristic
with plasma properties and the use of pre-amplifiers to seed wide (1 mm) plasmas
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Fig. 1 Artistic view of an amplification chain. Output beam of a 1 mm × 2 mm main ampli-
fier seeded with 1.6 µJ, 130 fs beam (sub-figure A blue, sub-figure B green) coming from a
2.5 mm × 100 µm pre-amplifier plasma. The output beam has an energy of 21.6 µJ and a dura-
tion of 80 fs (sub-figure B red)

is the key to obtain tens of microJoules in less than 100 fs. We have simulated a full
pre-amplifier main-amplifier chain capable of delivering beams of 21.6 µJ and 80 fs.
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Chapter 34
Harmonic Generation in Argon by Femtosecond
Ti:Sapphire Laser

Rabia Qindeel, Ricardo Elgul Samad, Anderson Zanardi de Freitas,
Paulo Sergio Fabris de Matos, Edilson Lucena Falcão,
and Nilson Dias Vieira Junior

Abstract Generation of harmonics using a gas nozzle has remarkable feature in var-
ious applications. Pulses from a Ti:Sapphire laser, centered at 785 nm, in a 4 kHz
train, with 25 femtoseconds and 800 µJ of maximum energy were employed to gen-
erate harmonics in an argon gas nozzle. We present the current results on the fo-
cusability of the nozzle, harmonic radiation, measurement of the influence of laser
power and laser focus position on the divergence of gas nozzle. We have success-
fully generated 3rd, 5th and 7th harmonics in Argon at different laser powers. The
results show that the harmonic signals are almost same for laser average powers over
1.0 W and variation always appears below 1.0 W. It means that there is saturation
in the physical phenomenon happening inside the gas nozzle at high laser powers
and the variation is non-linear below 1.0 W. These results are embedded in an effort
towards x-ray generation in the water window.

1 Introduction

Generation of coherent extreme ultraviolet (EUV) by focusing femtosecond laser
into gasses is a well-known method [1–4]. High pulse intensities, greater than
1013 W cm−2 and above, are required for the High Harmonic Generation (HHG)
nonlinear conversion process. These high pulse intensities are not directly attain-
able using only the output power of a femtosecond oscillator. Chirped Pulse Ampli-
fication (CPA) enables the pulse intensity to exceed this threshold by incorporating
several regenerative and/or multi-pass amplifier cavities in tandem [5]. When a very
intense laser pulse is focused into a gas at reduced pressures, a strong nonlinear in-
teraction can lead to the generation of odd harmonics of the pulse optical frequency,
as an extreme form of nonlinear frequency conversion. Although only a small frac-
tion of the laser power is converted into harmonics, this output can still be useful for
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Fig. 1 Experimental setup for High Harmonic Generation in a gas nozzle

measurements down to wavelengths in the ultraviolet or even the soft X-ray spectral
region.

When femtosecond laser pulses propagate in a transparent medium, the light field
is localized in a narrow filament, whose formation is the result of the nonlinear op-
tical interaction of the short-duration radiation with a medium [6–9]. Depending on
the laser intensity, the creation of free electrons can be described by multiphoton
or tunneling ionization. The applied laser intensity exhibits a highly nonlinear be-
havior, resulting in a saturation of the nonlinear refractive index. The mechanism
of harmonic generation and saturation with respect to laser power is still not un-
derstood in detail. Therefore we have carried out this research to understand and
generate harmonics. In this work we have studied the laser peak power effect on
harmonic generation in argon gas flowing through a nozzle. We have discussed the
saturation in harmonic signals with respect to increase in laser power.

2 Experimental Set up

The laser facility used in the experiment of high-harmonics generation is a
Ti:Sapphire (CPA) system at the Centro de Lasers e Aplicações (CLA), IPEN,
CNEN/SP, generating pulses centered at 785 nm, in a 4 kHz train, with 29 fem-
tosecond and 800 µJ of maximum energy. These pulses were focused by a 50 cm
focal length lens to generate harmonics in an argon nozzle with back pressure of
140 mbar, placed just after the lens focal point for the short trajectory. The nozzle
used was 0.5 mm thick, to minimize the possibility of phase mismatch and re-
absorption, and placed inside a vacuum chamber. A turbomolecular vacuum pump
was used to evacuate the chamber and an attached monochromator (McPherson
234/302, 30–300 nm range) to a background pressure of 106 mbar. Harmonic radi-
ation produced in the nozzle passed into the monochromator where the beam was
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Fig. 2 Harmonic generation
at after focus at 140 mbar
pressure and 2.0 W of laser
power, 4 kHz

spectrally dispersed by grating and then imaged onto a PMT with a Sodium Sali-
cylate scintillator. Only odd harmonics were generated in atomic gases due to the
interaction selection rules. When gas was injected into the target chamber, the pres-
sure increases to about 10−3 mbar. Pulses with focused intensities in the range from
1014 W/cm2 to 1015 W/cm2 were needed to generate the harmonics. The resulting
spectra were recorded in a digital oscilloscope and then processed in a computer.
The experiment was carried out with different laser powers. A moveable glass plate
was placed to confirm the generation of harmonics. The experimental setup is de-
picted in Fig. 1.

3 Results and Discussion

The 3rd, 5th and 7th harmonics were successfully generated in the argon filled gas
nozzle at various laser powers, under the same gas pressure. Figure 2 shows the
harmonics at 2.0 W, 4 kHz repetition rate and 140 mbar of pressure. The phase
mismatch due to ionization of the argon is negligible due to the short 0.5 mm gas
nozzle.

The observed quadratic increase in harmonic yield with different laser power,
shown in Fig. 3, proves that we are operating in a regime that is free of significant
phase mismatch or re-absorption. Figure 3 also represents the focusability of nozzle
harmonic radiation, measurement of the influence of laser power and laser focus po-
sition on the divergence of gas nozzle harmonics. When highly intense laser pulses
are focused into the gas target, the pulses propagate over few millimeters, where it
can ionize, distort, refract and accelerate particles. The rapid ionization occurs by
the fact that the laser field perturbs the Coulomb barrier of the atom, allowing elec-
trons to tunnel free. The kinetic energy of the electrons pulled out from the atom
by the laser field is typically smaller than both the ionization potential and quiver
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Fig. 3 Area versus laser
power of graph for 3rd, 5th
and 7th harmonics

energy. This low residual energy arises because within an optical cycle, ionization
occurs at the peak of the electric field. The released electron energy is increased
by the electric field forced oscillation, and ultimately rises the final temperature of
the plasma created and only a tiny fraction of the laser power can be converted into
harmonics [10].

The results show that the harmonics signals quickly increase with the laser power,
until 1.0 W, over which they become almost constant. It means that there is satura-
tion in the physical phenomenon happening inside the gas nozzle at high laser power
and the variation is non-linear below 1.0 Watt. The observed saturation of the har-
monic in the gas jet is the result of a combination of neutral atom depletion and
free-electron contribution to phase mismatch. The depletion of the ground state oc-
curs when the laser intensity is so high that all the neutral atoms near the focus
are ionized. The depletion of the neutral atoms in the gas jet is responsible for the
existence of an optimum laser intensity at which the harmonics are generated with
maximum efficiency. This is closely related to the saturation intensity of the gas,
since it does not seem to depend on the harmonic order, ruling out other possible
explanations based on the phase matching with the excitation beam.

The other possibility of saturation is the intensity clamping effect [11], which sets
an upper limit to the laser intensity due to the dynamic balance between Kerr self-
focusing and plasma defocusing resulting in a stabilized harmonic intensity. We can
also say that the intensity clamping effect should be responsible for the saturation
in harmonic generation, occurring at high excitation intensities and saturating the
conversion efficiencies of the 3rd, 5th, and 7th harmonic processes.

4 Conclusions

In summary, we have performed systematic studies of the harmonic generation in
argon using a gas nozzle. We have successfully generated 3rd, 5th and 7th harmonics
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using ultrashort laser pulses with intensities in the range from 1014 W/cm2 to higher
than 1015 W/cm2. We have carefully examined the behavior of the obtained signals
in argon with different laser power observed that the saturation in signals are due to
depletion of the neutral atoms.
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Chapter 35
Demonstration of a 100 Hz Repetition Rate Soft
X-Ray Laser and Gain-Saturated Sub-10 nm
Table-Top Lasers

J.J. Rocca, B.A. Reagan, Y. Wang, D. Alessi, K. Wernsing, B.M. Luther,
M.A. Curtis, M. Berrill, D. Martz, S. Wang, L. Yin, F. Furch, M. Woolston,
D. Patel, V.N. Shlyaptsev, and C.S. Menoni

Abstract We report the first operation of a table-top soft x-ray laser at 100 Hz repe-
tition rate. This gain saturated laser produces 0.15 mW average power in the 18.9 nm
line of nickel-like molybdenum in the form of 1.5 µJ pulses. This is the highest
average power reported to date from a compact coherent soft x-ray laser source
operating at wavelengths shorter than 20 nm. The soft x-ray laser is excited by a
diode-pumped chirped pulse amplification Yb:YAG laser that produces 1 J pulses
of 5 ps duration. We have also demonstrated the efficient generation of sub-9 nm
wavelength laser pulses of microjoule energy at 1 Hz repetition rate with a table-top
laser. Gain-saturated lasing was obtained at 8.85 nm in nickel-like lanthanum ions.
Isoelectronic scaling along the lanthanide series resulted in lasing at wavelengths as
short as 7.36 nm. Simulations show that the collisionally broadened atomic transi-
tions in these dense plasmas can support the amplification of sub-picosecond soft
x-ray laser pulses.

1 Introduction

The generation of high average power coherent soft x-ray radiation on a table-top is
of high interest for numerous applications. However, this is a challenging task, with
both high harmonics and plasma-based soft x-ray lasers presently producing average
powers in the microwatt range. In the case of plasma-based soft x-ray lasers the
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limitation has been their low repetition rate, with the first soft x-ray lasers operating
at repetition rates ranging from a few shots per day to one shot per minute [1, 2]. In
spite of significant progress that has greatly reduced the size of plasma-based soft
x-ray lasers their average power has remained insufficient for applications requiring
a high photon flux.

We discuss the operation of a table-top soft x-ray laser at 100 Hz repetition
rate with a record-breaking average power of 0.15 mW at λ = 18.9 nm [3]. Gain-
saturated, picosecond soft x-ray laser pulses are produced by amplification in a
molybdenum plasma rapidly heated by ultra-short laser pulses with a tailored time
profile from a diode-pumped chirped pulse amplification Yb:YAG laser that gener-
ates picosecond optical pulses of 1 J energy at a record 100 Hz repetition rate. Soft
x-ray lasing was also obtained in the λ = 13.9 nm line of nickel-like silver. In a re-
lated effort we have worked in increasing the repetition rate of compact sub-10 nm
lasers. We have generated gain-saturated picosecond SXRL pulses at 8.85 nm wave-
length at 1 Hz repetition rate. Also, isoelectronic scaling along the lanthanide series
has resulted in lasing at wavelengths as short as 7.36 nm [4].

The results increase by an order of magnitude the repetition rate of plasma-based
soft x-ray lasers, demonstrating the feasibility of multi-milliwatt average power soft
x-ray beams on a table-top. This increase in soft x-ray laser power will open up new
scientific research and make possible advanced technology applications requiring
high photon flux.

2 Demonstration of a 100 Hz Repetition Rate, Diode-Pumped,
Gain-Saturated Soft X-Ray Laser

The average power of plasma-based, sub-20 nm soft x-ray lasers is currently limited
by the repetition rate of the solid state optical lasers that drive them. State of the
art chirped pulse amplification (CPA) laser systems producing picosecond duration
pulses of the energy required to pump table-top soft x-ray lasers based on either
neodymium-doped glass or titanium sapphire are limited to about 10 Hz repetition
rate by thermal effects originating in the flashlamp-pumped gain medium of these
driver lasers. The need for higher average power has motivated the development of
high repetition rate directly diode-pumped CPA laser systems [5, 6]. We have devel-
oped a compact, directly diode-pumped CPA laser based on cryogenically-cooled
Yb:YAG that produces 1 Joule, 5 ps FWHM duration, λ = 1.03 µm laser pulses
at a record high repetition rate of 100 Hz. This laser was employed to drive a gain-
saturated 18.9 nm soft x-ray laser in a nickel-like molybdenum plasma producing an
average power of ∼0.15 mW. Strong lasing at 13.9 nm was also achieved at 100 Hz
repetition rate from a silver plasma. These results increase the repetition rate and av-
erage power of compact, sub-20 nm lasers by about an order of magnitude [5, 7] and
are expected to extend the use of these lasers to new applications such as nanoscale
surface imaging and nano-scale materials processing [8, 9].
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Fig. 1 (a) Output pulse energy prior to compression as a function of total peak pump power at
100 Hz repetition rate. The pump pulse duration was 1.5 ms. (b) Second-order autocorrelation of
1 J pulses after compression at 100 Hz. The solid curve is a sech2 fit of the data, assuming this
pulse shape the pulses have durations as short as 4.9 ps FWHM

The all diode-pumped CPA laser that drives the drives the soft x-ray laser consists
of a Yb:KYW mode-locked oscillator, a grating stretcher, three stages of amplifica-
tion, and a grating compressor. This pump laser occupies a single standard optical
table, with vacuum chambers for pulse compression, focusing optics, and the soft
x-ray laser target on an adjacent table. Stretched pulses from the oscillator are first
amplified to the millijoule-level at 100 Hz repetition rate by a diode-pumped re-
generative amplifier based on Yb:YAG at room temperature. The pulses are then
amplified to about 100 mJ by a four-pass liquid nitrogen-cooled Yb:YAG amplifier
pumped by a 500 W peak power fiber-coupled laser diode. The combination of a
room temperature preamplifier with cryogenic power amplifiers allows us to exploit
the excellent thermal properties and high gain of Yb:YAG at cryogenic temperature
while avoiding excessive loss of bandwidth in the preamplifier [10, 11].

The third stage of amplification consists of two Yb:YAG crystals used in the ac-
tive mirror configuration mounted on a single cryo-cooling head. Each crystal is
pumped with ∼4 kW peak power, 1.5 ms duration laser pulses at 100 Hz repetition
rate from laser diode arrays. The 100 mJ level pulses are directed to make three
passes through one crystal and two through the other and are amplified to 1.5 J at
the maximum pump power. We define a pass as traveling through the crystal, reflect-
ing off the high reflecting face and traveling back through the crystal. Figure 1(a)
shows the pulse energy obtained prior to compression as a function of pump power
in the 3rd stage. At 100 Hz repetition rate the beam quality remains high, with no
observable thermal depolarization and only slight thermal lensing. Following am-
plification, the laser pulses are compressed with approximately 70 % efficiency by
a dielectric grating pair to durations as short as 5 ps FWHM as can be seen from the
second-order autocorrelation of Fig. 1(b). The system therefore produces 1 Joule,
5 ps laser pulses at 100 Hz repetition rate.

In order to achieve lasing on the 4d1S0–4p1P1 transition of Ni-like Mo the out-
put pulses of the pump laser were focused at a grazing incidence angle of 29° onto
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Fig. 2 (a) Schematic
diagram of the soft x-ray laser
pumping configuration and
detection spectrometer with
either a CCD or Si
photodiode. For the 18.9 nm
Mo laser a grazing incidence
angle of 29° is used.
(b) Second-order
autocorrelation showing the
temporally-tailored single
laser pulse that drives the soft
x-ray laser. An adjustable
nanosecond ASE pedestal is
followed by a 6 ps FWHM
laser pulse. (c) and (d) Image
and lineout of the high quality
line focus used to generate
the plasma amplifier

a 10 mm wide, polished Mo target as illustrated in Fig. 2(a). This inherently quasi-
traveling wave geometry takes advantage of the refraction of the pump beam in the
electron density gradient of the plasma to efficiently deposit the energy in the plasma
region with optimum density for amplification [12, 13]. A single laser pulse with the
tailored temporal profile shown in the autocorrelation of Fig. 2(b) was employed to
create and heat the Mo plasma gain medium. Single laser pulses at grazing incidence
have been previously demonstrated [14], but with different characteristics. The main
laser pulse is preceded by an intentionally-created amplified spontaneous emission
(ASE) pedestal with intensity that ramps from ∼10−3 to ∼2.5 × 10−3 of the peak
value in the 1.5 ns prior to the time of the peak intensity. This ASE originates in
the regenerative amplifier, and we tuned both its intensity and duration to optimize
the 18.9 nm laser output energy. The relative intensity of the ASE was adjusted by
controlling the strength of the seed to the first stage amplifier, and its duration was
controlled by adjusting the timing of a Pockels cell between the first and second
amplifiers. Following this pedestal, a 6 ps duration pulse rapidly heats the plasma
generating a transient population inversion and gain. We found that under the op-
timal conditions the ASE pedestal contained about 25 % of the total pulse energy.
These temporally-tailored laser pulses were focused into 5.5 mm FWHM long by
∼30 µm wide line on the Mo target. Figure 2(c) and (d) show the high quality line
focus which is required for strong lasing. On-axis soft x-ray spectra of the plasma
emission were measured using a flat-field, grazing incidence diffraction grating and
an x-ray CCD with aluminum and zirconium foils used to reject visible plasma emis-
sion and scattered driver laser light. For high repetition rate operation of this laser,
an x-ray sensitive photodiode was placed in the image plane of the spectrometer to
monitor the emission at 18.9 nm.

Figure 3 shows the measured soft x-ray laser pulse energy as a function of plasma
length. The laser pulse energy is seen to increase exponentially with a gain coeffi-
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Fig. 3 Energy of the 18.9 nm
laser pulses as a function of
plasma length. Each point
represents the mean of 10
shots. The line is a fit of the
data with the Linford formula
corrected for gain saturation
[15] that yields a small signal
gain coefficient of 43 cm−1

Fig. 4 Sequence of 3000
consecutive λ = 18.9 nm soft
x-ray laser pulses at 100 Hz
repetition rate

cient of 43 cm−1 until it saturates at a plasma column length of about 3.5 mm. A fit
of the data with the Linford formula corrected for gain saturation [15] results in a
gain-length product of 16.8, suggesting the rollover is due to gain saturation. Gain-
saturated operation was verified by the measurement of a soft x-ray laser output
pulse energy of ∼1.5 µJ that, for a pulse duration of ∼5 ps and near field beam
spot size of a few tens of µm typical of these plasma amplifiers [16], corresponds to
an intensity that comfortably exceeds the computed gain-saturation intensity [13].
Figure 4 shows 3000 consecutive λ = 18.9 nm laser pulses obtained operating the
laser at 100 Hz repetition rate. For this series a 1 cm wide Mo slab target was trans-
lated at a constant velocity of 200 µm/s (2 µm per shot). Prolonged laser operation
at this high repetition rate will require the use of a renewable target with a larger
useful surface area, such as that demonstrated in [17]. The mean laser pulse energy
in this series was 1.5 µJ with a shot-to-shot stability defined by a standard deviation
of 11.5 %. The corresponding laser average power amounts to 0.15 mW, the highest
value reported to date for a sub-20 nm coherent table-top source. Strong lasing was
also obtained on the 13.9 nm line of Ni-like Ag by irradiating a 10 mm wide Ag tar-
get with a similar laser pump pulse, but impinging on target at a grazing incidence
angle of 33°.
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3 Demonstration of Sub-9 nm Wavelength Table-Top Laser
Operating at 1 Hz Repetition Rate

We have also conducted work to increase the repetition the repetition rate of soft
x-ray lasers operating at shorter wavelengths, below 10 nm. At the last International
Conference on X-Ray lasers we have reported 1 Hz operation of a gain-saturated
table-top SXRL at 10.9 nm [18, 19]. At shorter wavelengths the large pump energy
required has limited the repetition rate to typically a shot per hour [20–24]. Soft x-
ray lasing at sub-10 nm wavelengths in lanthanide ions was first demonstrated using
several hundred joules of optical laser pump energy [21, 22]. Latter lasing in nickel-
like lanthanum at 8.85 nm was obtained using 18 J pump pulses from a chirped pulse
amplification (CPA) laser, but the gain-length product (g × l = 7.7) obtained re-
mained insufficient to reach gain-saturation [24]. Progress towards saturated lasing
in this transition was reported at the last conference of this series [18, 25]. In turn,
lasing at 7.36 nm in nickel-like Sm was initially demonstrated using 130 J pump
pulses [21] and latter gain-saturation was reached using a ∼40 J picosecond pump
pulse added to a pre-pulse of similar energy [23]. More recently the lasing threshold
in this line was reached using 36 J of total optical pump pulse energy [26]. Below we
discuss the generation of gain-saturated picosecond SXRL pulses at 8.85 nm wave-
length at 1 Hz repetition rate and isoelectronic scaling along the lanthanide series
that resulted in lasing at wavelengths as short as 7.36 nm [4]. Simulations show that
the collisionally broadened atomic transitions in these dense plasmas can support
the amplification of sub-picosecond soft x-ray laser pulses.

The experiments were conducted irradiating solid slab targets with a sequence of
two laser pulses from a λ = 800 nm Ti:sapphire CPA laser consisting of a normal
incidence pre-pulse followed by a main picosecond pulse impinging at a grazing in-
cidence angle of 35° with a traveling wave velocity of ∼(1.04 ± 0.03) c. The pump
laser has four stages of amplification, of which the last two are pumped with the fre-
quency doubled output of Nd-glass slab amplifiers designed to operate at repetition
rates of up to 4 Hz [7]. The plasmas were created by normal incidence irradiation
at I = 6 × 1012 W cm−2 with a pre-pulse of 210 ps duration that is focused onto
the target to form a ∼30 µm × 6.4 mm FWHM line focus using the combination of
a spherical and a cylindrical lens. The plasma created by this pre-pulse is allowed
to expand to reduce the density gradient and is subsequently rapidly heated by ir-
radiation at I = 6 × 1014 W cm−2 with a 4 J pulse of 1–3 ps duration shaped into
a line-focus of the same dimension. The target surface was tilted with respect to
the axis of the short pulse to define a grazing incidence angle of θ = 35° for effi-
cient heating [12, 13]. At this angle of incidence refraction couples the pump beam
energy into the plasma region where ne = 5.7 × 1020 cm−3. To assist in achiev-
ing efficient pumping we developed a new focusing geometry designed to create
a plasma column of constant width along the target (Fig. 5a). In the conventional
implementations of grazing incidence pumping in which a parabolic or spherical
mirror is used to focus the beam [12, 13, 27–29], the tilted target intercepts the
short pulse pump beam at different distances from the beam waist. This creates a
“butterfly” shape line-focus on target that for small f-number systems can deposit
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Fig. 5 Schematic representation of the set up used in the sub-9 nm SXRL experiments. (a) A pair
of cylindrical mirrors focuses the short pulse beam at 35° grazing incidence on target creating a
line-focus of uniform width. A reflection echelon is used to obtain quasi-traveling wave excitation.
(b) Raytrace simulation of the line-focus on target. All rays fall within the line width defined by
diffraction (red lines)

part of the pump energy outside the useful gain column, decreasing the gain. To
overcome this limitation we focused the short pulse beam with a pair of cylindrical
mirrors designed to create a line-focus of constant width along a target irradiated
at grazing incidence [4]. A reflection echelon composed of five mirror segments
was used to obtain a quasi-traveling wave excitation velocity of ∼(1.04 ± 0.03) c.
Measurements at 1-Hz repetition rate were obtained continuously moving the target
at a speed of 200 µm/s to renew the surface after each shot. Zirconium filters with
thickness up to 2.1 µm were used to avoid saturating the detector and to eliminate
visible plasma light.

Figure 6a shows a series of on-axis spectra as a function of plasma column length
for a lanthanum plasma column created depositing 4 J of short pulse energy and a
total of 7.5 J of optical pump energy on target at the irradiation conditions described
above. Strong amplification is observed in the 8.85-nm 4d1S0 → 4p1P1 transition
of Ni-like La. Figure 6b shows that the intensity grows by nearly four orders of
magnitude as the plasma length increases from 1.7 mm to 6.2 mm. Saturation of the
intensity is observed to have an onset at a plasma column length of ∼4 mm. A fit of
the data with an expression that takes into account gain saturation [15] yields a gain
coefficient of 33 cm−1 and a gain-length product of 14.6. The energy of the most
intense laser pulses was estimated to be 2.7 µJ from the CCD counts. Gain-saturated
operation was confirmed by measuring the SXRL flux at the exit of the amplifier.
Near field imaging of the 8.85 nm laser amplifier output determined a laser fluence
of ∼0.6 J cm−2 for the most intense laser shots. Assuming the laser pulse duration of
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Fig. 6 End-on spectra of a
line focus lanthanum plasma
column showing saturated
amplification in the 8.85-nm
line of Ni-like La (a).
(b) Intensity of the 8.85-nm
laser line as a function of
plasma column length. The
line is a fit of the data that
yields a gain coefficient of
33-cm−1 and a gain-length
product of 14.6. The points
are the average of 10 laser
shots and the error bar
represents one standard
deviation

2.5 ps from the simulations, the laser intensity at the amplifier exit is estimated to be
2.4 × 1011 W cm−2, which significantly exceeds the computed saturation intensity
of 1.5–3 × 1010 W cm−2 [4]. The use of similar irradiation conditions resulted in
lasing at 8.5 nm in Ni-like Ce, 8.2 nm in Ni-like Pr, and 7.9 nm in Ni-like Nd
(Fig. 7). Lasing was also observed at 7.36 nm in Ni-like Sm by reducing the main
pump pulse duration to 1.1 ps. The laser emission at 8.5 nm in Ni-like Ce is very
strong, with an output energy >1 µJ. Future advances in diode-pumped CPA pump
lasers promise to lead to the realization of high average power table-top lasers at sub
10-nm wavelengths.
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Fig. 7 End-on spectra
showing lasing at
progressively shorter
wavelengths in the
4d1S0 → 4p1P1 line of
nickel-like lanthanide ions,
down to 7.36-nm in
nickel-like samarium

Another aspect of interest in these amplifiers is the fact that they can support
the amplification of sub-picosecond seed XRL pulses. Model simulations indi-
cate amplification at 8.85 nm occurs in a plasma region where the plasma den-
sity is 5–9 × 1020 cm−3 and the ion temperature ∼150 eV. At the plasma con-
ditions for peak gain the laser line profile is defined by collisional broadening
(�νL = 1.7 × 1012 Hz) and Doppler contributions (�νD = 2.8 × 1012 Hz) that de-
fine a Voigt linewidth of �ν = 3.8 × 1012 Hz that can support the amplification
of sub-picosecond pulses. The variation of the bandwidth and pulse duration of an
injected high harmonic seed pulse as it propagates thought the lanthanum plasma
amplifier was computed with a 3D ray-trace post processor that couples the am-
plification and ray propagation equations with a time and space depended atomic
physics model that includes all relevant levels and stimulated emission. The ray
trace code is capable of fully resolving the temporal duration and bandwidth of both
the amplified stimulated emission and the amplified seed beam. Pulse broadening of
a seed due to line-narrowing is included using the Fourier transform of the ampli-
fied bandwidth accounting for the group velocity delay caused by the gain profile.
Figure 8 shows the computed pulsewidth variation of an injected 8.85 nm, 30 fs
duration high harmonic seed pulse as it propagates thought the lanthanum plasma
amplifier for plasma conditions that result in an ASE laser output energy similar
to that obtained in the experiment. Simulations conducted for a range of different
pumping parameters predict output pulse durations in the range of 500–700 fs. The
computed variation of the pulse duration of the ASE laser pulse as a function of
plasma column length is also shown.
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Fig. 8 Computed variation of the FWHM pulse duration of the 8.85 nm ASE laser (circles), and
amplified high harmonic seed pulse (triangles) as a function lanthanum plasma column length. The
seed pulse duration initially increases due to linewidth narrowing and later by saturation broaden-
ing. The high harmonic seed pulse is assumed to have an energy of 0.1-nJ and the gain and plasma
conditions are those resulting from the simulations described in the text

4 Summary

In summary, we have demonstrated 100 Hz generation of soft x-ray laser pulses of
microjoule energy at λ = 18.9 nm, generating a record high average power 0.15 mW
soft X-ray laser beam on a table-top. This was accomplished by developing an
all diode-pumped CPA laser system based on cryogenic Yb:YAG amplifiers that
produce 1 J, 5 picosecond duration pulses at 100 Hz repetition rate. We have also
demonstrated bright gain-saturated sub-9 nm wavelengths soft x-ray laser pulses at
1 Hz repetition rate for the first time and obtained laser amplification at wavelengths
as short as 7.36 nm. This increase in soft x-ray laser power will open up new sci-
entific research and make possible advanced technology applications requiring high
photon flux.
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Chapter 36
Optical Correction of X-Ray Laser Illumination
for Short-Wavelength Microscopy

Mabel Ruiz-Lopez, Felix Staub, and Davide Bleiner

Abstract A critical aspect in the design of a short-wavelength microscope is the
illumination profile and stability. Experimental measurements of the pointing sta-
bility and divergence and optical corrections of X-ray laser source are shown. The
optical corrections provided one order of magnitude improvement in the illumina-
tion performance.

1 Introduction

The continuing progress of the nano-technology has increased the interest on nano-
imaging tools. Short-wavelength microscopy allows resolving tens of nanometers
by pushing down the diffraction limit. Numerous groups have developed imaging-
systems for lithography and nano-inspection applications [1], but the most of them
are not for laboratory scale operation. Compact sources from plasma light are in-
teresting to became lab-scale enabling tools. The work in the design of a mi-
croscope begins with the understanding of the light’s source properties: beam
size, divergence, pointing stability, etc. [2]. Aim of this work was to character-
ize the X-ray laser illumination for the construction of a short-wavelength micro-
scope.

2 Set-ups for Source Characterization

The transmission microscope that is being developed is composed of three opti-
cal elements: (i) condenser, (ii) sample and (iii) objective. The illumination should
match the geometry of the condenser and provide stable and homogeneous filling.
For diagnosing the beam stability and divergence of the pulse at the position of
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Fig. 1 (a) Experimental set up using a micro-collector for correction of pointing stability and
divergence. The curved mirror is at a distance equal to the focal length to collimate the beam.
(b) Experimental set up for a relay-imaging. The CCD captures an image of the source magnified
10-fold. Drawings not to scale

Fig. 2 Illumination profile in
the image plane obtained with
different TCE pre-pulse
schemes: (a) single
orthogonal long pre-pulse [3],
(b) dual collinear short
pre-pulses [4]

the condenser, two different set-ups were used. In Fig. 1a the set-up employed to
compare the stability of a non-collimated and collimated pulse is shown. The setup
in Fig. 1b was used for investigations on relay-imaging (near field). The curved
mirror images the plasma source on a phosphor screen which converts the short-
wavelength to the visible range. Before the CCD detector, a 150 nm-thick layer of
zirconium is used to block optical background light. The CCD camera has 9 µm
pixel size.

3 Characterization of Illumination and Optical Correction

Two transient collisional-excitation (TCE) schemes of pre-pulse delivery were com-
pared, i.e. a single orthogonal long pre-pulse (Fig. 2a) versus a GRIP dual collinear
short pre-pulse (Fig. 2b). One observes that the illumination profile improves with
the latter scheme. Pointing stability and divergence were determined and optical
correction setups were implemented. The first setup utilized was a telecentric-
collector consisting in a concave normal-incidence Mo/Y mirror positioned at the
focal plane distance from the source. Figure 3 shows that the improved point-
ing stability is a factor 4 (Fig. 3a) and the divergence decreases a factor of 10
(Fig. 3b).
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Fig. 3 (a) Pointing stability before and after collimation. (b) Divergence before and after collima-
tion

Fig. 4 (a) Size and pointing stability for a single orthogonal long pre-pulse. (b) Size and pointing
stability in the current dual collinear pre-pulse. A factor of 1.5 (horizontal)–4 (vertical) improved
stability is obtained as well as a decrease of factor of 2 (horizontal)–6 (vertical) in the divergence,
when using the scheme with dual collinear pre-pulse

The second optical correction setup deployed relay-imaging. On the detector the
near-field image of the X-ray source, magnified 10-fold, was acquired. Comparison
of the two pre-pulse schemes showed that the present dual collinear pre-pulse set-up
gives factor of 1.5 (horizontal)–4 (vertical) more stable illumination. The divergence
was corrected a factor of 2 (horizontal)–6 (vertical). The smaller divergence (over-
all in the vertical dimension) implies an increment in the illumination brightness
(Fig. 4). Pointing stability defines the reproducibility of the pulse position and must
be the most precise possible. Both stability and divergence, contribute to the source
etendue, which is important for the brightness of the source. All the results are in
agreement with our computational study [5].
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4 Conclusions

Lab-scale sources for short-wavelength microscopy are possible since an improve-
ment in the pointing stability and the divergence have been demonstrated. We
showed an improvement in the pointing stability of a factor 4 by using collima-
tion of the light. The near-field indicates a homogeneous and quite symmetrical
source profile and allows correcting the stability to 0.2 mm (horizontal)–0.05 mm
(vertical), and the divergence to 0.4 mm (horizontal)–0.2 mm (vertical).
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Chapter 37
Repetitive XUV Discharge-Pumped Laser
at 46.9 nm

Jiri Schmidt, Karel Kolacek, Oleksandr Frolov, Vaclav Prukner,
and Jaroslav Straus

Abstract For testing and application purposes we built a new small Marx generator
capable to run in a repetitive regime. Its repeating frequency is currently up to 1 Hz.
The generator is covered by metal sheets and feeds the capillary discharge device.
The first experimental measurements were performed for a 400 mm long capillary
and these results are presented.

1 Introduction

Capillary-discharge-based XUV lasers are sources that appeared about twenty years
ago. These lasers, due to their current compactness, good beam quality, and stable
operation have become useful tool for applications (e.g. for XUV lithography, for
high-resolution microscopy, and for high-plasma-density measurements).

The first demonstration of XUV Ne-like argon laser working on 46.9 nm was
published in [1]. Rocca’s experiment opened a new way to the development of sim-
pler and compact XUV lasers based on excitation pumping by capillary discharge.

Our research group was inspired by many applications of coherent XUV radia-
tion and began to build the fast capillary discharge device (CAPEX) just about fif-
teen years ago. The experimental device is currently capable to reach current pulse
amplitude of ∼70 kA (∼240 ns period) in ∼230 mm long gas-filled capillary. The
short (less than 2 ns) intense spike of the soft X-ray signal has been detected by
a vacuum photodiode. This short pulse evidently corresponds to amplified sponta-
neous emission of neon-like argon line. The time-resolved (∼30–50 ns exposition)
XUV spectra recorded the strong spectral line, which dominates the whole observed
spectrum in the range of 10–110 nm [2]. The wavelength of this dominating spectral
line is just 46.9 nm. According to our experiences with CAPEX the new apparatus
CAPEX-U (-Upgrade) was assembled approximately seven years ago [3] with in-
tention to find lasing at shorter wavelength on discharge-pumped installations. Both
apparatuses the CAPEX and the CAPEX-U [4] are fully operational.
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Fig. 1 Schematic drawing of
the CAPEX device

2 Experimental Set-up

The CAPEX apparatus consists of a Marx generator, a coupling section, a pulse
forming line (fast cylindrical capacitor), a main spark gap and a capillary. Experi-
mental setup of the device is shown in Fig. 1.

As a power supply for the capillary discharge experiment the fully screened Marx
generator is used. It consists of two parts—two bodies of commercial Marx gener-
ators GIN 400-0.06/5 of the soviet origin, which were equipped with a new system
of spark-gaps. Spark-gaps are filled with nitrogen (SF6 alternatively). The whole
generator was successfully tested up to the charging voltage 50 kV (erected voltage
0.5 MV), i.e. up to the stored energy 0.75 kJ.

Significant part of the CAPEX device is the capillary. At present we use ceramic
capillaries made from alumina (Al2O3). The 400 mm (232 mm alternatively) long
capillary is directly attached to the main spark gap (having one common electrode).
The gas filling and pumping part is attached to the outer end of the capillary (through
the orifice in the outer electrode). The soft X-ray measurements were performed in
the argon-filled-capillary with inner diameter of 3.2 mm. The capillary is placed
in a shielding and circuit closing metallic cylinder of the diameter of 80 mm. The
generated radiation was brought out through ∼0.5 mm orifice in the outer electrode.
Typical values of gas (argon) pressure inside the capillary prior to breakdown are in
the range from 10 Pa to 100 Pa. More details of the experimental setup can be found
in [2, 5].

3 XUV Radiation

The first experimental measurements were performed for a 400 mm long capillary.
The XUV radiation emitted during the radial compression of the plasma column
was measured using a vacuum diode.

The vacuum photodiode with Au photocathode was powered by 500 V. HP
54542C oscilloscope (0–500 MHz analog bandwidth, 700 ps rise-time, 2 GSa/s
maximum sampling rate in each of four channels) was used for recording signals.
The diode was placed at a distance of ∼2 m from capillary output.
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Fig. 2 Temporal evolution of XUV emission in the correlation with the main capillary current

The dependence of XUV pulse shape in the correlation with the capillary current
is shown in Fig. 2. The full width at half maximum (FWHM) of the large short in-
tense spike of the soft X-ray signal is approximately ∼1.5 ns and it appears ∼30 ns
prior to the capillary current maximum (the current quarter-period is ∼80 ns). This
short pulse detected by vacuum diode corresponds to amplified spontaneous emis-
sion of neon-like argon line (λ = 46.9 nm). The amplitude and period of the capil-
lary current pulse are approximately 15 kA and 320 ns. The main capillary current
pulse was preceded by a pre-ionization current pulse of the amplitude ∼160 A and
of the duration 20 µs to produce a uniform pre-plasma. The capillary pre-pulse was
generated by an external driver [5].

4 Conclusion

The paper reports on some technological modification (the new repetitive high volt-
age Marx generator) and the recent experimental measurement (400 mm long capil-
lary). The new small Marx generator is capable to run in the repetitive regime with
frequency up to a few Hz.

The optimal conditions (initial pressure of argon, capillary pre-pulse amplitude
and duration, etc.) for lasing were found for 400 mm long capillary. The short in-
tense spike was detected by vacuum diode in XUV region. This pulse corresponds
to amplified spontaneous emission of neon-like argon line (λ = 46.9 nm).
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Chapter 38
Line-Focus Generation for X-Ray Laser
Pumping

F. Staub, D. Bleiner, F. Jia, and J.E. Balmer

Abstract Down-scaling of X-ray lasers towards shorter wavelengths imposes the
need for higher irradiance of the pump laser systems. Typically, for a factor of 2
reduction in wavelength, a factor of ∼10 increase in irradiance was so far required.
This discourages the use of refractive optics after the compressor stage of the high-
power CPA laser systems commonly used for pumping X-ray lasers due to increas-
ing nonlinear phase distortion (B-Integral). We present ray-tracing calculations of
alternative focusing schemes applying reflective optics for grazing-incidence line-
focus generation. The proposed mirrors deliver a narrow and shortened line focus
from a high-aperture input beam, yielding an increase of irradiance on target.

1 Introduction

Grazing-incidence pumping (GRIP) combined with pico-second pulses puts high
demands on the optics forming a line focus from the beam exiting the pulse com-
pressor stage of a chirped-pulse amplifier (CPA) laser system. The beam diameter
is usually determined by the damage threshold of the last compressor grating. This
results in a large-aperture, high-irradiance beam, which has to be converted to a
high-aspect-ratio line focus. The development of collisionally excited X-ray lasers
towards shorter wavelengths asks for increasing irradiance on target. For a given
laser energy (and power) this can be addressed by optimizing the length and the
quality of the pump line focus intensity distribution.

2 Focusing Schemes

The simplest focusing optics consists of a tilted spherical mirror, which geomet-
rically forms a perfect line parallel to the collimated incident beam. However, the
length of the focal line can not be adjusted independently of the GRIP angle and has
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Fig. 1 Line focus generation
by imaging an intermediate
point focus F [1, 2]

Table 1 B-integrals of 10
TW in a 132-mm beam Nonlinear medium B

1:1.7 reduction telescope 17.5

focusing objective 4.6

1-inch vacuum window 3.8

5 m air 1

to be adapted by the numerical aperture (NA) of the sphere. The NA can be reduced
by means of a reduction telescope. More versatile is the method of imaging a point
source in finite distance from the spherical mirror to adjust the length of the line
focus and the GRIP angle via the location of the point source with respect to the
line focus [1, 2], as shown in Fig. 1. Both methods need additional optics.

The high irradiance of the beam exiting the compressor of a CPA system can lead
to severe nonlinear phase distortion in subsequent transmission optics (B-integral),
given by

B = 2
π

λ

∫
γ I (z) dz

where λ is the wavelength, γ the nonlinear index of refraction in SI units and I the
irradiance. Examples of the B-integral for typical transmission optics used in our
setup are given in Table 1 for a 10-TW beam having a diameter of 132 mm.

As can be seen, the B-Integral in glass dominates over propagation in air. The
propagation in glass after pulse compression limits the quality of the (line) focus, as
the focus breaks up for B between 4 and 10 [3]. In order to keep the B-integral as
low as possible, transmission optics should be avoided.

As an alternative to refractive optics, the intermediate focus can be formed by an
off-axis parabola, which is expensive. A further possibility is to use a tilted on-axis
parabola, forming a distorted intermediate focus. A spherical mirror is used to image
the distorted spot, resulting in a widened propeller-shaped line-focus. Ray-tracing
calculations showed that the focal line is rotated with respect to the setup shown in
Fig. 1, as indicated in Fig. 2. As a consequence, the line L, indicating the direction of
the narrowest line focus, does not intersect the point F , but is tilted in the direction
of the tilt ϕ of the parabolic mirror. In Fig. 2a the spherical mirror is tilted to form
a down-folded line focus, while it is up-folded in Fig. 2b. The distance between
the two mirrors is roughly the sum of their focal lengths. The narrowest focus is
obtained by optimizing the distance between the parabolic and spherical mirror for
each GRIP angle.
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Fig. 2 Line focus generation by imaging a distorted intermediate focus F formed by an on-axis
parabola tilted by the angle ϕ. On the left (a), the spherical mirror is tilted to form a down-folded
line focus, while the setup on the right (b) forms an up-folded line focus

Fig. 3 Calculated geometrical size of the line focus of the setup shown in Fig. 2a. The tilt angle ϕ

of the parabolic mirror is 6° (solid line) and 4° (dashed line)

Calculations were performed for the focusing schemes of Fig. 2 using a diameter
of the incident beam of 132 mm in a top hat profile. The focal length of the parabolic
mirror is f1 = 609.6 mm, the focal length of the spherical mirror f2 = 304.8 mm,
respectively. The ratio f1/f2 = 2 was chosen in order to achieve identical beam di-
ameters on both mirrors. The pump laser wavelength is 1054 nm, yielding a diffrac-
tion limit of the line-focus width of 6 µm.

Figures 3 and 4 show the calculated length and width of the line focus as a func-
tion of GRIP angle for the setups of Figs. 2a and 2b, respectively. Each data point
is optimized for minimum width of the focal line. The geometrical line width is
seen to stay well below the diffraction limit over a wide range of GRIP angles.
The line foci of Figs. 3 and 4 are not identical, as the intensity distribution at F is
not symmetric. Consequently, the spherical mirror forms different line foci for the
up or down-folded configuration of Fig. 2. The length of the line focus shows less
variation for Fig. 2a, while Fig. 2b offers shorter lines for GRIP angles below 60°.

In conclusion, a scheme for line-focus generation is presented using a standard
parabolic mirror and a spherical mirror. Ray-tracing calculations imply that it is
possible to keep the distortions well below the diffraction limit without the need for
an expensive off-axis parabolic mirror. Due to the absence of transmission optics,
there is no contribution to the B-Integral of the focusing optics.
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Fig. 4 Calculated geometrical size of the line focus of the setup shown in Fig. 2b. The tilt angle ϕ

of the parabolic mirror is 6° (solid line) and 4° (dashed line)
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Chapter 39
Critical Components for XUV Probing of Laser
Driven Shocks

C. Stehlé, R. Lefèvre, U. Chaulagain, N. Champion, P. Barroso, F. Reix,
P. Jagourel, J. Larour, E. Meltchakov, R. Mercier, F. Delmotte, M. Kozlova,
J. Nejdl, M. Krus, J. Dostal, J. Prokupek, C. Constancias, F. Suzuki-Vidal,
and O. Acef

Abstract Radiative shocks can be produced in gases using high-energy lasers. As
the electron density may be higher than the critical density for visible light, radio-
graphy with soft x-ray radiation becomes very promising technique to probe these
shocks. Feasibility of this method has been proven employing zinc soft x-ray laser
at 21.2 nm as backlighter. The experiment has shown high requirements on quality
of the imaging optics and windows of the gas filled cell.

1 Introduction

Radiative shocks (RS) are strongly hypersonic shocks, where the high tempera-
ture generates a strong radiation structuring the shock. For instance, these shocks
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Fig. 1 Experimental setup
with the 3 laser beams and the
imaging diagnostic

may present a radiative precursor. Radiative shocks can be found in astrophysical
media and in laboratory. Producing such shocks on large scale lasers requires an
intensity in the range of 1014 W/cm2 at least. Several experiments have been per-
formed at PALS installation on Xenon at 0.2–0.3 bar, either using visible (0.4 µm)
or the infrared (1.3 µm) laser beam (0.3 ns) and producing shocks at ∼50 km/s [1].
Visible interferometry demonstrated the presence of a radiative precursor and an
electron density up to 1019 cm3 was measured. As the plasma is opaque for elec-
tron density exceeding the critical density: nc (cm−3) ∼ 1021/λ (µm)2 (where λ

is the laser wavelength), and strongly absorbing one decade below, it is difficult to
probe the shocked part of the plasma, where 1D simulations predicts a density of
1020–1021 cm−3. We recently showed that XRL laser beam at 21 nm may be used
to probe these shocks [2]. New results are presented below.

2 Experimental Setup and Critical Components

The PALS laser beam (operating at 1.3 µm) is split into two beams: one (AUX, 60 J)
is focalized on a target located in the “cylindrical” vacuum chamber. It is used to
generate the shock wave. The second beam (MAIN, 500 J) is focused on a Zn target,
located in the “spherical” chamber, to generate a laser beam at 21.2 nm (3 mJ, 0.2 ns)
[3], which is sent towards the cylindrical chamber, shining the cell perpendicularly
to the direction of AUX, with a precise delay of 20 ns. The XRL beam then reaches
a spherical mirror and a CCD camera. A pinhole, placed at the focus of XRL beam,
and an Aluminum foil placed in front of the CCD, perform a filtering of the plasma
stray light. The XRL mirror also images the target on the CCD, with a magnification
G of 8 or 4 (see Fig. 1 for the experimental setup).

The targets are miniaturized shocks tubes, with an internal canal of 6 × 0.4 ×
0.4 mm3, filled in situ with Xe. They are closed on one end by a gilt foil of
polystyrene (10 µm), on which the AUX laser is focalized and which acts as a pis-
ton. They are closed laterally by two membranes (see below) through which the
XRL beam propagates (Fig. 2). These membranes have not only to be transparent
at 21.2 nm (i.e. they have to be thin) but also to withdraw a difference of pressure
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Fig. 2 Principle of the target
with the gilt piston and the 2
membranes

of ∼0.3 bar between the two faces (pressure inside the target, vacuum outside).
A crude approximation of the minimum thickness h required to withdraw a differ-
ence of pressure �P is, for a long window of section a, given by:

�P = h

a

√
σ 3

0.167E
,

where σ and E are the breaking point stress and the Young modulus respectively.
Two types of membranes were used: (i) Si3N4 (h = 100 nm, 0.4×3 mm2) and (ii) Si
(h = 100 nm, 0.6×5 mm2), respectively manufactured by SILSON and CEA-LETI.

The Si3N4 membranes are manufactured using hydroxide-based anisotropic etch-
ing of silicon wafers coated with LPCVD silicon nitride [4]. Using the values σ =
2 × 109 N/m2 and E = 2.6 × 1011 N/m2, one obtains �P (bar) = 4.3 × 103 h/a

(here a = 0.4 mm), in qualitative agreement with the measured value of ±0.5 bar
at least. The transmission of each membrane is ∼0.13 and their optical properties
are excellent. The only difficulty was the roughness of the external section of the Si
frame which was presenting small defaults of ∼0.1 mm, causing difficulties in the
gluing of the polystyrene foil on the membranes.

Few Si membranes were also tested. They were manufactured starting from SOI
substrate. The deep etching is: RIE on 500 µm then completed by a wet etching with
TMAH to be stopped on SiO2, finally removed by HF acid [5]. The transmission
(0.75) at 21 nm is excellent. The membranes withdraw the required difference of
pressure. Our prototypes presented winkles. However, flat high stress membranes
can be provided and these membranes are very promising.

Spherical XUV mirrors (f = 300 mm, used of axis, with a total deviation of 11
degrees) required special attention. Two mirrors were used:

– Mirror 1: fused silica substrate (roughness 0.2 nm rms, pitch polished at Institut
d’Optique). The layer deposition consisted of 20 periods of Al/Mo/B4C with B4C
capping layer, made at CEMOX platform of Institut d’Optique [6]. The expected
reflectivity at 21.2 nm is 45 %.
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Fig. 3 Image of the laser with mirror 1 (left; G = 8; ∼5.5 × 13 mm2), mirror 2 (center; G = 8;
∼5.5 × 13 mm2), image of a shock wave (right; G = 4; ∼9 × 3 mm2)

– Mirror 2: fused silica substrate (roughness 0.2 nm rms, shape λ/50, from Winlight
Optics) with 30 periods of Mo/Si deposited at CEMOX (expected reflectivity =
35 %).

The images of the XRL laser beam at the position of the target, taken with these
mirrors are given in the Fig. 3 together with a sharp image of a RS shock using
mirror 1. Due to several defaults, the mirror 2 is less adequate for XUV radiography.
Indeed, a similar mirror (EAGLE substrate, MoSi deposition performed at Brno)
was used in previous experiment. Although the image of the shock wave was visible,
it was difficult to analyze.

3 Conclusions

To conclude, XRL radiography is a powerful diagnostic for probing laser generated
shock waves. This requires an energetic XRL laser, good quality windows for the
shock tube and a XUV mirror, with a well polished substrate and an adequate multi-
layer deposition. Additive tests have to be made to understand the underachievement
of our MoSi mirrors.
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Chapter 40
High Density Optical-Field-Ionization Soft
X-Ray Lasers

F. Tissandier, S. Sebban, M. Kozlova, J. Gautier, P. Zeitoun, A. Klisnick,
and G. Maynard

Abstract Generating an optical-field-ionization (OFI) collisional soft X-ray laser
amplifier in a high density plasma would allow a significant increase of the sat-
uration intensity, laser gain, and reduction of the emitted pulse duration. Due to
strong refraction of the pump infrared beam in the plasma, guiding techniques have
to be implemented. Using an optically preformed plasma waveguide, we success-
fully achieved guiding of J-energy pulses in a near-critical density krypton plasma
with 50 % total transmission over 5 to 10 mm. X-ray lasing at 32.8 nm has also been
demonstrated. This technique is a step towards OFI recombination soft X-ray lasers.
This pumping scheme requires the production of a cold and dense plasma. We pro-
pose to pump a high density neon VIII plasma by a frequency doubled intense Ti:Sa
laser. Guiding of the 405 nm pump pulse has already been achieved at LOA.

1 Introduction

In the past few years, there has been noticeable progress in the development of high-
brightness coherent radiation beams in the X-ray and soft X-ray range. The X-ray
free electron lasers have demonstrated unprecedented peak powers in the nanome-
ter and angström regions with femtosecond time resolution and have been used for
numerous applications since available. However, due to the relative lack of these

F. Tissandier (B) · S. Sebban · J. Gautier · P. Zeitoun
Laboratoire d’Optique Appliquée, ENSTA, 104 Bvd des Maréchaux, 91120 Palaiseau, France
e-mail: fabien.tissandier@ensta-paristech.fr

M. Kozlova
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Fig. 1 Calculated ionization map of the OFI plasma for a pump intensity in vacuum of
1018 W/cm2 and a krypton pressure of (a) 10 mbar, (b) 30 mbar and (c) 50 mbar. The laser prop-
agates from left to right. The lasing Kr8+ is represented in white. (d) Measured and calculated
output intensity of the soft X-ray laser as a function of krypton pressure

large and costly facilities, there is a need to develop more compact and less expen-
sive sources. Soft X-ray lasers (SXRLs) generated through laser amplification in a
collisional plasma are a promising alternative. Since their first experimental demon-
stration in 1985, dramatic progress has been made worldwide in the understanding
and performances of these sources. However, they remain strongly limited in terms
of focusable intensity or temporal resolution (ps pulse duration at best).

The work we report here mostly deals with an optical-field-ionization (OFI) colli-
sional SXRL at 32.8 nm generated in a Ni-like krypton plasma [1]. We will first sum-
marize the performances of that SXRL in the amplification of spontaneous emission
(ASE) regime and when seeded by a high-order harmonic (HOH) of an intense in-
frared laser, in both cases with a maximum gas pressure of a few tenths of mbar
(atom density around 1018 cm−3). We will then discuss the advantages and draw-
backs of drastically (2 orders of magnitude) increasing the gas density and report
experimental measurements—including soft X-ray lasing—in a near-critical density
plasma. Before concluding, we will discuss the possibility of generating a plasma
suitable to the SXRL recombination pumping scheme.

2 Low-Density Performances

In the OFI scheme, both the creation of the lasing Kr8+ ion and the pumping of
the population inversion are driven by the pump laser pulse. In its simplest form,
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Fig. 2 (a) Far-field profile of the ASE SXRL beam. The beam was clipped by the Al filter mount-
ing. (b) Spectrum of the ASE radiation, deducted from longitudinal coherence measurements

it consists in focusing an ultrashort and intense laser pulse into a cell filled with
krypton at a pressure of a few tenths of mbar. The SXRL is then generated along the
propagation of the pump beam in the plasma. We remind here the low-density soft
X-ray amplifier performances obtained using the 10 Hz multi-terawatt “Salle Jaune”
Ti:Sapphire laser installation at LOA. The 1 J, 35 fs pulses at a central wavelength of
815 nm were focused into a variable-length krypton cell. A quarter-wave plate was
used to ensure the pump field has a circular polarization, and an aluminum filter
was used to separate the SXRL beam from the remaining infrared pump beam. The
best performances of the 32.8 nm SXRL were usually obtained for a gas pressure of
30 mbar [2] as can be seen on Fig. 1(d). The reason they were not obtained for the
highest pressure is the main issue of the OFI scheme: this is a longitudinal pumping
scheme, so the pump laser propagates in the plasma it created. This plasma exhibits
an refraction index radial profile such that the pump beam suffers strong defocusing
along its propagation. This defocusing gets stronger for higher plasma densities,
as can be seen on Fig. 1(a–c) giving a 2D (ρ, z) map of the ionization stage in
the plasma. It was calculated in a cylindrical geometry using the code OFI_PROP.
While the amplifier is more than 6 mm long for a gas pressure of 10 mbar, its length
drops to 3 mm at 50 mbar. This effect indirectly seriously limits the output pulse
energy, which may vary from 1 to 100 nJ.

In the ASE regime, the divergence of the emitted SXRL beam is determined by
the geometry of the amplifier. It is usually set between 10 and 15 mrad. The spatial
profile also exhibits speckle (Fig. 2(a)) patterns. They are a consequence of the fact
that the source behaves as a collection of micro sources mutually temporally co-
herent but spatially incoherent [3]. These modulations are characteristic of “short”
pulse duration SXRLs (OFI and transient pumping); in the case of a long pulse du-
ration SXRL (quasi-steady state), time averaging contributes to a drastic dampening
of these speckle patterns. The spatial coherence of this source was also measured
using variable-spacing Young slits and was found to be almost nil at the source,
yielding a beam with a coherent zone diameter accounting for only of few percent
of the beam diameter at 4 m from the source.
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Fig. 3 (a) Usual Gaussian far-field profile of the seeded SXRL beam. (b) Bessel far-field pro-
file of the seeded SXRL beam, due to a hole the amplifier caused by over ionization of krypton.
(c) Wavefront of the seeded SXRL beam. The RMS distortions are of the order of λ/11

At last, the temporal coherence of the ASE source was measured by longitudinal
variable-path difference interferometry using a Fresnel bi-dihedron interferometer.
Using Wiener-Khinchin theorem, we could calculate the power density spectrum
of the pulse (equal to the Fourier transform of the fringe visibility as a function
of optical path difference curve), given in Fig. 2(b). The bandwidth is extremely
narrow, around 3 mÅ, corresponding to �λ/λ = 10−5. The 1/e coherence time was
found to be 6 ps for a krypton pressure of 30 mbar, and since this duration is the
same as the gain duration at the same gas pressure, we concluded that the soft X-ray
pulse is Fourier limited, with a duration around 6 ps [4].

The OFI ASE SXRL source offers then poor spatial characteristics, a low pulse
energy and a long pulse duration. Seeding the amplifier by a high-order harmonic
allowed a drastic improvement of the soft X-ray beam [5]. In this configuration,
a second Ti:Sa beam (a few tenths of mJ, 35 fs) is used to generate in particular
the 25th harmonic of the infrared frequency. This harmonic can be accurately tuned
to wavelength of 32.8 nm by adjusting the chirp of the driving laser. The HOH are
generated in a argon gas cell at a pressure of 20 mbar, and the source is imaged onto
the amplifier entrance plane using a grazing incidence toroidal mirror. Figure 3(a–b)
shows two typical far-field profile of the seeded SXRL beam. Due to spatial filter-
ing of the harmonic by the plasma [6], the output amplified beam profile exhibits a
symmetric Gaussian (a) or Bessel (b) profile [7], depending on the shape of the am-
plifier. The beam is also well collimated, with a divergence of the order of 1 mrad.
Another interesting new feature of this source is that it offers a high spatial coher-
ence, and an almost diffraction-limited wavefront (Fig. 3(c)) with RMS distortions
of λ/11 [8].

On the other side, the output pulses still have a duration in the ps range. Since the
HOH duration (fs) is much shorter than the amplifier characteristic time scale (ps),
the amplified field grows as a coherent wake behind the harmonic peak, with a dura-
tion of the order of the phase relaxation time of the dipoles constituting the amplifier
medium. The amplification is well saturated, but Rabi oscillations of the fields were
neither observed, nor expected [9]. Since that saturation is quickly reached (after
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1 or 2 mm of propagation in the amplifier), the output pulse energy is not very high.
Pulses with energy up to 1 µJ were produced.

On the whole, the seeded SXRL source is promising but suffers from a lack
of focusable intensity of temporal resolution. This could be taken care of by in-
creasing the amplifier density. When increasing the density, collisional processes
are faster. In particular, collisional excitation (thus pumping) is faster, but also colli-
sional ionization—that destroys the lasing ion—is also faster. The gain lifetime me-
chanically decreases. On Fig. 4 are given the SXRL intensity as a function of the har-
monic injection delay into the amplifier, for different krypton pressures. These are
basically gain temporal evolution measurements. Time-dependent only collisional-
radiative calculations of the gain dynamics are also reported on the same graphics.

As expected, the gain duration decreases when we increase the plasma density.
That decrease is however not of great importance: the gain duration (FWHM) is
around 10 ps at 15 mbar, and 5 ps at 40 mbar. The gain peak value is also slightly
higher at 40 mbar (180 cm−1) than at 15 mbar (150 cm−1). It could nonetheless
be interesting to see the effects of an increase of density by 2 orders of magnitude,
up to 1020 at/cm3. Using the same-as-before time-dependent OFI_0D collisional-
radiative code, we have been able to calculate the resulting gain maximum value,
and saturation intensity. They are reported on Fig. 5 for a krypton density ranging
from 1018 cm−3 (40 mbar)) to 2 × 1020 cm−3.

It can be seen that at a density of 1020 cm−3, the peak gain value is only twice
that obtained for a density of 1018 cm−3. The most important improvement we can
expect is the saturation intensity. Over the same range of density, it gains 4 orders of
magnitude. If we are able to let the pump pulse propagate over a significant distance
in the plasma (a few mm), we can expect a very strong increase of the emitted pulse
energy. The gain duration is also expected to decrease drastically.

3 High-Density Waveguiding and Soft X-Ray Lasing

As we have already seen, the main issue of this OFI scheme is the pump pulse
propagation. Using a neutral density of 1020 cm−3, some waveguiding technique
must be implemented to allow the pump laser to propagate over more than a few
hundreds of microns. Guiding of the pump pulse of an OFI SXRL has already been
achieved using a capillary discharge [10, 11], hollow capillary tubes [12, 13], or
an laser-preformed plasma waveguide [14, 15]. Although the results obtained with
capillary discharge or tubes were convincing, both these methods are not suited for a
high density plasma. Using a laser-produced plasma waveguide however gave very
interesting and promising results at neutral densities around 1020 cm−3.

The principle of plasma guiding is to generate a plasma channel with an electron
density profile that will compensate the effects of diffraction, i.e. lower along the
propagation axis than further away from that axis. An effective method to generate
such a plasma channel is the so-called “ignitor-heater” method [16–18]. It basi-
cally follows three steps. The first step is the creation of primary electrons. A first
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Fig. 5 Calculated peak gain
and saturation intensity for a
krypton density up to
2 × 1020 cm−3

short (fs) and intense pulse, called the ignitor, is then focused into the gas. Via tunnel
ionization, a weakly-ionize plasma is generated. A second long duration (100’s ps)
and energetic (100’s mJ) pulse, called the heater, will then heat the free electrons
and trigger collisional avalanche ionization that will lead to a plasma of ionization
stage around 3–4 and thus greatly increase the electron density. The last step is the
hydrodynamic expansion of that plasma at the local sound speed. This expansion
will result in a decrease of the electron density along the axis.

We implemented that technique for our Kr8+ amplifier using an axicon [18], that
focuses the ignitor and heater pulses along a longitudinal line. The experimental
setup is detailed on Fig. 6. The plasma channel is created using a 100 mJ, 35 fs igni-
tor pulse and a cross-polarized 250 mJ, 400 ps heater pulse delayed by 350 ps. These
pulses are focused by the axicon along a line 2–3 cm-long into the gas jet. The gas
jet is a prototype that is able to deliver a neutral density up to 2 × 1020 cm−3 with a

Fig. 6 High density plasma waveguiding and soft X-ray laser: experimental setup
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Fig. 7 (a) Typical plasma channel interferogram and (b) electron density map calculated from that
interferogram. The pump laser propagates from left to right. (c) Averaged electron density profile
along the channel

slit nozzle 0.2×5 mm or 0.2×10 mm. After a delay of 3.5 ps, the main pulse (0.5 J,
35 fs) is focused into the plasma channel by a 0.5 m focal length spherical mirror.
Our main diagnostics are plasma transverse Mach-Zehnder interferometry using a
frequency-doubled Ti:Sa pulse, high flux pump beam imaging in the entrance and
exit planes of the channel, and a flat-field soft X-ray spectrometer (not showed here)
using a grazing incidence toroidal mirror coupled to a 1000 mm−1 reflexion grating.

In Fig. 7(a) is given a typical plasma channel interferogram obtained with the
5 mm-long nozzle. The channel clearly runs over most of the 5 mm of gas and has
a diameter around 100 µm. This interferogram can be used to calculate the electron
density map in the channel. It is given on Fig. 7(b) and the longitudinally-averaged
profile is given on Fig. 7(c). The density is very high at the entrance of the channel,
more than 1021 cm−3, and quickly decreases to a value slightly below 1021 cm−3.
On average, the density inside the channel is around 7 × 1020 cm−3. We can also
notice that the channel exhibits an electron density difference �ne > 1020 cm−3

over a radius of 40 µm, more than sufficient to allow waveguiding.
On Fig. 8(a) and (b) are given respectively the focal spot of the pump beam in the

entrance plane of the gas jet and in the output plane without waveguide (and without
gas). It is focused down to a spot size of 15 µm FWHM, close to the diffraction
limit. On Fig. 8(c) is given the pump beam profile in the output plane of the gas jet
when the plasma waveguide is present (using the 5 mm nozzle). The beam is clearly
guided, and exhibits after 5 mm of guided propagation dimensions comparable the
focal spot. On this image, the guided beam is mainly monomode while in others
cases, it is composed by 2, 3 or more spots. This is due to the pointing fluctuations
of the pump beam that have multimode guiding as a consequence. However, it does
not affect the overall energy transmission of the waveguide, which usually ranges
between 35 % et 50 % with a good shot-to-shot stability.

We were able to generate a SXRL using that waveguide technique both the 5 mm
and 10 mm-long nozzles. On Fig. 9(a) is given the spectrum of the emitted radi-
ation. It is only composed by the 32.8 nm SXRL line. We have not been able to
calibrate our sensor, but we estimate the energy contained in the SXRL pulses to
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Fig. 8 High flux images of the pump beam (a) in the entrance plane of the jet, (b) in the output
plane, without waveguide, and (c) in the output plane, guided in the 5 mm-long plasma channel

Fig. 9 (a) Spectrum of the emitted soft X-ray radiation. (b) Guiding efficiency (dotted line) and
SXRL intensity (dashed line) as a function of the relative spacing between the jet nozzle and the
plasma channel. The density rises when the vertical position decreases

several µJ. On Fig. 9(b) is given the dependence of the guiding efficiency of the
waveguide and the output soft X-ray signal on the gas density. It can be seen that
the guiding efficiency increases while the density decreases, because propagation
of the preforming beams is easier at lower densities. The resulting channel is also
slightly smaller when the density is increased, so that the pump beam is harder to
couple to the waveguide. On the other hand, there is a density optimum in terms
of soft X-ray generation. This is due to some competition between the high gain
and saturation intensity, and the less efficient guiding that are all consequences of a
higher density.

At last, the far-field pattern of that SRL beam has been recorded using a spherical
mirror to ensure all the light is collected on our soft X-ray CCD camera. A typical
footprint of the beam, generated using the 1 cm-long nozzle, is presented on Fig. 10.
It exhibits the speckle patterns common to short-duration ASE SXRLs, and a dough-
nut shape due to steep density gradients inside the waveguide that deflect the soft
X-ray beams away from the axis. Its divergence, between 10 and 15 mrad, is deter-
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Fig. 10 Far-field profile of the SXRL beam using the 10 mm-long nozzle and a distance between
the jet and the plasma channel of (a) �0, (b) 0.5 mm, (c) 1 mm, and (d) 1.5 mm. The density
decreases from left to right

mined by the geometry of the amplifier column. For the same reason, we notice that
when the gas density decreases (Fig. 10(a–d)), the beam divergence increases (larger
and potentially longer amplifier). When using a 5 mm-long nozzle, the SXRL beam
is usually a little more divergent (20 mrad) since he amplifier is shorter.

4 Recombination Scheme

These results are very promising, but still limited in terms of short wavelength
SXRL generation. The ability to guide an intense pulse in a near-critical den-
sity plasma could be the first step to reinvestigate the recombination pumping
scheme [19]. This scheme is very interesting because it would allow for the possibil-
ity of lasing from an excited state of an ion down to the ground state. The advantage
of lasing down to the ground state is the higher energy (thus shorter wavelength)
of the lasing transition as compared with lasing between excited states. The plasma
conditions that are required are a very complete emptying of the ground state and an
electron temperature which is small compared to the ionization energy in order to
favor collisional recombination (over radiative recombination). Since the collisional
recombination rate varies as n3

e/Te, the plasma needs also to be as dense as possible.
If these requirements are met, the upper energy levels of the ion of charge n will be
populated from recombination of the ion of charge n + 1. Collisional-radiative cas-
cades will occur and will populate the lower energy levels before the ground state,
allowing a population inversion between the ground state and the first energy level
(among others). This population inversion is expected to be very short, below 1 ps
[20]. Good candidates for this scheme are H-like or Li-like ions. In particular, an
intensity of only 2 × 1017 W/cm2 is needed to ionize neon to He-like Ne which
may recombinate to Li-like Ne [21]. In Li-like Ne, the transition between the first
excited level (3d) and the ground state (2p) corresponds to a wavelength of 9.8 nm.

We propose to use the preformed plasma waveguide technique in a near-critical
density Ne plasma to investigate the OFI recombination scheme. To limit elec-
tron heating by the pump pulse, the pump field has to be linearly polarized. The
smaller pump field wavelength, the less heating it provides, so we decided to use a



40 High Density Optical-Field-Ionization Soft X-Ray Lasers 253

Fig. 11 (a) Focal spot of the 2ω beam, in the entrance plane of the plasma channel. (b) Interfero-
gram of the plasma channel guiding the 2ω pulse over 5 mm of neon plasma. (c) Guided 2ω beam
output profile in the exit plane of the channel

frequency-doubled pump pulse. We used a 120 mm-diameter, 0.8 mm-thick type I
KDP crystal to generate the second harmonic of the main pulse of our Ti:Sa laser
system. Up to 40 % of the infrared was converted to 405 nm. Figure 11(a) shows
the 2ω focal spot focused by a 0.5 m-focal length spherical mirror. The ω beam is
focused down to a spot size of 16 µm FWHM encircling 50 % of the energy while
the 2ω focal spot is twice smaller (8 µm) and contains 57 % of the energy. We have
not been able to measure the spectrum of the 2ω pulse, but manufacturer data shows
no significant temporal broadening of that pulse.

Figure 11(b) is a typical interferogram of the Ne plasma using a 5 mm-long
nozzle. We can notice a plasma channel running over most of the 5 mm of neon,
and the guided 2ω pulse in the channel. On Fig. 11(c) is given the beam profile of
the guided 2ω beam in the exit plane of the channel. It is comparable to the input
beam, with the same spot diameter of 8 µm. We measured an energy transmission
of the waveguide of 60 %. This is even better than when guiding the ω beam, and
probably due to the smaller size of the 2ω beam at the entrance of the channel. We
have not observed any soft X-ray signal, but this was only a preliminary experiment.

5 Conclusion

We have seen that—although they offer interesting features—low density OFI col-
lisional SXRL amplifiers are limited in terms of pulse energy, duration, and wave-
length of emission. We successfully increased the density of the amplifier by 2 or-
ders of magnitude, with prospects of multi-10th µJ soft X-ray pulses also expected
to have a shorter duration. To achieve that, an ignitor+heater optically preformed
plasma waveguide with a transmission of 50 % has been implemented. The ability
to guide ultra-intense pulses in near-critical plasmas is a good start to a reinvestiga-
tion of the OFI recombination pumping scheme. As a preliminary experiment, we
have been able to frequency-double the main IR pump pulse and guide this pulse in
a neon plasma at a density around 1021 cm−3. If successful, this experiment would
allow the production of sub-ps pulses below 10 nm.
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Chapter 41
Spectral Linewidth Measurement of a Ne-Like
Ar Capillary Discharge Soft X-Ray Laser

L. Urbanski, M.C. Marconi, L.M. Meng, M. Berrill, O. Guilbaud, A. Klisnick,
and J.J. Rocca

Abstract We report on the measurement of spectral linewidth of a Ne-like Ar table-
top capillary discharge laser. The linewidth was measured as a function of the gain
medium length. Due to inhomogeneous character of the linewidth, saturation re-
broadening is expected. However no such behavior was observed while the amplifier
length was extended beyond saturation. This situation is compared with a numerical
model, identifying that even a small amount of collisional broadening effectively
homogenizes the line profile.

1 Introduction

The table top capillary discharge Ne-like Ar laser has been widely used in many
applications requiring combination of light coherence and high photon flux [1]. In
past experiments the spatial coherence of the Ne-like Ar laser was measured using
a Young’s interferometer. The measurement was performed for different amplifier
lengths yielding to the conclusion that a fully spatially coherent beam is obtained
for 36 cm long plasma column [2]. However there was no direct measurement of the
temporal coherence and thus the linewidth of the capillary discharge laser. The mea-
surement of the linewidth can give insight on the plasma conditions in the amplifier
and provide a better understanding of the laser dynamics. In a capillary discharge
laser, the electron density is of the order of 1018 cm−3 and the ion temperature ex-
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Fig. 1 Different position of the scanning mirror resulting in different interference contrast. Insets
showing relative mirror placement, interferogram and a corresponding line-out

ceeds the electron temperature. In such conditions, Doppler broadening dominates
the line profile and the collisional component that homogenizes it should be less
significant.

This situation gives a justified premise to expect linewidth re-broadening after
saturation. Several attempts to measure the linewidth of different types of optically
pumped soft-x-ray lasers have been reported in the past [3, 4]. Due to extremely
narrow line, they had to be conducted using very high resolution spectrometers [3].
In the experiment described herein, we measured the laser linewidth using a Fresnel
bi-mirror interferometer [4]. The line profile was inferred from the visibility profile
obtained by measuring the fringe visibility of the interferograms as a function of the
path difference in the interferometer. We measured the laser linewidth for different
amplifier lengths between 18 and 36 cm and compare the results to the numerical
simulations.

2 Measurement Principle

The capillary discharge laser illuminates the Fresnel bi-mirror interferometer after
reflecting in a pair of multilayer mirrors (Sc/SiO), with peak reflectivity at 46.9 nm.
This arrangement serves in the experiment twofold. First, it allows aligning the laser
beam with the optical axis of the interferometer. Second, due to the narrow reflec-
tivity bandwidth of the multilayers, the double reflection provides extra spectral fil-
tering at the laser wavelength. The wavefront is then split at the interferometer and
brought to interference at the detector plane (CCD). The optical path difference be-
tween the arms of the interferometer can be varied displacing one of the bi-mirrors
in the vertical direction as schematically shown in Fig. 1.

This produces a change in the visibility of the interference fringes with the dif-
ferent path differences that allows the construction of the visibility curve. A typical
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Fig. 2 Visibility curve
obtained for a single capillary
length. Experimental data
with a calculated fit

Fig. 3 Experimental results.
Linewidth as a function of the
amplifier length. Data set is
fitted with numerical
calculation

visibility curve is shown in Fig. 2. The coherence length is obtained from the opti-
cal path difference at which the fit drops to 1/e of its maximum in the Gaussian fit
of the curve. From this measurement the linewidth is calculated. The results of the
linewidth measurement are illustrated in Fig. 3.

The bandwidth decreases slowly as the plasma length increases maintaining an
almost constant value for long capillaries, without any significant rebroadening for
the longest lengths even though the laser was operated above saturation. Each data
point in Fig. 3 corresponds to an average of 5 measurements and the error bars were
selected to include all measurements. The lines show the computed linewidth as-
suming ion temperatures of 100, 87 and 70 eV from top to bottom, respectively.
The model simulates the amplification of the laser line by solving the frequency-
dependent intensity and population equations accounting for Doppler and collisional
broadening, gain saturation, beam refraction, and collisional redistribution. The cal-
culations predict a weak rebroadening of the line beyond L = 24 cm. However this
effect is small compared to our experimental error bars, and no conclusive rebroad-
ening can be derived from the experimental data.
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3 Summary

In conclusion, we have measured the linewidth and temporal coherence of a capil-
lary discharge soft-x-ray laser, and have studied its variation as a function of ampli-
fier length. While the line profile in this discharge amplifier is clearly dominated by
Doppler broadening, the relatively small collisional broadening component is still
sufficiently large to homogenize the line to the point at which no rebroadening was
measured to take place as the line intensity continued to increase beyond gain satu-
ration. The narrow relative linewidth of this laser �λ/λ = 3.5 × 10−5 corresponds
to a coherence time of 2 ps that is much shorter than the pulse duration of 1.2–1.8 ns
[1, 5, 6]. The temporal coherence length Lc = 700 µm measured for this capillary
discharge SXRL is either similar or in some cases even larger than that of other colli-
sional soft-x-ray lasers [7–9], which facilitates applications requiring high temporal
coherence, such as interferometry [1] and large-area Talbot nanopatterning [10].
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Chapter 42
Defect Tolerant Talbot Nanopatterning

L. Urbanski, M.C. Marconi, A. Isoyan, A. Stein, C.S. Menoni, and J.J. Rocca

Abstract We report on a defect tolerant extreme ultraviolet (EUV) nanopatterning
method. This technique is capable of printing arbitrarily shaped features arranged
into periodic arrays with sub-micron resolution. The method is based on the Talbot
effect. Masks with different defect layouts were fabricated and tested producing
defect free prints regardless of presence of large amount of defects covering up to
1 % of the area of the mask. Numerical simulation was conducted in very good
agreement with the experimental data.

1 Introduction

The demand for effective methods for nanostructures fabrication is driven by an
increased interest in the field of nanosciences and advocates the emergence of al-
ternative lithographic techniques. Nano structures have been widely investigated in
multiple applications such as photonics, plasmonics, microfluidics, biosensors etc.
[1–11]. A versatile and robust method to fabricate such structures will contribute to
the continuing advancement of this field in the future.

In this paper, we present a nanofabrication technique which has the potential to
print features in a photoresist with high spatial resolution and to produce faithful
replicas of the original mask even though a significant amount of defects are present
in the mask. The method is based on the classical Talbot effect, where a diffraction
grating produces replicas of itself under coherent illumination [12, 13]. The image
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Fig. 1 Mask with 1 % defect (a) and corresponding reconstruction at the Talbot plane calculated
numerically (b)

that replicates the diffraction grating emerges at a specific distance and its integer
multiples from the master grating. These distances are called Talbot distances.

In an extension of this concept, the generalized Talbot effect (GTI), the grating
is replaced by a periodic two dimensional array of arbitrarily designed motifs also
referred to as the diffractive mask, or mask for brevity. Also the GTI renders replicas
of the original mask at the Talbot distances, in a similar way as the classical Talbot
effect. A more detailed description of the GTI can be found in [14].

The diffractive mask is composed of an array of periodically tiled cells of arbi-
trary design (native cells). For the purpose of this experiment, the native cell motif
has been chosen to be a character form a 1970s video game, “Space Invaders”. The
defect was represented as a cell with a different motif, also corresponding to a dif-
ferent species of space invader. We will refer the defect as the impostor cell.

In order to characterize the extent of defect tolerance, we have designed masks
with purposefully embedded defects. The masks were composed of 10,000 unit cells
arranged in a square matrix where a certain number of impostor cells were included
with different layouts. In one case a single impostor cell was introduced in the cen-
tral cell of the mask. In the second case, the entire middle row of native cells was
replaced with impostor cells. These two layouts correspond to a defect density of
0.01 % and 1 % respectively.

Figure 1(b) shows the numerical reconstruction of the mask with a row of im-
postor cells calculated at the first Talbot plane. The figure shows only the 5 × 5
central section of the 10,000 cells array. The reconstruction was performed using
the Fresnel-Kirchhoff diffraction integral formalism to calculate the diffracted light
intensity. No sign of defect is present in the reconstruction plane and the impostor
cells are completely eliminated in the Talbot plane.
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Fig. 2 The diffractive mask layout for two different defect concentrations. Left: 0.01 %, right: 1 %

Fig. 3 Scheme of the experimental setup. In-line reconstruction of the mask

2 Experiment

In order to verify the numerical result experimentally, two masks were fabricated.
To fabricate the masks with reasonable diffraction efficiency we used a thin (25 nm)
silicon nitride membrane that provided an adequate transparent substrate on which
the cells were defined in HSQ photoresist by electron beam lithography.

Figure 2 shows the SEM micrographs of the two masks. In the left hand side is
pictured the central region of the mask with a single impostor cell. The right hand
side of Fig. 2 is the micrograph of the second mask where the central row was
replaced by the impostor motif. More details on the mask fabrication can be found
in [14].

The schematic of the experimental setup is represented in Fig. 3. The mask with
a defect was illuminated with coherent beam from a table top capillary discharge
soft X-ray laser. At the first Talbot plane a resist-coated silicon wafer was placed in
order to record the self-image. The exposed resist was then developed and scanned
using an atomic force microscope (AFM). Figure 4 shows the AFM micrograph of
the print obtained for the mask with a row of defects. The print recreates the original
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Fig. 4 Atomic force
microscope scan of the resist
patterned with a defective
mask with 1 % defect

mask without any defect, producing a defect free print event though the diffractive
mask had a severe defect equivalent to 1 % of the total area. Similar results were
obtained with the mask with a single impostor cell.

This result is in very good correspondence with numerical simulations shown in
Fig. 1. It is important to notice that the amount of defect included in the masks we
tested is significantly larger than the tolerable defect count in a lithography mask.
Our results demonstrate a versatile and robust methodology to print photoresist with
defect tolerant characteristics. This approach can have impact in the fabrication of
periodic structures like plasmonic surfaces, photonic crystal structures, calibration
gratings, etc. and can contribute to the widespread of small scale nanofabrication.
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Chapter 43
Imaging in Nanoscale Using Laser-Plasma
Sources of Extreme Ultraviolet (EUV)

P.W. Wachulak, A. Bartnik, A. Baranowska-Korczyc, D. Pánek, P. Brůža,
J. Kostecki, Ł. Węgrzyński, R. Jarocki, M. Szczurek, K. Fronc, D. Elbaum,
and H. Fiedorowicz

Abstract New developments in nanoscience and nanotechnology require nanome-
ter scale resolution imaging tools and techniques such as an extreme ultraviolet
(EUV) and soft X-ray (SXR) microscopy, based on Fresnel zone plates. In this pa-
per, we report on applications of a desk-top microscopy using a laser-plasma EUV
source based on a gas-puff target for studies of morphology of thin silicon mem-
branes coated with NaCl crystals and samples composed of ZnO nanofibers.

1 Introduction

Recent rapid developments of nanoscience and nanotechnology require nanometer
scale resolution imaging tools and methods. One of the methods, extensively stud-
ied for the last few decades, is an extreme ultraviolet (EUV) and soft X-ray (SXR)
microscopy, based on Fresnel zone plates (FZP) [1]. The introduction of compact
sources of bright EUV and SXR radiation paved the way for the development of
table-top microscopes that can render images of nanoscale objects with short ex-
posures and spatial resolution approaching that of synchrotron-based microscopes
[2–4].

In this paper, we report on applications of a desk-top microscopy using a laser-
plasma EUV source, based on a gas-puff target, for thin-film studies of silicon mem-
brane coated with NaCl crystals and imaging of ZnO nonofibers. The fact of recently
increased interest in ZnO nanostructures in electronics is due to their morphology,
availability, possibility of doping with other materials, low cost of fabrication and
processing [5] and possibility to use in sensor applications [6]. Additionally, our
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Fig. 1 An experimental arrangement of the EUV microscope (not to scale) using a laser-plasma
EUV source (a) and its photograph in (b)

motivation is to test recently developed EUV microscopy setup on non-trivial ob-
jects. Utilization of the short wavelength EUV radiation allows to demonstrate the
intrinsic advantage of this radiation for extraction of additional information about
the investigated object, which cannot be obtained directly from optical micrographs
and SEM images. Moreover, this microscope does not require additional sample
preparation necessary for SEM microscopy.

2 Experimental Arrangement

The scheme of the experimental arrangement of the EUV microscope is shown in
Fig. 1(a) and the photograph in (b). The source, emitting short wavelength radiation
that is used for imaging, is a laser-plasma EUV source, presented in [7] and later
modified for quasi-monochromatic emission in the 13–14 nm wavelength range, as
described in [8]. The gaseous target does not produce any debris associated with
solid targets and allow to change the emission bandwidth and the wavelength of
emitted radiation simply by changing a gas. EUV radiation from the argon plasma
was focused onto a sample and spectrally filtered by a Mo/Si multilayer ellipsoidal
mirror.

We have imaged three different samples, to show advantages of EUV microscopy
comparing to SEM and optical microscopy. Firstly we used NaCl crystallized
on a 15 nm thick non-porous silicon membrane (SPI Supplies) with dimensions
0.07 × 1.5 mm2. The substrate, a silicon wafer 3 × 3 mm2 in size and 100 µm thick,
contains two rectangular shape membrane windows. The NaCl crystals were pre-
pared from phosphate buffered saline (PBS) solution (Lonza, Cat. No. BE17-516Q,
contents: KH2PO4—144 mg/L, NaCl—9000 mg/L, Na2HPO4—795 mg/L). Five
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microliters of the solution were deposited onto the membrane. The water from the
solution was evaporated at the temperature of 21 °C and atmospheric pressure, re-
sulting in re-crystallization of NaCl. During the process a stress was introduced to
the membrane causing random cracks of various sizes to appear in the NaCl crys-
tal film and the silicon membrane. Second type of sample was composed of ZnO
nanofibers. A 10 wt.% poly(vinyl alcohol) (PVA, MW = 72,000) solution was pre-
pared from PVA powder and deionized water. Then 0.25 g of zinc acetate dihydrate
(Zn(CH3COO)2·2H2O) was dissolved in 1.25 g solution of PVA as a precursor to
obtain ZnO nanofibers. Solution, prepared in this way, a precursor, was placed in
a syringe and then a constant flow rate of 0.1 ml/h through a syringe pump was
established. For electrospinning a high electric potential of 10 kV was applied be-
tween the metal tip of a needle of the syringe and grounded collector. The fibers
were formed in ambient temperature at 22 °C and humidity in the range from 30 %
to 40 %. Finally, the process of calcination at 500 °C for 4 h in air was performed,
producing high length/diameter aspect ratio ZnO fibers attached to gold mesh by
van der Waals forces. The fibers, deposited in this way, can be seen in transmission
mode in rectangular openings of the mesh. The third sample was similar to the sec-
ond one: ZnO nanofibers were electrospun on top of a 50 nm thick silicon nitride
membrane but without the calcination process.

The objects are imaged using a FZP objective (Zone Plates Ltd.) onto a EUV
sensitive CCD camera iKon-M, DO934N-BN (Andor). Previously, different test ob-
jects (samples) were imaged using this microscope: Cu mesh with 5 µm bars and
thickness of ∼4 µm [3] and carbon foil, 70 nm thick, with 1.5 µm diameter holes
[4], where the EUV images have been obtained with a half-pitch spatial resolution
approaching ∼50 nm (3.7λ) in a very compact setup (more technical information
about the microscope can be found there). The required exposure for imaging of
NaCl crystals, deposited on the silicon membrane, was 200 EUV pulses, while for
the nanofiber samples −100 EUV pulses at 2 Hz repetition rate. The CCD camera
was cooled down to −20 °C to decrease intrinsic noise during the image acquisition.

3 EUV Imaging Results

The objects were imaged using optical, SEM and EUV microscopes. Optical image
of the NaCl crystals, deposited on top of a membrane, obtained with 100× (NA ∼ 1)
objective is shown in Fig. 2(a). Dashed box indicates the region imaged later with
the EUV microscope. For the purpose of comparison, the same area of the sample
was imaged with an SEM microscope (Tescan VEGA II SBU) and with the EUV
microscope. SEM image was obtained after deposition of ∼10 nm of Au to avoid
charging during image acquisition at 30 kV at magnification of 4000× (sample to
screen magnification). SEM image of the sample, ∼54×54 µm2 in size, is shown in
Fig. 2(b) and corresponding EUV image—in Fig. 2(c). To show the same area, EUV
image was obtained by stitching and partially overlapping 4 × 4 smaller EUV sub-
images. Typically, the magnification was 520× (FZP magnification). This results in
25.9 × 25.9 nm2 pixel size and the field of view 26.4 × 26.4 µm2.
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Fig. 2 Optical image of thin Si membrane with re-crystallized NaCl layer deposited on top, ob-
tained with 100× (NA ∼ 1) objective (a). Dashed box indicates the region imaged with the EUV
and SEM microscopes. SEM image of the sample, ∼54 × 54 µm2 with re-crystallized NaCl (b)
and corresponding EUV image (c) showing the same region of the sample. Intensity profiles of
one of the smallest features in the EUV image showing visible features as small as 4 pixels (d)

The cracks in thin silicon membrane are usually quite large, observed with the
optical microscope, in the range of one to tens of microns. Crystal film exhibits also
a variable transmission to the visible light, but to extract any additional information
another techniques need to be used. The SEM image shows NaCl crystal surface in
detail. Its complex structure obscures, however, the information about the underly-
ing membrane. In the SEM image, it is possible to see the surface features, such as
cracks, but in some cases, it is not possible to determine their depth.

The EUV mosaic, on the other hand, does not show any surface features because
the thick layer of crystallized salt has very low transmission at EUV wavelengths.
However, the EUV image shows regions with low thickness, smaller than approx.
∼100 nm, which are represented by the bright regions. These are very deep gaps in
the NaCl layer and small cracks and holes in the supporting Si membrane. Intensity
of these regions is in this case related to their transmission. Moreover, as can be seen
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Fig. 3 Comparison between small sections of SEM images (a, c, e) and EUV images (b, d, f)
showing different regions of the sample. Some cracks in the sample are deep all the way to the
membrane and can be seen in both SEM and EUV images (marked with white arrows)—(a–d)
and some of the features (marked with dotted arrow), are visible in the SEM image (e) but are not
present in the corresponding EUV image (f). Scale bar is 2 µm

in Fig. 2(d), features with characteristic size as small as 4 pixels can be resolved.
For the given magnification and pixel size of 25.9 nm square, the FWHM width of
this small feature approaches 100 nm.

One can notice that there are some features, marked with white arrows in
Fig. 3(a–d), that are visible in both SEM and EUV images, showing exactly the
same region of the sample. There are also, however, some cracks in the crystal film,
visible in the SEM image, such as one marked with dotted arrow in Fig. 3(e), but
not present in the EUV image, as can be seen in Fig. 3(f).

Interestingly, some features, such as the cracks in Fig. 3(a, c, e), quite similar
in the SEM images, show completely different depth in corresponding EUV im-
ages. Because of EUV images we can tell, that the ones, shown in Fig. 3(a, c), are
undoubtedly deep all the way to the supporting membrane, while another one in
Fig. 3(e) is only a near-surface feature. Thus, the EUV radiation enables additional,
complementary information about the object to be obtained, which is based on an
intrinsic property of EUV light, and that cannot be obtained directly using SEM
microscopy or visible light microscopy.

Similarly, the second sample, composed of ZnO nanofibers, was imaged employ-
ing three, previously mentioned, microscopes. Optical micrograph of small region,
∼20 × 20 µm2 in size, of the mesh, containing the nanofibers, near one of the bars
of the mesh, is shown in Fig. 4(a). The micrograph was obtained with the same ob-
jective. Again, for comparison, the same region was imaged using EUV microscope
and SEM microscope (Quanta 3D FEG, from FEI). SEM image was obtained at
30 kV with magnification of ∼5000× (sample to screen magnification). SEM im-
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Fig. 4 Comparison between images of ZnO nanofibers, image size ∼20 × 20 µm2, obtained with
different methods. Optical micrograph (a) with 100×, NA ∼ 1 objective, EUV microscope im-
age (b), 100 EUV pulses exposure, 690× magnification, NA ∼ 0.138, (c) SEM micrograph at
acceleration voltage of 30 kV, magnification ∼5000× (sample to screen magnification)

Fig. 5 EUV microscope
image showing ZnO
nanofibers. Nanofibers as
small as 100 nm are visible,
especially in the contrast
enhanced section

age of the sample, ∼20 × 20 µm2 in size, is shown in Fig. 4(c) and corresponding
EUV image—in Fig. 4(b). For the EUV image the magnification was 690× (FZP
magnification).

It is easy to notice, that EUV image of the nanofibers has much better spatial
resolution than the diffraction limit of the optical microscope, theoretically equal to
0.61λ/NA ∼ 300 nm (λ = 500 nm, NA ∼ 1).

Figure 5 shows some characteristic dimensions of the sample, where single, sep-
arated nanofibers, as small as 100 nm, are visible. Smaller nanofibers, ∼70 nm in
diameter, scatter much less light, their transmission is higher and they appear much
wider due to the diffraction limit, 0.61λ/NA = 61 nm (λ = 13.8 nm, NA ∼ 0.138).

The last sample, composed of ZnO nanofibers on top of a silicon nitride mem-
brane, imaged using EUV microscope can be seen in Fig. 6(a, b). Size of the EUV
images is ∼20 × 20 µm2, 100 EUV pulses exposure, 690× magnification. White,
solid arrows indicate cracks in 50 nm thick silicon nitride membrane, while dotted
arrows show ZnO nanofibers. The fibers are larger here, usually between 380 and
570 nm in diameter, as measured from the EUV image.
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Fig. 6 Two examples of EUV images of ZnO nanofibers (no annealing) deposited on silicon ni-
tride membrane (a, b), image size ∼20 × 20 µm2, 100 EUV pulses exposure, 690× magnification,
NA ∼ 0.138. Solid arrows indicate cracks in 50 nm thick silicon nitride membrane, dotted arrows
show ZnO nanofibers 380–570 nm in diameter

4 Conclusions

We have demonstrated imaging of nanostructures using a desk-top EUV transmis-
sion microscope based on laser-produced plasma from argon-based gas-puff target
and Fresnel optics. Features with characteristic dimensions as small as 100 nm were
resolved; moreover, we showed that EUV light allows straightforward extraction of
meaningful information about sub-100 nm thin, dielectric films by a direct observa-
tion. No specific sample preparation is required, such as conductive coating for the
SEM and it is still photon-based imaging, important in some applications, such as
thin film studies of electron beam photoresists. The short attenuation length of EUV
photons in almost any material can be utilized to perform imaging with enhanced
optical contrast. Thus, EUV microscopy can be employed in thin layer studies pro-
viding information complementary to optical and SEM microscopy. We also pre-
sented results of imaging of ZnO nanofibers, showing improved spatial resolution
and good optical contrast of this material at EUV wavelengths.

The work, presented in this paper, is a part of an effort to develop a novel com-
pact high-resolution imaging system that may find applications in different areas of
science and technology, such as material science, biomedicine, nanotechnology, and
other fields. Our future plans also include development of a SXR microscope based
on Ar gas puff target source [9], capable of imaging in the XUV “water window”
spectral region.
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Chapter 44
Experiments to Diagnose Plasma with a Soft
X-Ray Laser Double-Frequency Grating
Interferometry

C. Wang, H.H. An, Z.H. Fang, J.R. Sun, W. Wang, W.D. Zheng, X.M. Qiao,
and S.J. Wang

Abstract We developed a kind of soft x-ray double frequency grating shearing in-
terferometry to diagnose hot dense plasma electron density. The method is very suit-
able for the measure on high-Z material plasma near critical surface, because of its
special advantages of suppression of plasma radiation noise and responding to den-
sity dispersion. Experiments on diagnosing a series of plasma, such as plasma of Au
foil target, plasma inside a tube, collision plasma between different material, were
carried out with this method. The experiments acquired good interference pattern
images. The high quality images well proved the method was stable and practical.

1 Introduction

Experimental diagnosis on hot dense plasma near critical surface has important
meaning to the research works of inertial control fusion (ICF) and plasma physics
fields. There is special advantage of soft x-ray laser probe method, which has be-
come an valid and practical technique. Many methods of measuring plasma have
been developed with soft x-ray laser as a probe, such as interferometry [1–6], de-
flectometry [7, 8], shadow image [9] and Tomeson scatter [10, 11] in the past years.
The interferometry is more advantage for understanding plasma developing process
and comparing between theoretic simulations and experimental results.

The first demonstration of soft x-ray laser interferometry on measuring plasma
was exhibited in 1995 by LLNL [1]. They used multilayered component as beam-
splitter and made use of a tilt Mach-Zehnder interferometry. A few years later, the
author’s group also repeated the same experiments [5]. The well results of both ex-
periments indicated the interferometry were feasible with advantages of clear optical
road, big sight field and simple data processing. However there are some consider-
able points for real practice. The first one was surface figure problem of multilayered
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Fig. 1 Basic principle of a
DFG interference

beam-splitter. The second one was very complicated regulation of optical road and
the last one was hard request of soft x-ray laser probe source. A new technique,
which used gratings as beam-splitter, was developed and well resolved the surface
figure problem of multilayered beam-splitter in about 2000 [4]. But the others dif-
ficulties still existed. Besides of M-Z interferometry, some other interferometries,
such as Lloyd’s mirror [3] and Fresnel bi-mirrors, were tried to measure plasma, but
these were less then M-Z method at both stripe quality and applied effect.

In recent years, we have developed a kind of method, so called soft x-ray laser
double frequency grating (DFG) interferometry. The DFG interferometry is a com-
mon technique in visible light band [12, 13]. There is no report that this method was
carried out in soft x-ray wave band. The method is good to avoid the difficulties of
M-Z interferometry system, and the stripe quality was also very well.

2 Basic Principle of DFG Interference

The key element is a DFG that owns two kinds of different frequency periods, such
as d and d ′. When a beam of light injects a DFG, all the 0 order diffraction beams
are at the same direction and the DFG is just like a plane mirror. But for other
order diffraction, for example −1st order, each beam is divided to two beams with
difference directions due to the different grating frequency periods. The diffraction
angles β and β ′ accord to the formula:{

sinβ − sinα = −λ/d

sinβ ′ − sinα = −λ/d ′ (1)

where α is incident angle, λ is the wavelength of light. There may be a large area
where the two beams overlap and the interference may happen. The basic principle
is shown in Fig. 1.

The two beams which participate an interference are in fact from a same beam
of light by deviating a part of distances breadthwise each other, and the optical path
difference comes from the subtraction value between different positions of the same
beam. The optical path difference causes the deflexion of interference fringes, from
which the electron density distribution can be calculated. The given result is not the
real electrical density distribution but a subtraction difference one, labeled �ne(z) if
only taking one dimension condition as an example, where z is the vertical direction
of interference fringe. Then the real electron density can be obtained by:

ne(z) − ne(z + z�) = �ne(z) (2)
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Fig. 2 The experimental setup of DFG interferometry

where z� is the respective offset at z direction, and ne(z) means the electron density
at the position of z.

3 Experimental Setup

The experiments were carried out with SG-II high power laser system of Chinese
National Laboratory on High Power Laser and Physics. The experimental setup is
schematically shown in Fig. 2. The system consisted of a soft x-ray laser source, an
image multilayer mirror, a DFG and several plane multilayer mirrors.

A collisionally pumped nickel-like silver soft x-ray laser operating at 13.9 nm
was used as the probe source. The x-ray laser was produced with double targets
coupling technique by irradiating two 16 mm long Ag-coated glass targets with two
beam from SG-II (λ = 1.053 µm, 70 ps, 70 J, 1 % prepulse ahead 3 ns) at an inten-
sity of 6 × 1013 W cm−2. The output energy of the x-ray laser is approach to several
hundreds µJ. The divergence is approximately 3 mrad×5 mrad and output pulse du-
ration 30∼50 ps. The short pulse and high brightness of the soft x-ray laser allowed
us to obtain an interferogram in a single 50 ps exposure. The exposure time was
so short that the effects of vibrations could be ignored. The probe source injected
directly into plasma to be probed where was 500 mm from x-ray laser without colli-
mation, so the field of view was about 1.5 mm×2.5 mm and it is enough to measure
all the interesting area of large scale plasma.

The plasma to be probed produced by another beam laser irradiating a target was
imaged onto a CCD with a 10 mm radius of curvature multilayer mirror with the
focus of about 270 mm. A series of plasma may be studied by changing different
targets and drive conditions. We mainly payed attention to the 0 and −1st order
diffraction, so two CCD were used to record the signals respectively. The CCD 0#
recorded the 0 diffraction and the image was just like a shadow of plasma. The
CCD 1# recorded the −1st diffraction that might show the interference patterns.

The DFG is the most critical element of this system. For our experiments we
chose the frequency periods of 1000 and 1003 lines per mm. The incident angle was
designed as about 84°. The diffraction angle difference β −β ′ was about 0.012° and
the fringe separation could be estimated to about 150 µm.
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Fig. 3 Experimental static
images. (a) came from the 0
order diffraction. (b) came
from the −1st order
diffraction

4 Experimental Results

Figure 3 shows a typical experimental static images. The static experiments means
the object was only a target and no plasma was created. So the images were not
disturbed by plasma. Figure 3(a) came from the 0 order diffraction signal, so it
can be regarded as the static target shadow image. The shadow of target was clear,
however some slight stripes can be seen, which could be caused by the effect of beat
frequency of DFG. Figure 3(b) came from the −1 order diffraction signal, so it is
a static DFG interference pattern. There were two clear target shadows overlapped
each other. The interference stripes are clearly observed in Fig. 3(b), and the fringe
visibility is about 0.5 ± 0.1.

Figure 4 shows a series of DFG interference experimental results with different
plasmas. Figure 4(a) and (b) show the simple experimental setup and the result of
collision plasma. The plasma was created by a drive laser irradiating a pair of verti-
cal plane target with a lens array uniform focus of about 450 µm ×450 µm. The two
targets were coated with 5 µm-thickness aurum, so the component of plasma was
Au ions. The clear inference stripes and obvious stripe movement indicate abundant
physical contents.

Figure 4(c) and (d) showed another experimental setup and the result of the
plasma in a hohlraum. The hohlraum was indeed a tube cavity with a hole at side.
The drive laser injected from the hole and heated the plasma in hohlraum, and a
soft x-ray laser probe passed along the axis direction of hohlraum and diagnosed
the plasma. (d) is the experimental image and the stripes in hohlraum was fairly
clear.
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Fig. 4 Some DFG interference experimental results. (a) and (b) showed the setup and result about
collision plasma. (c) and (d) showed the setup and result about the plasma in a hohlraum

5 Conclusion

The experiments show the method of soft x-ray laser DFG interferometry is a good
tool to diagnose laser plasma near critical density, especially high-Z matter plasma.
The experimental images of inference patterns are simply shown and the data pro-
cessing are going now.
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Chapter 45
Heavy-Ion Spectroscopy with X-Ray Lasers
at GSI

B. Zielbauer, B. Ecker, P. Neumayer, K. Cassou, S. Daboussi, O. Guilbaud,
S. Kazamias, D. Ros, T. Kuehl, U. Eisenbarth, S. Goette, D. Winters,
V. Bagnoud, and T. Stoehlker

Abstract Different pumping schemes for soft X-ray lasers have been investigated
at the PHELIX laser facility, including a double-target seeding approach at 18.9 nm.
A technical feasibility study of using a Mo XRL beam of several µJ as an excita-
tion source for heavy-ion spectroscopy in a storage ring has been carried out. XRL
photon numbers and the beam transport under ultra-high vacuum conditions over
almost 30 m are the major challenges.

1 Introduction

One of the strong motivations to develop XRL sources at GSI and FAIR was their
applicability in the spectroscopy of highly charged heavy-ions in storage rings. For
example, in Li-like systems, the measurement of fine structure transitions enables
a direct experimental access to nuclear structure which allows the comparison to
theoretical predictions [1]. Several such investigations have already been carried
out using lasers in the visible wavelength range, but the application of XRLs with
their short wavelength will allow a much deeper insight. And although the XRL
wavelength cannot be tuned to perform scans, the effective wavelength exciting the
stored ions can be changed very precisely by changing the ions’ velocity and using
the Doppler up-shift in counter-propagation.
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2 X-Ray Laser Development

Since the heavy-ions can be stored in the experimental storage ring (ESR) over, de-
pending on the ion species, up to several tens of minutes, a high repetition rate pump
laser system would be rather beneficial. Due to the high-energy (Nd:glass based) ori-
entation of the PHELIX laser system at GSI, the high repetition rate developments
are carried out off-site at the LASERIX facility [2], while first XRL spectroscopy
experiments will be performed with the available PHELIX preamplifier with shots
every 2 minutes. However, also here, an upgrade to 3 shots/min is under way.

The amount of XRL photons available for the excitation process proves to be the
most critical factor, and calculations show that with reasonable efficiency assump-
tions on the XRL as well as the spectroscopy part, at least 1 µJ of XRL pulse energy
is required in order to reach a fluorescence signal of more than a few counts/shot.
Thus, the XRL development here is driven by optimization towards high and stable
XRL photon numbers.

Our most recent approach to this, outlined in more detail in [3], is the amplifi-
cation of a standard DGRIP Mo XRL in a comparably wide plasma column using
a butterfly-shaped setup with two independent targets. Recent simulations with the
ARWEN code [4] show that with this approach, it should be possible to overcome
the transversal lasing in the amplifier plasma and achieve a high XRL output signal
with good beam quality. The Mo XRL was chosen as a source because of the compa-
rably low pump laser energy requirements, which gives a lot of margin with a 5 J/IR
pulse pump laser, but which also allows for stable 10 Hz operation with a high yield
of shots per target position [5]. Also, the Mo XRL wavelength of 18.895 nm has
been measured [6] with a precision which is sufficient for the spectroscopy experi-
ment where the uncertainty of the ion velocity is on the same order of magnitude.

3 Installation and Setup

Figure 1 shows a top view of the planned installation. The PHELIX preamplifier
beam (60 mm diam., 10 J, 1053 nm) will be transported over more than 50 m from
the PHELIX building to the ESR hall where it will be compressed to a few ps pulse
duration in a dedicated double-pass compressor inside the ESR radiation shielding
environment. Another beamline will transport the IR beam over about 5 m to the
XRL target chamber with the butterfly setup. In order to minimize XRL beam losses,
this chamber is situated as closely to the injection into the straight section of the
ESR as possible and the XRL beam transport and collimation will be achieved with
only one 90◦ off-axis parabola and one flat mirror, both XUV multilayer coated.
After the flat (steering) mirror, the XRL beam has to propagate almost 15 m to the
center of the straight section of the ESR which is the only convenient spot where
the fluorescence light can be detected. The excited ions, propagating clockwise seen
from top, emit this light in a cone in their forward direction, and since the decay
is so fast, this happens mostly within the interaction region of about 1 m length
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Fig. 1 Top view of the planned installation. The IR pump pulse is generated in the PHELIX
building, transported to a compressor and then on into the XRL target chamber. The XRL beam
is then propagating through the entire straight section of the ESR on the left side, exciting the ion
bunch which is running clockwise

between the few-meter long ion bunch and the XRL beam. For alignment and on-
shot diagnostics purposes, the XRL pulse is propagating on to the end of the straight
section onto an in-vacuum XUV CCD camera.

A major challenge in this scenario comes from the fact that the ESR is operat-
ing at a vacuum level around 10−11 mbar which is not compatible with a typical
XRL setup. Thus, the XRL beam needs to be coupled in and out of the ESR vacuum
through a system of shutter valves, equipped with thin metal filters and differential
pumping through small apertures. In addition, a set of rapid shutter valves equipped
with glass windows allows for a pre-alignment of the beamline with a visible pilot
laser as well as for maintaining the vacuum integrity in case of metal filter dam-
age.
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