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Preface

The 12th International Conference on X-Ray Lasers was held at the Gwangju
Institute of Science and Technology between 30 May and 4 June 2010. The
talks were presented in the International Collaboration Building belonging
to the complex of the Advanced Photonics Research Institute’s Ultra-short
Quantum Beam Facility hosting the Korean petawatt laser system. The con-
ference was held in Korea for the first time and gave, in a series of oral and
poster sessions, a broad review of the activities in the field of coherent short-
wavelength sources.

The meeting brought about 80 attendees from 14 countries in the world. It was
a great pleasure for the organizers to host the many participant family mem-
bers who enjoyed their first visit to such an exotic and fascinating country.
The participant list confirmed a well-established core of conference visitors,
but we found, not without satisfaction, that “newcomers” also enjoyed the
conference and were satisfied with its environment. The event also provided
an opportunity to publicize X-ray laser research to the Korean based science
community and to boost X-ray laser research in Korea.

The conference program was organized to promote closer contacts and better
understanding between different subfields of the research into coherent short-
wavelength radiation sources. That was the reason for organizing separate
sessions dedicated to X-ray Free Electron Lasers (XFELs), sources based on
relativistic interaction with matter and incoherent sources in both the keV and
XUV spectral ranges. This aspect is not fully covered by this book for differ-
ent reasons, but it was interesting to observe that the idea “caught on”. The
conference confirmed the well-established status of X-ray lasers with their
well-understood physics, and presented intriguing questions to be answered
for further progress and development. This point was clearly supported by
the increased number of contributions relating to applications of the short-
wavelength sources.

The scientific schedule of the conference was supplemented by a social pro-
gram, including trip to an amazing ecological system of the Suncheon Bay, a
wetland preservation area registered in the Ramsar convention. The confer-
ence dinner, held in the Oryong Hall — the GIST convention center — was
preceded by a stunning demonstration of traditional Korean music and dance.
This event culminated in a joint performance by the artists and conference
attendees.



vi Preface

There were many people who contributed to the successful organization of the
conference. We are not able to list all of them but we would like to express our
special gratitude to Drs Chul Min Kim, Hyung Taek Kim and I Jong Kim as
well as to Mrs Ga Young Cha and Mr Ho Jong Kang from APRI staff. In ad-
dition, we acknowledge the generous sponsorship from the Gwangju Conven-
tion and Visitors Bureau, Korean Physical Society, Optical Society of Korea,
the Ultra-Short Quantum Beam Facility Program of the Ministry of Knowl-
edge Economy of Korea, Korea Electro-Optics, DPI, Dada, Laser Spectra,
CVI Melles Griot, Coherent, Horiba Korea Ltd., Jinsung Laser, Alcatel Ko-
rea, Golden Light Co., Lee Optics, Qbic Laser System Inc. and Thales Laser.

Finally, we owe a pleasant debt of appreciation to the conference attendees
and contributors for their willingness to participate in the conference and fi-
nally to contribute to this book.

Jongmin Lee
Chang Hee Nam
Karol A. Janulewicz
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Recent results and future plans for XRLs using the
TARANIS laser facility

C.L.S. Lewis', T. Dzelzainis', D. Rileyl, D. Doria', S. Whytel, M. Borghesi1
G. Nersisyanl, D. Marlow', K. McKeever' and G.J. Tallents?

! Center for Plasma Physics, Queen’s University Belfast, Belfast, BT9 SED
? Physics Department, University of York, Y010 5DD, UK.

Abstract. The results of an investigation into X-ray lasing in Ni-like Sm, pumped by
a frequency doubled pre-pulse and a fundamental short pulse, are presented. Strong
lasing was observed across the 4d;,-4ps), transition at 7.3 nm. A weaker laser line of
wavelength 6.9 nm was also present from the 4d;,-4p,, transition. The XRL output
was seen to be sensitive to both delay between the pre-pulse and the heating pulse and
also to the energy in the heating pulse. The results are compared to those from a
similar experiment employing pre-pulses at the fundamental wavelength and the
output of the XRL is shown to be enhanced by at least two orders of magnitude for
the same target lengths. An application for an XRL pumped by Taranis is discussed.

1 Introduction

Lasing in the region below 10 nm using a ~psec pump pulse been has been the
subject of a limited number of experimental investigations [1],[2]. Extending
the scheme to elements heavier than Sm poses problems. Firstly, the psec
scheme employs a time delay between the pre-pulse and the main pulse to
allow the plasma to expand. This reduces density gradients and subsequently
refraction of the XRL pulse in the plasma to a point where the pulse can
propagate the entire length of the plasma within the gain region. This must be
balanced against the cooling of the plasma with expansion, so that a peak
delay is found where the density gradients are sufficiently shallow, but the
plasma is still at the required ionisation stage. With higher Z-elements, the
higher temperature required to achieve a substantial Ni-like population, and
the increased electron density required to increase the collisional excitation
rate to compensate for the increased radiative decay rate between the laser
levels requires the delay to be shorter until the point is reached where the
optimum time for the pump pulse is almost directly after the pre-pulse, into
steep density gradients. This is usually the case for elements with Z>62 (Sm).
For higher Z-number elements the additional problem arises of the optimum
pumping density being higher than the critical density of Ti:Sapphire and
Nd:Glass systems, which are commonly used XRL pump lasers. The problem

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 3
DOI 10.1007/978-94-007-1186-0_1, © Canopus Academic Publishing Limited 2011
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of the high density gradients can be overcome by using a combination of
second harmonic pre-pulse and fundamental main pulse. This allows the
plasma/solid interface to be pushed back to higher densities than the region
pumped by the main pulse, allowing the high temperatures, high densities and
shallow density gradients to co-exist. The dynamics of short wavelength x-ray
lasers pumped with ~ps pulses was the subject of a recent study by Pert [3],[4]
where simulations of XRLs pumped with a laser such as VULCAN, using the
second harmonic for the prepulse and the fundamental wavelength for the
main heating pulse are discussed. The studies by Pert form the theoretical
basis for the following experiment. Two colour pumping has previously been
investigated with lower Z-number targets and was found to enhance the
output of a Ni-like Ag XRL at 13.9nm and, furthermore, stimulate emission
on a previously unobserved line identified as the 4/ 'P, — 4d 'P, transition [5].

2 Experimental Configuration

The experiment was carried out at the Central Laser Facility, UK and the
chamber layout is shown in Figure 1.

Off-Axis Parabola 1 Short

<«— Spherical

Camera Mirrors

Filtering

Long Pulse Flat-Field Spectrometer

Fig 1. Experimental layout for investigation into short wavelength lasing with two-
colour pumping.

The pre-plasma is formed by one or two ~300 ps, frequency-doubled beams,
focussed to a line of nominal length 6 mm by identical focusing systems. The
focusing system consists of a lens followed by a tilted spherical mirror, giving
a near normal incidence line focus. The beams were able to focus at the same
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point in the chamber by exploiting the cylindrical symmetry of the optical
system about the XRL axis. Energies up to 120 J were available in second
harmonic for the pre-pulse, giving a maximum possible average irradiance of
3x10" Wem™ on target. The short pulse was focussed initially by an off-axis-
parabola, and then allowed to expand before being focussed to a line by the
tilted spherical mirror. Energies up to 100 J in a pulse of ~750 fs were
available at the fundamental wavelength, giving a maximum possible average
irradiance of ~10"" Wem™. Traveling wave pumping was achieved by the
tilting of the wave-front by insertion of a grating into the beam path before it
entered the target area. This is a technique that has been employed
successfully on Vulcan in previous experiments [6][7]. The traveling wave
speed was measured with an optical streak camera to be ~0.94c. Samarium
coated glass slabs were placed at the overlap position of the three beams. A
crossed slit camera was used to observe the uniformity and overlap of the line
foci. This observed the plasma column from below the experimental plane. A
crystal spectrometer with a KAP crystal, positioned above the experimental
plane confirmed the presence of Ni-like ions in the plasma as in Figure 2.

20 L L L 20

184

164

Ni-like 3d-4f
Co-like 3d-4f
Ni-like 3d-4f |

144

124

<—Ni-like 3d-4f

1 Cu-like 3d-4f
o o
>

<— Ni-like 3d-4f

Cu-like 3d-4f
Ni-like 3d-4f

1.04

0.8

Intensity (arb. units)
Intensity (arb. units)

0.6 -

~ 1 Corlike 3d-4f
o
2

044

024 F 0.2+

0.0 T T T T T T T
8.75 9.00 9.25 9.50 9.75 8.00 8.25 8.50 8.75 9.00 9.25
Wavelength (nm) Wavelength (nm)

(a) (b)

Fig 2. Spectral line-outs from the crystal spectrometer showing Ni-, Co- and Cu-like
emission. Although the line ratios are similar in Sm (a) to those observed in Gd (b)
only the Sm targets showed strong laser action.

3 Results
3.1 Samarium

Strong lasing was observed for Samarium targets with 40-50 J in the pre-pulse
(average irradiance ~10" Wem™) and 60-70 J in the short pulse (average
irradiance ~5 x 10'® Wem™). A spectral line-out of a strong laser shot using
these energies is shown in Figure 3. Two lasing lines are seen in first and
second order. The strongest emission was observed at 7.3 nm arising from the
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4d;3,-4pspn; lasing is also seen on the 4d;,-4p;, transition, but considerably
weaker. Figure 4 shows the angular distribution of the two laser lines. The
stronger line is fitted with a Gaussian centred at 5.32 + 0.03 mrads and with a
FWHM of 5.56 + 0.09 mrads.

16000

%gy-epy,
e qy-Seny

14000

ehgy-epy,

12000

gy

CCD Counts (arb. units)

10000 - -

8000 T T T T T T T T T

Wavelength (nm)

Fig 3. Spectral line-out of the image obtained from the FFS. The two Sm XRL lines
are seen in first and second orders. The 4d;/,-4ps, is seen to dominate the spectrum.

The output of the XRL was observed to vary with both the energy in the
CPA beam and delay between long and short pulses. Figure 5 (LHS) gives a
summary of the measured XRL output at varying delay and with differing
energy in the CPA and long pulses. The data taken with 30-40 J in the CPA
and 40-50 J in the long pulse suggests maximum output at delays between 100
and 150 ps, with low signal seen at 50 ps and no lasing observed at 200 ps.
The shots taken with 60-70 J in the CPA pulse and 40-50 J in the long pulse
with a 150 ps delay show a much higher energy output than for the 30-40 J
data. There is also slightly increased emission at 200 ps when 110-120 J were
used in the long pulse and 60-70 J in the CPA. Time constraints prevented a
full parameter scan being carried out and so the information about the
behaviour of the XRL output with respect to pump energy and delays is very
limited. The dependence on short pulse energy of the XRL output suggests
that the short pulse energy was near the threshold for generation of laser
action.

In order to assess the success of this pumping scheme, we can compare the
results to those reported by King et al [2]. Such a comparison requires
confidence in the data analysis procedures used in each case (ie different
experiments and different detector setup). We have used a rigorous approach



Recent results and future plans for XRLs 7

to make reliable estimates of all the relevant factors (eg counts to energy
conversion, QE of CCD, filter transmissions, grating efficiency etc) and in all
cases where there is uncertainty we have erred on the side of reducing the

“measured” XRL energy In reference [2] the fundamental wavelength was

Counts (arb. units)

3000 4—1 L L L 6000
———4d_-4p
2500 - 4 dw 4 32 5000
32" ¥P
2000 ‘ L 4000
1500 L 3000
1000 - N - 2000
) w'\ I

i u ( -

500 Al 1000
H ““‘h Mt “ )
‘ ‘ ‘ | “\ T
0- i ”“ W o
KR

-500 L T T 1 T T T -1000

-2 0 2 4 6 8 10 12 14 16

Angle (mrads)

Fig 4. Angular distributions of the two lasing lines. The stronger 4d;,-4ps), line is
fitted with a Gaussian curve centred at 5.32 + 0.03 mrads, with a FWHM of 5.6 + 0.1

mrads

XRL Output Energy (nJ)

200

100

50 100

L L L L L L L = 12000 L
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§ 20004
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2 e
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& 3 2000
b S ]
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Delay (ps)

Distance from Output Edge of Target (mm)

Fig 5. (LHS) Summary of the Sm XRL energy for a range of pumping conditions
with 5 mm long targets and (RHS) Line focus profiles in the directions perpendicular
a) and parallel b) to the XRL axis.
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used for the pre-pulse with an irradiance of ~1 x 10" Wem™ and pulse
duration 280 ps, which is similar to the irradiance and pulse duration used in
this experiment to obtain strong lasing in Sm (2x10”Wem™). In reference [2],
the pump pulse used had an intensity of ~3 x 10" Wem™ with a duration of 3
ps, and the XRL energy output was ~InJ for target lengths of 5 mm. As
shown in Figure 5 (LHS), the two colour pumping method demonstrated here
produced an XRL output of ~50 nJ for 5 mm target lengths using an energy of
30-40J in the pump pulse and ~200nJ of XRL energy using an energy of 60-
70J in the pump pulse, corresponding to pump pulse intensities of ~1.5-2.9 x
10" Wem™. Some of the observed fluctuation in output can be attributed to
line focus alignment issues. Profiles of the linefocus used in this experiment
are shown in Figure 5 (RHS). The transverse profile is fitted with a Gaussian
with a FWHM of 38 + 6 um. The axial lineout is fitted with a Gaussian with a
FWHM of 3.2 +£ 0.1 mm. The intensity profile shows strong emission at the
output end of the XRL target, but due to the short linefocus length slightly
underfills the 5 mm target. The linefocus width was seen to vary from shot to
shot, reaching up to 100 um FWHM. The asymmetry in the wider line foci
suggest this was due to misalignment between the long and short pulses. It is
likely that this added to the lack of reproducibility of the XRL which was also
affected by fluctuations in the energy output of the VULCAN laser itself.

Although the data is limited we are nevertheless confident that that the
range of outputs observed (circa 100 nJ) with 2m-® pumping is about 100
times higher than observed previously (circa 1 nJ) with ®-® pumping. Also,
it has to be appreciated that the pump pulse used in the current experiment
was measured to be more than 4 times shorter than that used by King et al,
meaning that the energy densities along the 5 mm line focus conditions in the
two experiments are, in fact, very similar.

Modeling of the previous experiment was presented in [3] where it was
concluded that the highest gain generated was in a region of steep density
gradients which prevented efficient amplification in this region but that a
region of reduced gain present further from the target in a region of lower
density gradients was sufficient to observe significant output. The large
increase in output energy observed supports the predictions made by the
simulations that the second harmonic pre-pulse is generating a plasma with
reduced density gradients at the turning point for the short pulse, and hence
allowing effective XRL pulse propagation in the high electron density, and
hence high gain, region.

3.2 Gadolinium and Dysprosium
Unsuccessful attempts were made to use this method to produce XRL output

from Ni-like Gd and Ni-like Dy. Spectra obtained from the crystal
spectrometer show that the plasma reached the Ni-like ionisation stage but
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failed to show lasing action. The spectrum from Gd (see Figure 2b) showed
line ratios extremely similar to those seen for a Sm target which produced
strong lasing. Attempts to observe lasing were made with energies in the long
pulse far in excess of those suggested necessary by simulation to achieve the
correct ionisation stage in the pre-plasma, implying that the Ni-like population
shown to be present by the crystal spectrometer data was generated during the
long pulse, and not the result of a pre-plasma with lower than required
ionisation being further heated by the main pulse. Unfortunately no spectra
were obtained for shots using the long pulse only. We would also not have
expected that high energy in the long pulse would have heated the plasma to
the point where it is over-ionised, since lasing was observed in Sm for the
highest long pulse energies. The problem is likely to lie with the main pulse
and a failure to sufficiently raise the electron temperature to the point where
effective gain generation occurs. The short pulse was measured during this
experiment to be ~700 fs (ie shorter than the ~ 2 psec expected) and probably
not optimum for efficient heating of the electrons.

4 XRL data from TARANIS

« data with output edge fixed

1000 7— = data with rear edge fixed
—— General Linford fit for output edge fixed. Gain reduces
from 24cm”™1 at rear edge to 12cm”1 at output edge
100 +— — General Linford fit with rear edge fixed. Gain reduces
from 24cm”-1 at rear edge to 12cm”1 at output edge l
%) Linford fit for uniform gain //L
c
£ - 1//
& —
g 1 / t
— [ t P
o
x /%///E //
—
0.1 ~ //
: /
/ //
/ )
0.01 T T T T T T T T T )
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Target Length (cm)

Fig 6. Growth curves for the 4ds,-4ps), line of Ni-like Mo at 18.9 nm showing
asymmetry based on choice of where to fix the target edge within the line focus.
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We have reported previously on preliminary saturated XRL output from Ni-
like Mo and Ag targets pumped in the GRIP mode by the dual beam CPA
laser housed in QUB [8],[9],[10]. During these investigations issues were
raised as to the interpretation of growth curve shapes. To help elucidate the
various factors, Figure 6 depicts an example where we have used right-angled
triangular targets of sheet Mo mounted so that the vertical edge can be kept in
a fixed location relative to the line focus pump distribution as the target is
raised/lowered to access new lengths for shooting. The maximum target
length (5 mm) was centred to align with the line focus but in one sequence the
fixed edge was closest to the observing FFS (XUV flat field spectrometer)
and in the second sequence it was furthest away. Several shots were taken for
all lengths shot to monitor reproducibility and Figure 6 shows that a real trend
exists. At the shortest and maximum lengths in each case XRL output is
similar but the growth curves have clearly different shapes. In this particular
case, it is probably mainly due to non-uniformity of pump intensity along the
line affecting the local gain coefficient but amplification details can also be
affected by axial variation of the travelling wave velocity and the spatial
location (in the normal direction to the target surface) of the peak gain zone.
Both of these are dependent on the optics focussing the heating pulse in the
GRIP scenario and their optimisation will be a topic for future reports.
Analytical and numerical modelling can help design optimum conditions
and experimentally these can be tested. Velocity mis-matches can be tested
through “tilting” wave fronts and/or varying short pump pulse durations; axial
pump uniformity can be controlled with phase plates and/or shaped masks in
pump beam; the spatial gain zone envelope within the plasma can be
controlled with F-number/optics to minimise XRL refractive “walk oft”, all of
these need to be compatible with the most efficient pump coupling possible.

S WDM probed by an XRL beam

The acceleration of proton beams from laser-irradiated solid targets has been
investigated employing the TARANIS laser system operating in the
compressed pulse mode. The laser pulse from one of the main compressors
was focused onto a thin metal foil with an /3, f =300 mm off-axis parabola
(OAP). The pulse after compression was ~ 10J in energy and ~ 560 fs in
duration, and the focal spot diameter (measured in the low power, non
amplified mode) was ~ 10 um, leading to an intensity on target ~ 5 X
10" Wem™. The targets were Aluminium foils of thickness ranging from 0.7
to 100 um. The proton beam emitted from the rear target surface (i.e. the non-
irradiated surface) in the target normal direction was detected employing
multi-layer stacks of Gafchromic type HD-810 Radiochromic Films (RCFs).
The RCF packs were wrapped in 11 um aluminium foils in order to cut
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unwanted heavy ion and soft x-ray signals and to shield the pack from target
debris, therefore giving a minimum detectable proton energy of about 1 MeV.
The multi-layer arrangement of the RCF stacks ensured a spectral multi-frame
capability of the detection system. Protons with higher energies penetrate
deeper in the stack and release their energy mainly in proximity of the Bragg
peak. Each film in the stack acts as a filter for the following ones and
spectrally selects the protons whose Bragg peak is localized within or in
proximity of the active layer. Data from a typical RCF stack shows a
spectrum resembling a truncated Boltzmann-like distribution, with a
temperature of 2.3 + 0.1 MeV, with small variations depending on the target
thickness and with small shot to shot fluctuations. The total number of
particles accelerated in a single shot is ~ 5 x 10", corresponding to a
integrated particle energy of ~ 0.5 J for particles with energy above 3 MeV (~
1 J considering particles above 1 MeV) and to an efficiency in the conversion
from laser energy into energetic protons of 0.5% (~ 1%). The dependence of
the maximum proton energy on the target thickness was also investigated and
a maximum proton energy of ~ 12 MeV was obtained for a target thickness
between 6 and 10 um. A detectable proton beam was accelerated for targets as
thin as 1 um, which is an indication of the high contrast level of the
TARANIS laser system.

Since we have the capability of combining proton beams and XRL beams it
is of interest to consider how they can be usefully applied. A possible scenario

Proton beam XRL

\

; \ Thin foil sample
Imm

= === < Moderator foil

Proton foil

CPA laser
10'° Wem2

Fig 7. Schematic of a possible opacity experiment on proton heated matter. It is
feasible for TARANIS to synchronously generate both the proton and XRL pulses.
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is illustrated in Figure 7 whereby protons heat a thin foil to a few eV at near
solid density and an XRL is used to makes opacity measurements of the
resultant WDM.

Because there is a range in proton energies and a finite distance to the
sample foil, the energy is deposited over a finite time as depicted in Figure 8a
where we can see the temporal history of the deposition in a thin slice of the
foil, buried 10 microns into the foil. This is simulated by assuming all energy
is deposited into electrons and inserting this profile as an electron heating
term into the Hyades hydrodynamic code for a case where we have a 10
micron thick moderator foil that slows the protons before they enter an 0.8
micron Al foil where they deposit energy uniformly in space but with the
temporal history of Figure 8a. The resultant profile of density and temperature
at the end of the heating pulse of protons is depicted in Figure 8b, where the
density has remained high and the temperature has reached ~1.5e¢V. This will
provide a benchmarking parameter for detailed hydrodynamic simulations
comparing the effects of changing the equation of state and/or ionisation
model on the hydrodynamic conditions and predicted opacity.

0.5 3 2
P “‘_\
4 ~
g’ 8, f ‘\ 15
£ 03 o/ \ S
S 2 | eepengy v 12
E 0.2 -‘51 I ===~ Density| K
? 0 — 05
0.1 a)
ol 1 ! | | J 0 0
g 5 W im0 2k 20 01 01 03 05 07 09
Position (microns)
(a) (b)

Fig 8..(a) Temporal history of proton heating effect and (b) Resulting WDM
conditions to be probed with an XRL beam of psec duration.

Summary

An experiment at the Vulcan laser has demonstrated that two-colour pumping
can significantly boost the XRL output for targets with atomic number in the
region of Z ~ 60 and this is probably due to an ability to access and heat
plasma at a higher density with sufficiently small density gradients to avoid
serious refraction problems. The TARANIS laser has been used to generate
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very bright beams of 18.9 nm and 13.9 nm XRLs and also proton beams with
high fluence at up to ~12 MeV energy. We suggest an experiment to generate
warm dense matter (WDM) conditions with protons to be diagnosed, with
XRL photons as a means of validating equation of state (EOS) data.
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Abstract. This paper gives an overview of recent progress in the study of laser-driven
plasma x-ray lasers in Japan Atomic Energy Agency (JAEA). Fully spatial coherent
plasma soft x-ray laser (SXRL) at 13.9 nm with 0.1 Hz repetition rate is now routinely
used in the wide variety of the applications: The highlights of these applications are
the study of fluctuation in the atomic structure of ferroelectric substances under the
phase transition using double SXRL probe technique and the first observation of
surface dynamics of laser ablation with 10 ps-time and 1 nm-depth resolution using a
single-shot SXRL interferometer.

1 Introduction

Advent of transient collisional excitation (TCE) scheme makes it possible
for us to realize small size coherent soft x-ray lasers (SXRLs) [1-3]. In Japan
Atomic Energy Agency (JAEA), we have firstly demonstrated fully spatial
coherent x-ray laser beam at the wavelength of 13.9 nm by the method of
double targets, 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 [4].
Successive optimization of the pumping condition such as the intensity of the
pump, the temporal separation of the pre- and main-pulses and travelling
wave realizes high quality and intense x-ray laser beam. The typical

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 15
DOI 10.1007/978-94-007-1186-0_2, © Canopus Academic Publishing Limited 2011
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parameters of SXRL in JAEA are the beam divergence of better than 1 mrad,
1 uJ output energy and more than 10° photons in the coherent volume [5].

In a view point of the applications of the SXRLs, one of the most serious
limitations so far was the repetition-rate. Typical shot interval of CPA
Nd:glass driver was ~ 10 min, and this prohibited many potential users from
conducting application experiments. The GRIP (grazing incidence pumping)
scheme induced breakthrough in this problem: The 5-10 Hz spatially coherent
SXRL with several tens nJ output energy has been obtained by the
combination with higher-order harmonics as the x-ray seeder [6].

While this high average power SXRL is powerful tool for the soft x-ray
imaging and nano-fabrication using multiple-shot exposure, there is also
strong interest and requirement from material scientists for the probe beam to
observe non-periodic or non-repeatable ultra-fast phenomena. For examples,
nano-meter scale deformation of domain structure of substances under the
phase transition is essentially unrepeatable phenomena; therefore single-shot
observation is indispensable to observe the temporal or spatial correlation
function of the generation and annihilation of the domains. Laser ablation is
also unrepeatable, and observation of transient behaviour from solid phase to
plasma phase is quite interesting in the view points of not only solid state
physics and plasma physics but also the industrial applications such as laser
processing and welding.

In order to improve the repetition-rate of SXRL, JAEA x-ray laser group
has upgraded the pumping laser driver in 2008. The new driver system,
TOPAZ, which is based on CPA Nd:glass laser. The highlight of TOPAZ is
the zigzag slab-type amplifier chain, which enables us to operate this system
with 0.1 Hz repetition-rate [7]. By use of TOPAZ laser, now the spatially
coherent SXRL beam at 13.9 nm is routinely used for the application
researches with adding minor revisions to improve the performance.

2 Application of SXRLs

The 13.9 nm laser in JAEA has been used for wide variety of application
researches, such as material science [8,9], plasma physics, atom and
molecular physics [10], soft x-ray imaging and laser processing [11] under the
collaborations with universities and other institutes. For the next 5 years,
FY2010-2014, one of the main objectives of soft x-ray laser research program
in JAEA is development of the method to observe nano-scale dynamics of
ultra-fast phenomena in substances, therefore we continue these
collaborations to establish the optical pump & SXRL probe using x-ray
speckle technique, x-ray interferometer and x-ray diffraction imaging. On the
other hand, interaction of short-pulse SXRL with matter is quite interesting in
terms of industrial application such as nano-scale laser fabrication and warm
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dense matter physics which is the intermediate region of material science and
plasma physics. In the following, we show several results of SXRL
applications for these topics.

2.1 Observation of temporal correlation of fluctuation dynamics of
domain of BaTiO; under the phase transition condition

A couple of years ago, we have
firstly observed pico-second snap- (a)
shot of domain-structure of ferro- L
electric SUbStrateS, BaTiO3, by use specular reflection
of the x-ray laser speckle technique Al l
[8], and the successive experiment 1 -
revealed the existence of collective
dipole = moments  (polarization MIW
clusters) under the phase transition -
condition of BaTiO; [9]. We
extended this technique to double —_—
SXRL probes and tried to reveal the ~ Fig.1. ~ Soft x-ray speckle signal
temporal correlation function of the ~ from double x-ray probes. From the
polarization clusters by comparing comparison of these two speckles for
two speckle signals temporally Vvarious delay times, the temporal
separated by 7. correlation of the domain fluctuation
Temporal correlation of the two  in BaTiOsis derived [12].
speckle signals is expressed by
fourth order correlation of the scattered electric fields of SXRL pulses. The
intensity correlation, g, is represented as follows.

o (IOt +D) (_2_r] 1.
E T oy e @

Streak camera time range: 500ps

2508 SRR

In Eq. (1), # and 7 is the time of the speckle measurement and the relaxation
time of the polarization clusters. /f is the square of the visibility defined by
the first order correlation function of the incident electric fields of SXRL, i.e.,
Ey(t) and E(t+7), where we assume that the delay is much larger than the
relaxation time, i.e., T > 7.

In the experiment, the 13.9 nm laser was divided into two beams by
Michelson-type double pulse generator based upon a free-stand Mo/Si multi-
layer beam splitter. With certain delay time, two x-ray laser pulses probed the
surface of BaTiO;, and we recorded two speckle signals in the different time
by the x-ray streak camera. Figure 1 shows typical speckle signals obtained
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by this double SXRL probes. The abscissa is ¢ and the ordinate is the time.
In this case, the time delay was set to be 25 ps. Similar double probe
measurements were repeated for various time delays, and the temporal

correlation function was
7 (a) First experiment determined [12]
18 4 ¥ 393K Figure 2 shows the obtained
4 395k &% g? for the temperatures from 2
s " o ook ¥ 405K K below the 7, of BaTiO; up to
s 10 K above T, by 2K step as the
function of the delay time. We
- g obtained S ~ 0.6 from the
10 % e ‘;‘% intercept at the delay 7 = 0 ps,

0 20 40 60 80 100 20

delay time (ps) The VlSlblllty of SXRL (: 08)

Fig.2. Correlation factor g® as the derived from this / value is
function of delay time. From these almost consistent with typical
decay curves, the relaxation time of ~ value of our 13.9 nm laser. The
collective dipole moments in the rele}xatlon times obtained by
domain of BaTiO; is estimated to be fitting are an order of several

several tens ps [12]. tens of picoseconds. .
Comparison with theoretical

works implies that the present relaxation mode is not due to the flipping of the
dipole direction of the polarization clusters, whose time scale is much longer,
but due to the hopping the position of Ti ion in the unit cell. Another
interesting point is that the minimum relaxation time is not obtained at 7, but
at 399 K, i.e., 4.5 K above 7.. This may be due to the effect of additional
electric fields originated from the collective dipole moments. For further
information, it is desirable to compare the present result with theoretical
works.

2.2 Development of soft x-ray laser interferometer toward single shot
imaging of nano-meter scale dynamics

In order to obtain

single-shot image of the Optical pump
nano-scale structure and MolSi injection '
its dynamics, new x-ray SXRL , miror 2l

laser interferometer has
been developed. The detector 54—
SXRL interferometer ~o0.amrad double Imaging

was  designed  with (CCD camera) Lloyd's mirror mirror

groups of Institute of  Fig.3. The set-up of SXRL interferometer using
Solid State Physics  double Lloyd’s mirrors.
(ISSP) and university of
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Tokushima together with our experiences obtained by the collaborations with
PALS and Université de Paris Sud. Schematic of the x-ray interferometer is
shown in Fig. 3. The fully spatial coherent 13.9 nm laser beam with the
output energy of 1 pJ and the duration of 7 ps, passing through the 0.1 pm-
thick Zr filter was steered by a planar Mo/Si multi-layer mirror to the sample
position. The angle of the incidence of the XRL probe to the sample was set
to be 8= 70° with respect to surface normal. The image of the illuminated
area on the sample was transferred to the CCD position by a Mo/Si spherical
imaging mirror with the focal length of 250 mm. The distance from the
sample to the imaging mirror and that from the imaging mirror to the CCD
was about 260 mm and 4800 mm, respectively, which led to the magnification
factor of 17.  Interference
pattern was obtained by putting
a double Llyod's mirrors
between the imaging mirror
and the CCD. The angle of the
incidence for the double
Lloyd's mirrors was 87° with
respect to surface normal. The
double Lloyd's mirrors
consisted of two Pt coated 400
um-thick Si  wafers, which
were fixed with a relative
incline angle of 7 = 0.006° (=
0.1 mrad). One of the mirrors
covered the portion of the x-
ray laser beam affected by the
surface deformation, and the
other was used as the reference.
The two components of the
SXRL beam are merged at the
position of the CCD.

Fig.4. Temporal evolution of the inter- In order to estimate the
ferogram of the Pt surface pumped by depth resolution of  this
ultra-short laser pumping pulse, where ¢  interferometer, at first we took
is the time measured from the timing of  the interferogram of a test
the pump laser. ¢ < 0 means before the sample. The test sample was
pump, and ¢ = o means more than 10  several pairs of grooves with
seconds after the pump. At ¢t = 50 ps, the depth of 6 nm. The line
apparent expansion of the surface can be  and space of the pairs of

seen, where the height of the peak is 30  grooves were from 8 pm
nm. through 1um, and the line and

space of 1.5um were clearly
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resolved. The fringe shift for the 6 nm-depth grooves was 6-8 pixels in our
CCD, therefore the depth-resolution was estimated to be around 1 nm. It
should be noted that the present lateral resolution could be improved upto 50
~ 100 nm by replacing the spherical imaging mirror by Fresnel zone plate.

By use of this interferometer, nano-scale dynamics of the initial stage of
laser ablation was firstly observed. The sample was 300 um-thick Pt bulk,
which was irradiated by a Ti:Sapphire ultra-short laser pulse with the duration
of 100 fs and fluence of 2 J/em®. The timings of the pump laser and the XRL
probe pulse were synchronized by use of master clock generator within 10 ps.

Figure 4 shows the temporal evolution of the interferogram of the Pt
surface and the retrieved profile, respectively. After the laser irradiation, very
small but substantial change starts at around 25 ps. (See the inside of the
dotted circle at ¢ = 25 ps.) At around ¢ = 50 ps, apparent expansion of the
surface can be seen, and the height of the peak reaches 30 nm. Finally a crater
is generated. This is the first observation of the initial stage of laser ablation
[13]. Precise comparison of the present result with theoretical calculations
can be used as the benchmark test of the hydrodynamics codes, and this will
contribute to deep understanding of the fundamental processes in the laser-
matter interaction and dynamics of domain in photo-induced phase transition.

2.3 Observation of low-threshold ablation of substances by use of pico-
second duration of SXRL laser

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. For the relatively long
duration optical laser pulses with > 20 ps, it is shown that the damage of
dielectrics is mainly originated from the heating of conduction band electrons
and transferring of electron energy to the lattice. Damage occurs if the
deposited energy is sufficient to melt the dielectric material. For the short
enough pulses, the laser energy is absorbed by the electrons much faster than
it is transferred to the lattice, resulting in drastically decrease in the ablation
threshold energy.

The same situation can occur in extreme ultraviolet or SXRL. In the recent
studies, a well-defined ablation threshold at 0.06 for CaF, and 0.11 J /cm® for
LiF has been found for pulse energy 0.3 mJ of the Ne-like Ar x-ray laser at
the wavelength of 46.9 nm with the duration of 1.7 ns, and much lower
threshold energy can be expected in the case of transient collisional excitation
laser with several picoseconds duration.

Our 13.9 nm SXRL from a single target was focused on a 2 mm-thick LiF
crystal with the diameter of 20 mm. The output energy of the SXRL was 1 uJ,
and the vertical and horizontal beam divergence was 12 x 5 mrad?,
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respectively. The focusing optics was a normal incidence Mo/Si multi-layer
spherical mirror with the curvature of 1050 mm, which was placed at a

distance of 2715 mm from the XRL
output and used at the incident angle
of 2°. A 0.2 um thick Zr filter was
settled or removed in front of the x-
ray mirror at 800 mm from the XRL
exit in order to reduce the scattered
optical radiation and the thermal x-ray
emissions from the laser-produced

plasma. The LiF crystal was moved
after each shot along the XRL
propagation  direction and also

perpendicular to it, in order to record
the beam patterns at different focusing
distances on the fresh LiF crystal
surface. The total energy of the XRL
beam on the LiF crystal was 170 nJ in
each shot. The luminescence of stable
color centers, CCs, formed by the x-
ray laser radiation, was used to
measure the intensity distribution in
the XRL laser focal spot. The CCs in
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LiF crystal were observed by using a confocal fluorescence laser microscope
after irradiation of the LiF crystal with the x-ray laser [11, 14].
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Fig.6. The ablation threshold fluence
(J/em®) of LiF crystal for various
photon energies of the lasers and the
durations.

Figure 5 shows the optical
microscope image of the LiF
crystal irradiated by the 13.9 nm
laser (middle) together with the
AFM traces of the ablation area
(upper and lower). The ablation
area is indicated by dotted line.
From visible microscope image
and AFM trace, we can clearly
see the surface alteration of LiF
crystal. In the AFM trace 1 and
2 show that the ablation depths
vary between 30 and 55 nm,
which are almost consistent with
the absorption depth of 28 nm
for 13.9 nm radiation.

In the present experiment, the
beam energy of the x-ray laser to
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generate the surface alteration is only 10.2 mJ/cm?, which is 3400, 300, and
10 times smaller compared with previously measured thresholds for
nanosecond and femtosecond Ti:sapphire lasers, and for nanosecond 46.9 nm
soft x-ray laser, respectively (See Fig. 6.). To explain such a strong reduction
in LiF crystal ablation threshold in the case of using picoseconds x-ray laser,
an ablation mechanism for dielectrics is connected with a 100% laser
absorption in a thin surface layer and formation of negative pressure zone,
followed by thermomechanical fragmentation, under a sufficiently strong
tensile stress. As a rule, this mechanism works for metals and semiconductors
irradiated by ultrashort visible laser pulses [15].

3 Ultra-short x-ray pulse generation and its biological application

High energy monochromatic x-ray pulse from laser-produced plasmas (LPP)
has potential as the radiation source to study biological science, medical
treatment, non destructive testing of materials and photo-pumping x-ray lasers
[16]. One of the most attractive features of LPP x-ray sources is the spatially
coherent focusing due to the small source size with a few tens microns. This
characteristic is quite attractive when we consider the high energy density
science or radiation damage of organic matter and inorganic substance as the
applications of this radiation source. From FY2007, we have started the
collaboration with Institute of Laser Engineering (ILE) to study efficient

monochromatic x-ray micro-

'?&g:ﬂ} AT Qo]i;'ar}t;|| beam generation and its
0 - Vertoal applications.
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x-ray lens. Copper (Cu) slab target was
irradiated at an intensity of 3x10'" W/cm” under the p-polarization condition,
and characteristic Ka x-ray spectral line with the photon energy of 8.0 KeV is
generated. The energy conversion efficiency from pump laser to Ko x-ray
was around 1x107 which corresponded to the Ko photon numbers of 2 x 10"
photons/4nst/pulse. In the present experiment, we put a poly-capillary x-ray
tube to collect the diverging x-rays from the source position to obtain the x-
ray point focus. Figure 7 shows the typical image of the x-ray spot recorded
by back-illuminated CCD. The diameter is around 400 um (Full width at half
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maximum), and 700 pum at full width at 10% maximum. The gain in the
intensity is derived from the comparison of x-ray photon number with and
without the poly-capillary and is around 50.

By use of this x-ray micro beam, we have demonstrated the generation of
DNA double-strand breaks (DSBs) in the nucleus of culture cells. Biological
specimens are irradiated are irradiated through the 1 pm-thick Si;Ny
membrane window fabricated on the bottom of culture dishes so that the
specimen does not need to be extracted from the dish during the x-ray
exposure. The sample was A549 cell line (human lung adenocarcinoma cell
line), and the dose rate was estimated to be 0.1 mGy/pulse.

The DNA DSBs were investigated
using phosphorylated histone H2AX (7/_ ) Nucleus (blue : DAPI)
H2AX) and phosphorylated ataxia
telangiectasia murated (ATM)
immunostaining. By use of this method
we can detect the DSBs of the DNA as
the foci of -H2AX and ATM. Figure 8
shows the image of A549 cells after 2Gy
x-ray exposure [17]. The field of
irradiation is indicated by the dotted
circle, in which the fosi of -H2AX are
clearly shown. This implies that the
present x-ray micro beam system has
potential to study radiation effects on
culture cells as the same with
conventional x-ray sources such as 4MV
medical linac. It is also noted that the
present result shows apparent boundary
of irradiated area and non-irradiated area, therefore present x-ray micro-beam
system can be used to study the bystander effect in culture cells in near future.
Practical application of this x-ray micro-beam system together with
improvement of x-ray source such as the energy conversion efficiency is
currently underway.

X-ray irradiation region

SN2009041601(x2(
Fig.8. The image of A549
culture cells by wuse of
fluorescence micro-scope. The
total dose is 2 Gy. The dotted
circle represent the irradiation
field of LPP x-rays [17].

Acknowledgement

This work is partly supported by auspices of MEXT (Japanese Ministry of
Education, Culture, Sports, Science and Technology) project on "Mono-
energetic quantum Beam Science with PWlaser" and Japan Grant-in-Aid for
Scientific Fundation, Kiban (B), No. 21360364.



24 T. Kawachi et al.

References

1. Luther B. M., et al., "Saturated high-repetition rate 18.9-nm tabletop laser
in nickellike molybdenum" Opz. Lett. 30, 165-167, 2005.

2. Kawachi T., et al., "Gain saturation of nickel-like silver and tin x-ray lasers
by use of a tabletop pumping laser system", Phys. Rev. A 66, 033815, 2002.
3. Dunn J, et al., "Gain saturation regime for laser-driven tabletop, transient

Ni-like ion x-ray laser", Phys. Rev. Lett. 84, 4834-4837, 2000.

4. Tanaka M., et al., "X-ray laser beam with diffraction-limited divergence
generated with two gain media", Opt. Lett. 28, 1680-1682, 2003.

5. Nishikino M., et al., "Characterization of a high-brilliance soft x-ray laser
at 13.9 nm by use of an oscillator-amplifier configuration", Appl. Opt. 47,
1129-1134, 2008.

6. Wang Y, et al., "High-brightness injection-seeded soft x-ray-laser amplifier
using a solid target.", Phys. Rev. Lett. 97, 123901, 2006.

7. Ochi Y., et al., "Development of a chirped pulse amplification laser with
zigzag slab Nd:glass amplifiers dedicated to x-ray laser research", Appl. Opt.
46, 1500-1506, 2007.

8. Tai R. Z., et al., "Picosecond snapshot of the speckle from ferroelectric
BaTiO; by means of x-ray lasers", Phys. Rev. Lett. 89, 257602, 2003.

9. Tai R. Z., et al., “Picosecond view of microscopic-scale polarization
clusters in paraelectric BaTi0;,” Phys. Rev. Lett. 93, 087601, 2004.

10. Namba S., et al., "Enhancement of double Auger decay probability in Xe
clusters irradiated with a SXRL pulse.", Phys. Rev. Lett. 99, 043004, 2007.
11. Faenov A. Ya., et al., "Low-threshold ablation of dielectrics irradiated by

picosecond soft x-ray laser pulses", Appl. Phys. Lett. 94, 231107, 2009.

12. Namikawa K, et al., “Direct Observation of the Critical Relaxation of
Polarization Clusters in BaTiO; Using a Pulsed X-Ray Laser Technique”,
Phys. Rev. Lett. 103, 197401, 2009

13. Suemoto T. et al., "Single-shot picosecond interferometry with one-
nanometer resolution for dynamical surface morphlogy using a soft x-ray
laser”, Opt. Exp. 18, 14114, 2010.

14. Faenov A. Ya., et al., “Submicrometer-resolution in situ imaging of the
focus pattern of a soft x-ray laser by color center formation in LiF crystal”,
Opt. Lett. 34, 941-943, 2009.

15. Inogamov N. A., et al., "Spallative ablation of dielectrics by X-ray laser ",
Appl. Phys. 4, 101, 87-96, 2009.

16. Kawachi T and Kato Y, “X-ray absorption by highly charged ions in
plasmas: toward photo-pumping x-ray laser”, J. Phys.: Conf. Ser. 163,
012100, 2009.

17. Nishikino M et al., “Application of laser produced plasma Ko x-ray probe
in radiation biology”, Rev. Sci. Instr. 81, 026107, 2010.



Theoretical Study of Ni-like Ta XRL Driven by One 2®
Pulse with Duration of 100ps on Upgraded
Shenguang II Facility
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100094, China

Abstract. As ~ 250J laser energy could be available for the 100ps pulse at 1.053pum
wavelength on the upgraded Shenguang II laser facility in the near future, Ni—like Ta
X-Ray laser driven by a single 100ps laser pulse at 0.53um wavelength on the
upgraded Shenguang II laser facility was theoretically studied. Simulations show that
by properly designing, several sequential or serial targets could overcome plasma
aging and refraction. One laser beam normally irradiates the Ta target, producing a
10mm long 120um width focus line. Two sequential targets driven by one laser beam
and four serial targets driven by two laser beams from opposite direction were
proposed, with each target of 4mm long. If quasi-traveling pumping method was
adopted, for the latter scheme, the gain-length product of ~26 could be achieved.
Research in this paper would help achieve high gain or saturated Ni-like Ta X-Ray

laser on upgraded Shenguang II laser facility.

1 Introduction

As X-ray laser at water-window wavelength could be widely used both in
scientic and technical fields, such as holographical photography of living cells,
and its saturation output is always one of aims in X-ray laser research. And
the maximum Gain-Length product is 8, which is obtained by LLNL in 1990s
on the Nova laser facility by driving the exploding target .

The 1.5 dimensional hydrodynamic code JB19, atomic kinetics code
ALPHA and 2 dimensional ray-tracing code XPBA constitute the serial codes
of simulating the process of x-ray laser>”!. We proposed a scheme in which
the two laser beams at respectively 1o and 2m wavelength were combined to

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 25
DOI 10.1007/978-94-007-1186-0_3, © Canopus Academic Publishing Limited 2011



26 Z. Guoping, Q. Xiumei, Z. Wudi

drive Ni-like Ta X-ray laser with 21 degree incident angle with the target
normal direction'®, and in 2002, the corresponding experiment was done on

Shenguang II laser facility!”

with the help of Institute of Laser Plasma in
Shanghai, it was found that the unsymmetrical driving produced a very wide
gain region in the width direction of the focus line, and large electron density
gradient appeared in this direction, the X-ray laser was deflected out of the
gain region and deviated from the axis, and Gain-length product is only ~ 5.2.
In the following years, three experiments were done on Shenguang II laser
facility, and no better result was obtained. In 2006, we simulated the
experiments with the newly developed 2 dimensional hydrodynamic code
XRL2D™., and found that for prepulse and main pulse driving case, and if the
laser pulse is 100ps Gaussian pulse, only ~ 60% to 70% laser energy was
deposited in the focus line , and with this assumption in JB19, and choosing
the electron heat flux limiter of 0.6 for prepulse and 0.2 for main pulse, better
agreement with experiment could be obtained.

In this paper, according to the capability of the upgraded Shenguang II
laser facility, the Ni-like Ta X-Ray laser normally driven by one 2® laser
beam with ~100ps duration was theoretically designed, and two sequential
targets driven by one laser beam and four sequential targets driven by two
laser beams from opposite direction were designed.

Result

On the upgraded Shenguang II laser facility, ~ 250J energy could be obtained
for the 100ps laser beam at 1 ® wavelength, and if the energy efficiency of
transferring laser beam from 1o to 2 is ~60%, the output energy for the 2w laser
at 100ps duration is ~173J, and the driving laser intensity was~1.37x 10" Wecm™
with in 10mm long and 120pm width focus line. it was assumed that ~80% of
laser energy was deposited in the focus line, reducing the intensity to
~1.10x10"*Wecm™.

Simulation shows that the maximum electron temperature T, and ionization Z
in the plasma are 1.73KeV and 45.5, respectively. For one 4mm long slab Ta
target, the maximum intensity of output X-ray laser is 1.02mJesr”" with deflection
angle 6 and divergence angle ¢ of 6.93mrad and 3.88mrad, respectively. The
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small signal gain g is ~16.86cm™, the FWHM(Full Width at Half Maximum)
time is~21.4ps. It was found that the rays of XRL which contributes most to the
peak intensity, starts at t~6.3ps from the beginning end of the target , and it
arrives at the middle at t~13ps, while at t—~19.7ps it leaves the target. And
plasma status at t~8ps, t~13ps and t~19ps were presented in Fig.1(a-c),
respectively. The temporal evolution of gain was presented in Fig.1 (d).

At t=8ps, the maximum gain G,y of 28.12cm™ is obtained at 503th grid, and
it is located~ 2.86um away from the initial target surface, with electron density
N. of 3.07x10*'c¢cm™T. of ~1.65keV, ion temperature T;~0.262KeV and
abundance of Ni-like ion ny; of ~36.1%. It shows that the gain region extends to
the inner side of the critical surface, but detailed analysis shows that gains in this
region contributes less to the amplification of the output X-ray laser because of
severe refraction. A gentle decrease of N, occurs at a point outside the critical
surface and not far away from the critical surface, if this point was defined as the
inner side of gain region, the gain region is ~5.94um wide, within which N,
ranges from 3.46x10"'cm™ t01.00x10*'cm™, and the average electron density
gradient is ~ -4.15x10%cm™. X-ray laser is deflected by 7.46pum with 6 of ~
7.46mrad after propagating half target length in such plasma, which is a bit larger
than the width of the gain region.

At t=13ps, Guax 0of ~ 25.33cm™ is located at 476th grid which is ~ 2.83um
away from the initial target surface, with N, of 3.66><1021cm'3,Te of ~1.42keV,
Ti~0.299Kev and my; of ~36.3%. The gain region extends from 2.83um to
10.66pm from the initial target surface (7.83um wide), and N, in the gain region
varies from 3.66x10*" cm™ to 0.81x10*" ¢cm™, with electron density gradient of
~-3.63x10**cm™ the deflection distance is ~ 6.53um after travelling a half target
length in such plasma, which is smaller than the width of the gain region.

At t=18ps, Gyax Of ~ 21.70cm’ is located at 483th grid which is ~ 4.41pum
away from the initial target surface, with N, of 2.62x10%'cm™ T, of ~1.36KeV,
T~0.313Kev and my; of ~38.9%. Similar analysis was also done, and it shows
that the deflection distance of ~4.86pum after passing half target is smaller than
the width of the gain region.

Fig.1 indicates that with further ionization of plasma, the grid of Gy, first
moves inwards and then outwards. The corresponding N, undergoes a rise and fall,
while other variables monotonically vary, such as decreasing T., and increasing

Nni- As time goes on, the whole gain region moves outwards, in 10ps, the position
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of Gy and the inner and outer side of the gain region ( where gain equal to 60%
of Gax) goes by ~1.95um, 0.92um and 4.57um, respectively, making the whole
gain region shifts by ~ 2.62um resulting a moving angle of 0.87mrad. From
t=6.33ps to t=19.67ps, the average electron density gradient is ~-3.50%10**cm™,
for a half target length, X-ray laser is refracted by ~6.30um with deflecting angle
of 6.30mrad, adding moving angle of the whole gain region, the total deflected
angle is ~7.17mrad, which agrees well with the ray trace output of 6.93mrad.

o 1000+ :: e §rr/lo”‘kcvc...“s" t=13ps
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Fig. 1 plasma status at 8ps(a),13ps(b),18ps(c) and temporal evolution of gain(d)

The evolution of plasma status for the 503", 476™ and 483" grid is shown in
Fig.2(a-c), it can be found that for the three grids, with increase of time , N,
monotonically decreases , while a single peak appears both for T, and G and two
peaks appear for ny; . The duration in which T, is larger than 60% of its maximum
is ~30ps, and gain larger than 60% of its maximum lasts ~16ps, but its duration

increases to ~25ps, when considering its spatial movement from Fig.1 (d).
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Fig. 2 Temporal evolution of plasma status for grid 503th (a), 476" (b)and 483th (c)

Based on the above simulations, two 4mm long slab sequential targets driven
by one laser beam was calculated, the following target is located at 1mm away
from the end of the first target in axial direction, and in vertical direction, it
moves by ~ 10um toward incoming direction of the pumping pulse, and it is
deflected by ~ 12mrad with respect of the axial direction of the first target, in ray
trace calculation quasi-travelling pumping is adopted by using a step mirror to
produce ~16.7ps time delay. The maximum output intensity is ~ 0.3180Jsr™,
comparing to the results for one single target, it is amplified by ~311 times,
deflection angle and divergence angle are respectively 7.01mrad and 2.84mrad,
the output X-ray laser lasts ~8.4ps,with small signal gain of 15.55cm™ producing
gain-length product of ~12.44, saturation is not obtained.

By driving four sequential targets formed by two groups of the above two
sequential targets by two laser beams from opposite direction, the output intensity
could be further enhanced. For each group, parameters for the two targets are
similar. The first two targets are normally irradiated by one laser beam, and after
~30ps, a second laser beam drive the latter two targets from the opposite direction.
The third target is 2mm away from the end of the second target in the axial
direction of the second target, and it is deflected by ~ 1.5mrad with respect of the
axial direction of the second target. In vertical direction, the third target moves by
~ 35um toward incoming direction of the first laser beam. Quasi-travelling
pumping is also adopted in ray trace calculation. The maximum intensity of the
output X-ray laser is 1.68x10° Jesr', the output X-ray laser lasts ~4.7ps, with
small signal gain of 16.29cm’™ producing gain- length product of ~26.06,

saturation is obtained.
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Discussion

According to the ability of the upgraded Shenguang II laser facility, Ni-like Ta
X-Ray laser driven by a single 100ps duration laser pulse at 0.53um wavelength
was theoretically studied, simulation shows that for target longer than 4mm,
refraction plays important effect on output X-ray laser. For the 4mm long target,
two sequential targets driven by one laser beam and four sequential targets driven
by two laser beams were theoretically proposed, for the latter scheme, if quasi

traveling is adopted, saturation would be available.
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X-ray laser developments at PHELIX

B. Zielbauer'**, T. Kuehl"?, B. Aurand'?*, V. Bagnoudl, B. Ecker"*?,

U. Eisenbarth', D. C. Hochhaus"**, P. Neumayerl’“, D. Zimmer'~*,

K. Cassou’, S. Daboussi®, O. Guilbaud®, J. Habib®, S. Kazamias®, D. Ros®,
J. Seres’, C. Spielmann®’

' GSI Darmstadt, Germany

? Helmholtz Institute Jena, Germany

> Johannes Gutenberg University Mainz, Germany

* EMMI, GSI Darmstadt, Germany

> Johann-Wolfgang-Goethe University Frankfurt, Germany
® Université Paris Sud 11, France

7 Friedrich Schiller University Jena, Germany

Abstract. Development of x-ray lasers using the PHELIX laser at the GSI Helmholtz
center for heavy-ion research [1] is targeting a number of applications of novel x-ray
sources in combination with energetic heavy-ion beams. This includes Thomson
scattering diagnostics of heavy-ion driven plasmas, x-ray opacity measurements, and
x-ray laser spectroscopy of highly-charged ions. Developments centered on the
application of a novel double-pulse GRIP-like pumping scheme, DGRIP, where non-
normal incidence geometry is used for both the pre- and the main pulse for transient
pumped Ni-like x-ray lasers [2,3]. This scheme was used at lower energy levels to
pump soft x-ray lasers in the 50 — 100 eV regime as well as for pulse energies above
100 J for the pumping of shorter wavelength soft x-ray lasers [4].

PHELIX is a member of Laserlab Europe, offering access as a European
infrastructure.

1 Status of the PHELIX system

The PHELIX (Petawatt High Energy Laser for Heavy Ion Experiments) at
GSI Helmholtz Center for Heavy lon Research, Darmstadt, Germany has been
in routing user operation now for more than 2 years. About 150 days per year
of laser beamtime has been provided to internal and external user experiments,
either in standalone operation or in combination with the heavy ion beam
provided by the UNILAC (Universal Linear Accelerator). Application

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 31
DOI 10.1007/978-94-007-1186-0_4, © Canopus Academic Publishing Limited 2011
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experiments range from particle acceleration [5] and target surface electron
transport investigations [6] to stopping power measurements of swift heavy-
ions in plasmas [7] and x-ray source development [8].

A schematic overview of the PHELIX facility and its connection to the
adjacent accelerator experiment site is presented in figure 1. The seed pulse
for the high-energy amplifier stages can be provided from either a Ti:Sapphire
based frontend or a fiber based nanosecond frontend. In the first case, selected
pulses from a commercial femtosecond oscillator with a duration of 100 fs at
1053 nm are passed through a pulse stretcher, amplified in two consecutive
regenerative amplifier stages and cleaned temporally by ultra-fast Pockels
cells. Alternatively, the seed pulse can be created by a fiber-based nanosecond
frontend which allows for arbitrarily shaped temporal pulse forms in the range
of 700 ps to 20 ns and which is brought to the required energy level by a
flash-lamp pumped ring amplifier. Currently, the system is modified to enable
the combination of both frontend beams in sub-apertures of the full PHELIX
beam with variable delay which will enable two-beam experiments with
spatially separated beams.
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Fig. 1. Schematics of the PHELIX installation

The preamplifier section consists of three flash-lamp pumped Nd:glass rod
amplifiers with 19 mm and 45 mm diameter. Before entering this section, the
beam is spatially shaped and cleaned by using serrated apertures and spatial
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filters to provide a top-hat beam profile. A closed-loop wavefront correction
system with a Shack-Hartmann sensor and a deformable mirror enables the
correction of thermal aberrations from the heat buildup in the main amplifier,
which helps to increase the shot repetition rate of the full system.

After the preamplifier, the laser pulses of 5 to 10 J pulse energy can either
be used directly for experiments in a separate low-energy lab or be injected
into the main amplifier section which consists of 10 Nd:glass slab amplifiers
which are also pumped by flash-lamps and set up in a double-pass
configuration, yielding up to 1 kJ at its output in the ns energy regime. Those
pulses are either sent via a transport telescope to the accelerator area where
they are frequency doubled for long-pulse experiments or into a grating-based
vacuum compressor where chirped pulses can be re-compressed down to
below 500 fs at energies of up to 200 J. Table 1 gives an overview of the
actually available beam parameters. Further details can be found in [1].

Long pulse Short pulse
Pulse duration 0.7 — 20 ns 0.4 — 20 ps
Energy 03-1kJ 200J
Max intensity 10" W/em® | 10%° W/em®
Repetition rate at 1 shot every 60 min
maximum power
Intensity contrast 50 dB 60 dB

Tab. 1. Present beam parameters of the PHELIX system

2 Short-wavelength X-Ray Laser development

Due to the long-standing experience in the creation of temporally tailored
double-pulses in the cooperation between the PHELIX group and the
LASERIX group of Universit¢ Paris Sud 11, Orsay, France, the PHELIX
system is predestinated for soft x-ray laser (SXRL) experiments with large-
aperture, high-energy pump laser beams. Compared to earlier experiments, the
setup is greatly simplified by the fact that the two pulses necessary for the
plasma creation and its heating up to the Ni-like ionization state are created in
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the laser frontend and follow the same beam path up to the target. This brings
the advantage of an intrinsically perfect overlap between the two pulses which
enables reproducible results even at low repetition rate. The double-pulse
generation is achieved by a Mach-Zehnder type interferometer setup which
creates two collinear pulses with adjustable delay of 0 to 3 ns, energy ratio
and, due to the introduction of an additional double-pass grating compressor
in one arm, separately selectable pulse duration, as well [3, 4].

We report on an experimental campaign at PHELIX in spring 2010 which
was aiming at the reproduction of the Sm SXRL results reported in [11] and
the extension of the data set. In contrast to the focusing system in the earlier
experiment which was imaging the focus with a tilted spherical mirror, the
horizontal tilt of the main laser beam 90° off-axis copper parabola with a focal
length of 1500 mm by about 4° was used to produce a line focus. It was
possible to obtain a focus length of 10 mm and a width of only 20 pum,
measured by directly placing a CCD camera chip at the SXRL target position.
The target plane was tilted by 17° off the normal incidence. From the line
focus shape, irradiances of ~ 5 x 10"> W/cm® for the pre-pulse and ~ 1.5 x
10" W/cm® for the main pulse can be deduced for a total pump laser energy of
401J.

Since the traveling wave speed of the laser pulse front hitting the target was
not corresponding intrinsically to the pulse propagation along the SXRL
plasma column, a small adjustment of the PHELIX PW single-pass
compressor by turning the second grating was necessary. In order to measure
the traveling-wave speed online during the compressor adjustment, a simple
diagnostic has been developed which allowed circumventing the difficult
streak camera measurement. It relies on the fact that in the laser frontend, two
short pulses with a known delay can be produced. These pulses hit a test plate
situated in the target plane with small holes near the line focus edges. The two
beam samples passing through these holes are focused into a frequency
doubling crystal are used to create an autocorrelation signal which depends
only on the geometry of the setup and the delay between the two pulses as
shown in figure 2. Thus, the traveling-wave speed of the line focus could be
adjusted to 1 +/- 0.1 c.

The SXRL emission which followed the target surface except for a small
refraction angle due to the refraction caused by the plasma density gradient
was separated from the strong high-energy plasma emission background by a
flat, uncoated mirror substrate with an RMS surface roughness of 1.5 nm in
grazing incidence. This allowed the pointing of the SXRL beam onto an XUV
flat-field grating spectrometer with 1200 lines/mm through two 0.8 um carbon
filters as the primary diagnostics. In addition, the outer edges of the SXRL
beam which would not reach the grating surface due to the small acceptance
angle at such short wavelengths were guided via a slotted grazing incidence
mirror and an XUV multilayer mirror onto the chip of a back-illuminated
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CCD. This way, the speckle structure, which is a typical feature of an SXRL
near-field, as well as the spectrum could be registered for the same shot.

Amplifier+
Compressor

= Laser
4 L Vis double-pulse

Mach-Zehnder
interferometer

i T li
cocer e

Vacuum chamber

Fig. 2. Principle of DGRIP SXRL setup for high energies and the traveling-wave
speed measurement [9, 10]

The experiment series was performed with massive Sm targets of 10 x
10 mm* surface size and 1 mm thickness which were polished and stored
under high purity inert gas to avoid corrosion in air as long as possible before
mounting them onto the target holder shortly before evacuation. For each shot,
the target was moved to a fresh surface position.

A detailed scan of the delay between the two pulses from 20 ps to 375 ps
was performed in order to determine the delay for the highest SXRL output
(see figure 3). Likewise, the double-pulse energy ratio was varied between
10 % and 70 % and the total pump energy was lowered successively from 85 J
down to 36 J which was the lowest value for which lasing could still be
detected. The pulse durations were set to 200 ps and 7 ps for the pre-pulse and
the main pulse, respectively. A pulse contrast level of 10 except for an extra
pre-pulse of 10~ about 900 ps before the double-pulse was measured.

In the obtained SXRL spectra, the lasing 4dsn) — 4pan) transition at
168.5 eV (7.36 nm) was clearly visible. The spectral recording was corrected
for the transmission characteristics of the spectrometer system. From the
spatial axis of the spectrometer image, a vertical divergence of the SXRL
beam of ~6 mrad FWHM could be inferred, clearly showing the directionality
of the SXRL beam.



36 B. Zielbauer et al.

The SXRL pulse energy was calculated by the integration of the
background corrected counts of the lasing line in the spectrum on the XUV
CCD camera chip With this procedure and taking into account the acceptance
angle of the spectrometer and the reflectivity and transmission of the
employed optics and filters, the highest obtained SXRL pulse energy of ~ 1.6
+/- 0.5 puJ deduced. This value was found at 90 ps delay with a total pump
energy of 80 J with a 50 % ratio between the pre-pulse and the main pulse.

1st order

SXRL energy (uJ)
i

I

0 100 200 300 200
Pulse delay (ps)

Fig. 3. Spectrum of the 7.3 nm SXRL (inset) and the SXRL energy dependence on the
double-pulse delay [9, 10]

3 Wide-range HHG wavelength tuning for SXRL seeding

The seeding of plasma-based SXRLs with sources like those produced by
higher harmonics generation (HHG) has been demonstrated by several groups
[12-15]. The foremost goal is the transfer of the high beam quality provided
by HHG sources to the higher pulse energy levels available with plasma
SXRLs which would greatly widen their field of application. Using such a
scheme at a hybrid Ti:Sa / Nd:glass CPA system like PHELIX is tempting
because of the high IR pulse energy available for producing homogeneous,
large-volume plasma amplification media. However, such an undertaking is
complicated by the low repetition rate of flash-lamp pumped glass systems
and the inability to match the seed wavelength to the SXRL wavelength by
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tuning the IR fundamental wavelength due to the narrow gain bandwidth of
Nd:glass.

The first topic has been addressed by the development of a highly stable
compressor setup with two separate grating systems and the introduction of
the double-pulse pumping scheme mentioned above, allowing for a good
reproducibility of the optical alignments for the two sources. For matching the
HHG wavelength to the SXRL lasing line, the adiabatic and the non-adiabatic
frequency shift by quantum path control has been employed successfully at
PHELIX. In this way, many popular SXRL lasing wavelengths in the range of
18.9 nm (Mo) to 26.9 nm (Mn) can be reached [16-18].

4 Conclusions and Outlook

With the routine operation in the double-pulse, single-beam non-normal
incidence pumping and the simplified focusing system with just the off-axis
parabola of the pump laser system, the results for a Sm SXRL could be
reproduced and a scan of the pump laser parameters was performed. The low
pumping threshold of less than 40 J are suitable for experiments at higher
repetition-rate laser systems like LASERIX. Together with the advances in
the implementation of a seeding scheme adopted to the needs of a hybrid glass
system, the application of the SXRL as diagnostics source for laser or heavy-
ion generated plasmas and as spectroscopy source at the current GSI
accelerator facility as well as the Facility for Antiproton and Ion Research
FAIR come into reach.

The experiments were supported through the Laserlab Europe Integrated
Infrastructure Initiative. The XUV multilayer mirrors were manufactured at
LCFIO by the CEMOX facility under the supervision of F. Delmotte.
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and soft X-ray lasers and applications.
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Abstract. LASERIX is a high-power laser facility delivering High-repetition-rate
XUV laser beams pumped by Titanium:Sapphire laser. The aim of this laser facility is
to offer to the users community Soft XRLs in the 30-7 nm range and auxiliary IR
beam for a broad range of applications. In this contribution, the main results
concerning both the development of XUV sources and their use for applications
(irradiation of DNA samples) are presented, as well the present status and some
perspectives for LASERIX.

1 Introduction : an overview of LASERIX facility

For more than 25 years, many inversion mechanisms have been considered to
produce a lasing effect in the XUV range: recombination [1] and collisional
schemes [2]. Taking into account the previous work performed by the French
group in the 30 last years [3], we have designed and built a laser facility to
mainly develop TCE and GRIP X-ray lasers in the 30-7 nm range, called
LASERIX [4-7].

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 39
DOI 10.1007/978-94-007-1186-0_5, © Canopus Academic Publishing Limited 2011
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The main technology of the LASERIX driver is based on Ti:Sa crystals [5,
6]. The general architecture of the Ti:Sa laser is schematically presented in
figure 1.
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Figure 1 : Schematic view of the LASERIX driver architecture

The front-end is designed as a customized laser system based on standard
modules, developed by several French laser companies (THALES LASER
and AMPLITUDE TECHNOLOGIES). It is composed by two main parts: one
for the shaping and pre-amplification of the oscillator pulse, the other for two
cryogenic amplifiers. The output energy at the front-end is more than 2J at
10Hz repetition rate. This energy, as shown in figure 1, can be divided in two
parts: one long pulse of 1 Joule (= 500 ps) to create the plasma and one short
pulse (compressed from 50 fs to 10ps) to achieve the inversion of population.
Besides, a small part of the beam, 100 mJ, can be used to create a source to
seed X-ray lasers or to implement pump/probe experiments.

The front-end beam is then injected in the main amplifier, which relies on
a large Ti:Sa crystal (diameter 100 mm). The crystal is pumped by a 4-module
Nd:glass laser delivering 100 Joules of 2o green light, developed by the
French laser company QUANTEL. The energy deposition on each side of the
crystal is homogenized using lens arrays. The crystal is supported in a mount
in which a special liquid is circulating all around the crystal to limit transverse
lasing. After 4 successive passes through the crystal, the expected output
before compression is = 40 Joules at the repetition rate of 0.1 Hz. Basically,
the 40 joules are divided in two beams, respectively 20 Joules of 500 ps and
10 Joules of 50fs-1ps (after compression). Besides, a small part of the energy
at the exit of the front-end, =100 mJ in 50 fs pulse duration at the repetition
rate of 10Hz, can be delivered. The development of the LASERIX facility was
achieved following different phases. The first achievement consisted in the
validation of the use of the Ti:Sa technology to reach the 40 infra-red Joules
[5,6,8], from 2004 to 2006. The investigations performed a good 4 Pass-
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Amplifier with 8 beams delivering 100 J at 0.1 Hz, assuming homogenized
pump laser profiles, direct liquid cooling of the Crystal and transverse lasing
management.

Then, LASERIX was implemented in a temporary room of the LOA-
ENSTA in Palaisecau, France. From mid-2006 to mid-2009, we used this
temporary implementation to develop the XUV sources at 10 Hz repetition
rate. We mainly focused our investigations on the Mo Ni-lie XRL @ 18.9 nm.
Then we investigated the seeding of HHG in XRL plasma and we improved
the stability of the XUV laser source with the main objective to use it for
applications, like DNA irradiation that will be presented in section 2.

Mid 2009, LASERIX was implemented in a new ENSTA building. This
building is both dedicated to the implementation of LASERIX facility and
ILE project. The ILE project will be developed in the ground floor including
its frond-end and pumping laser system, called respectively LUIRE and
APOLLON. On the same floor we installed the QUANTEL pumping laser
system of the last amplifier stage of LASERIX facility. The underground
floor is dedicated to LASERIX facility; this implementation facilitates the
synergy between the QUANTEL lasers of LASERIX and the ILE project. The
present status of the LASERIX project will be developed in section 3.

2 Researches on XUV sources and applications from 2007 to 2009.

During this period we focused our attention on the development and the use of
the front-end at 10 Hz repetition rate. The final goal was to clearly make the
demonstration of the interest of X-Ray lasers at 10 Hz for external users.

« First » users run : jan = jul 2008

+ Biological samples irradiation (LCAM — IMPC) Resp. S. Lacombe
« Soft X-ray laser longitudinal coherence (LIXAM) Resp. A. Klisnick
* Seeding of soft x-ray laser (TUIXS - LIXAM) Resp. P. Zeitoun

XUV sources development
* X-ray laser optimisation.

» X-ray laser focussing.

* XUV dosimetry.

+ |R single shot autocorrelator for PW lasers (coll. ILE)
» Effect of prepulses on XRL properties (Resp J. Habib)
» Automated irradiation system (Resp. B. Zielbauer)

« Second » users run : sept 2008— march 2009

* Single-beam GRIP x-ray laser (GSI) - DGRIP Resp. T. Kuehl/D. Zimmer
* Biological samples irradiation (LCAM — IMPC) Resp. S. Lacombe

Table 1: Summary of the investigations on LASERIX from 2008 to 2009, by type of
investigation (XUV sources development or external users).
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As indicated in table 1, we offered access to the LASERIX facility (starting
from the beginning of 2008) and in parallel continued to “optimize” the
stability of the XUV laser sources for applications, especially in the
perspectives of DNA irradiations.

2.1 XUV sources development for applications.

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

Figure 2: Experimental set-up for the XRL generation in the 10 Hz repetition-rate
configuration. The figure a gives a general view of the arrangement of the
experimental area, including the pumping laser up to the front-end part, the
compressor chamber (at the centre of the image) and the XUV sources investigations
zone (at the back of the image). Different views of the experimental area are
presented in figures 2b, 2¢ and 2d.
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The equipments indicated by the numbers 1 and 2 in figure 2c are
respectively the chamber for the production of HHG sources and the target
chamber for X-ray lasers. Several diagnostics were used to monitor the energy,
as indicated in figure 2d, the source size and the beam uniformity of the x-ray
laser, or the HHG source: the near-field imaging system (identified by the
number 3), far-field system (identified by the number 4), grating spectrometer
(identified by the number 5). Near field images were obtained using an XUV
aspherical mirror (f=500mm) forming the image of the exit aperture of the
source on an XUV CCD camera with a magnification of 13 (following the
tube, identified by the number 3 in figure 2c).

In order to offer the most suitable and reproducible XUV laser sources for
external users, we performed several specific investigations. We focused our
attention on the optimization of the Mo Ni-like X-ray laser emitting at 18.9
nm, following our recent investigations at the Lund Laser Center, in
collaboration with Pr. C.-G. Wahlstrom in a Grazing incidence pumping
(GRIP) [9-11]. Thus as mentioned in more details in [12], we first
investigated the possibility of performing several shots at the same target area
including the influence of a pre-pulse. This last parameter seems to be very
critical in the effect of increasing both the output energy of the X-Ray laser
source and the number of shots at the same target place. Thus, as illustrated in
Figure 3, the use of a pre-pulse, with an energy greater than 20 mJ, increases
the output energy of the X-ray laser by a factor 2 in the best configuration
(prepulse of ® 50 mJ energy) and provides a constant output (with 10%
fluctuation) during 100 shots at the same target area.
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Figure 3: Output Energy of the X-Ray laser versus the number of the number of shots
at the same target area for different values of prepulse energy. Green dots represent
the results in case of absence of prepulse.

Then, finally to increase the stability of the XUV laser source, we
implemented a setup, developed in GSI and called Double-pulse single-beam
in grazing incidence (DGRIP) [13-15], bringing the advantage of an
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intrinsically perfect overlap between the two pulses which enables
reproducible results, particularly useful for applications. The double-pulse
generation is achieved by a Mach-Zehnder type interferometer set-up which
creates two collinear pulses with adjustable delay of 0 to 3 ns, adjustable
energy ratio and, due to the introduction of an additional double-pass grating
compressor in one arm, separately selectable pulse durations.

2.2 First investigations of applications at 10 Hz repetition-rate.

All the previous investigations lead to obtain a stable and reliable operation
of a soft X-ray laser for application [16]. To illustrate the high interest of this
optimization work, we used our “optimized” source @ 18.9 nm to irradiate
DNA samples.

Several DNA samples were placed in the irradiation chamber on a multi-
target holder wheel and aligned under vacuum in the XRL beam using a
combination of visible and XUV cameras. The soft X-ray laser beam was
filtered by a 200 nm Al filter and focused by an f = 300 mm spherical
multilayer mirror aligned slightly off-axis to match the sample surface. Up to
21 000 pulses are delivered during a time of 90 minutes operation at a
repetition rate of 10 Hz and average pulse energy of 200 nJ with the Mo target
area changed every 10s. We checked that from one 100 shots dose
accumulation to another one, the integrated dose fluctuations do not exceed
5%. The latter consideration appears to be the most relevant for the present
application. We thus decided to irradiate DNA samples by shooting 100 times
on the same Molybdenum target groove. An on-line measurement of the
photon number delivered on target during the irradiation is used to monitor
the irradiation process, measuring the photocurrent on the surface of the last
multilayer mirror.

The three samples (DNA, DNA+PtTC, DNA+NP) were irradiated with the
same procedure. The results presented in figure 4 show that the irradiation by
soft X-ray laser photons induces significant amounts of SSB and DSB. The
values of SSB in figure 4 were corrected for the presence of SSBs in the
control. The DNA sample shows a significant number of SSBs which
increases by a factor of two in presence of platinum (DNA+PtTC, DNA+NP).
The number of DSB increases by 76% in presence of PtTC and double in
presence of nano-particles.

This unique experiment demonstrates that low energy X-Rays irradiation
induces DNA damage, as previously seen with low energy ions and electrons.



LASERIX : an open facility for developments 45

This confirms the effect of direct processes in DNA breaks.
Tests on DNA loaded with platinum
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Figure 4: Single (SSB) and double (DSB) strand breaks induced in DNA
samples in the case of pure DNA, DNA-PtTC complexes and DNA-NP
complexes

These experiments should be obviously repeated in order to confirm this
observation. The experimental stabilization and characterization of soft x-ray
irradiation is now sufficient to provide a reliable source for systematic and
quantitative studies of such effects.

3 Present status of LASERIX in 2010.
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Figure S: Schematic view of the implementation of LASERIX in the new
building (on the left bottom) and the arrangement of the 10 Hz and 0.1 Hz
beam lines.

The main part of LASERIX is now implemented in the underground floor
of the new building, as indicated in figure 5. Two rooms compose the area. In
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the first one (14.5x7.2 m”) are implemented the pumping laser system (except
the QUANTEL pumping lasers), the full energy compressor and the main
interaction chamber for the production of X-Ray lasers in the 0.1 Hz
configuration. A supplementary compressor is added to compress the 1Joule
beam at 10 Hz repetition-rate. The second room (5.6x7.2 m?) is dedicated to
the production of XUV laser sources in the 10 Hz rep-rate and to the use of
the X-Ray Lasers in 10 Hz and 0.1 Hz rep-rates for applications. Two holes in
the wall separating the two rooms enable transport of the X-Ray laser beams
running at 0.1Hz rep-rate and the compressed and uncompressed pumping
energy for the production of the X-Ray laser running at 10Hz rep-rate.

4 Conclusions and Outlook

LASERIX will be useful to develop transient collisional XRLs of various
wavelengths comprised between 7 and 30 nm. Wavelengths shorter than 10
nm will become progressively available, and a shot-to-shot control of the
source will be installed, useful for application experiments. Pump-probe
experiments with a temporal resolution of 40 femtoseconds and without jitter
will be also possible.

Access will start in the beginning of 201& for external users. The first
semester of 2011 will be also dedicated to the development of the 0.1 Hz rep-
rate facility and access could be available for this set-up in the beginning of
2012.
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Using the X-FEL as a source to investigate photo-pumped
X-ray lasers

Joseph Nilsen and Howard A. Scott

Lawrence Livermore National Laboratory, Livermore, CA 94551

Abstract. H-like and He-like resonantly photo-pumped laser schemes were proposed
for producing X-ray lasers nearly four decades ago. However, demonstrating these
schemes in the laboratory has proven to be elusive. One major challenge has been the
difficulty of finding an adequate resonance between a strong pump line and a line in
the laser plasma that drives the laser transition. After finding a good resonance, a
second challenge has been to simultaneously create the pump and laser plasma in
close proximity so as to allow the pump line to transfer its energy to the laser material.
With the construction of the X-ray free electron laser (X-FEL) at the SLAC Linac
Coherent Light Source (LCLS) researchers now have a tunable X-ray laser source that
can be used to replace the pump line in previously proposed laser schemes and allow
them to study the physics and feasibility of photo-pumped laser schemes. In this paper
we model the Na-pumped Ne X-ray laser scheme that was proposed and studied many
years ago by replacing the Na He-o pump line at 1127 eV with the X-FEL at LCLS.
We predict large gains greater than 400 cm™ on the 4f — 3d transition at 231 A.

1 Introduction

Resonantly photo-pumped laser schemes using H-like and He-like ions were
proposed for producing X-ray lasers from the earliest days of lasers [1].
Demonstrating these schemes in the laboratory has proven to be very elusive.
A major challenge has been the difficulty of finding an adequate resonance
between a strong pump line and a line in the laser plasma that drives the laser
transition. After finding a good resonance, a second challenge has been to
create both the pump and laser plasma in close proximity so as to allow the
pump line to transfer its energy to the laser material. With the availability of
the X-FEL at LCLS [2] we now have a tunable X-ray laser source that can be
used to replace the pump line in previously proposed laser schemes and allow
researchers to study the physics and feasibility of photo-pumped laser
schemes. In this paper we model the Na-pumped Ne X-ray laser scheme that
was proposed and studied many years ago by replacing the Na He-o pump
line at 1127 eV with the X-FEL at LCLS. We predict gain on the 4f — 3d
transition at 231 A that is orders of magnitude larger than the gains predicted
[3] two decades ago using the Saturn pulsed power machine at Sandia

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 47
DOI 10.1007/978-94-007-1186-0_6, © Canopus Academic Publishing Limited 2011
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Table 1. Resonantly photo-pumped laser schemes with 4f — 3d lasing in H and
He-like ions
Pump Line A (A) Absorbing Line Ma(A) | Ahp/Ap (%) M(A)

Na He-og 11.003 Ne He-yg 11.000 0.022 231
K | Ly, | 33521 | I Ly-y, | 3.3511 0.029 64.8
Cr He-or 2.1925 Sc Ly-y, 2.1917 0.036 42.5
Mn Ly-a 1.9247 A% He-yg 1.9255 0.040 38.7
Cu Ly-ay 1.4253 Fe Ly-y, 1.4253 0.006 27.7
St | Ly-a, | 0.82708 | Se Ly-y;, | 0.82765 0.069 16.2
Nb He-ag 0.72175 Rb He-yr 0.72143 0.044 14.4

National Laboratory to create the Na pump line. Table 1 shows all the
resonantly photo-pumped H and He-like schemes that could lase on the 4f —
3d line that were identified many years ago but which have not yet been
demonstrated. The X-FEL can now replace any of these pump lines and
enable us to study these lasing schemes.

2 The characteristics of the X-FEL beam at LCLS

With the advent of the X-FEL at the LCLS facility we looked at the
characteristics [4] of this laser to see if it would be relevant for exploring
photo-pumping X-ray laser schemes. The basic feature of the X-FEL is that it
can produce a tunable X-ray source that extends from 800 to 8500 eV. It
operates at a 120 Hz repetition rate with approximate output of 10'* photons
per pulse. The beam has a spectral bandwidth of 0.1% of the fundamental, a
pulse duration of 100 - 200 fs, and an unfocused spot size of 400 pm square.

The beam can be focused down to a 1 um square using X-ray optics. The
beam can be rapidly tuned over 3% of the fundamental energy by adjusting
the electron beam energy. In earlier calculations [5] we predicted that the
photo-ionization rate of Ne gas is about 10 per psec for the unfocused beam,
which is much too slow for using the X-FEL is photo-ionize Ne gas down to
the He-like iso-electronic sequence. In this paper we look at the case of a
focused X-FEL beam with a 1 um spot size and 100 fs pulse duration. Using
these numbers gives a spectral intensity I, = 1.6 x 10" W / (eV cm?). The line
strength of the X-FEL beam in photons per mode n, = 1.579 x 10° I, / ¢’
where ¢ is the photon energy in eV. Looking at some typical photon energies
n. = 1765 at 1127 eV and drops to 9.45 at 6442 eV for the focused beam. For
a photo-pumped laser scheme the beam strength in photons per mode is the
ratio of the stimulated rate to the spontaneous rate. This is approximately the
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same as the maximum fractional population divided by the statistical weight
of the level being pumped when the beam strength is much less than one.
When the beam strength exceeds one it mean the stimulated rate is much
larger than the spontaneous rate and the two levels will be locked into
equilibrium with similar populations per statistical weight.

3 Description of the He-like Ne X-ray laser scheme

One of the resonantly photo-pumped schemes that were tried experimentally
many years ago was the Na-pumped Ne scheme that used the He-a line of Na
to photo-pump the He-y line of Ne and create gain on severaln =4 ton =3
transitions in He-like Ne. Figure 1 shows the three principal laser lines that
were predicted to have gain, the 4f — 3d line at 231.1 A, the 4d — 3p line at
231.6 A, and the 4p — 3s line at 222.7 A. The 4p — 3s line lases directly from
the 4p level that is being photo-pumped. However, it is important to
understand that the other two laser lines depend on collisional excitation to
transfer population from the 4p to 4d to 4f states. Since these states are very
close in energy they tend to equilibrate very quickly if the density of the
plasma is high enough.
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Fig. 1. Energy level diagram for the Na-pumped Ne X-ray laser.
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To model this system we used an ion density of 1018 cm-3 for the Ne gas,
which is the same as used in the Saturn pulsed power experiments that were
done many years ago [3]. Because of the complexity of the atomic model for
near neutral sequences we started the calculation in O-like Ne with an electron
temperature of 1 eV and an ion temperature of 0.025 eV. In He-like Ne the
atomic model had 252 levels including doubly excited states up to 2p5f while
O-like Ne has 1537 levels. The CRETIN code [6] was used to model the
kinetics in one dimension (1D). We created an input file that represented the
monochromatic X-FEL beam at 1127 eV with a full width of 1.1 eV and a 100
ps full-width half maximum (FWHM) duration Gaussian pulse. The pulse
peaks at 200 ps in the various figures. Under these conditions the peak photo-
ionization rate for the Ne plasma in the Li-like sequence is 5 psec-1. Figure 2
shows the ionization fraction of the various iso-electronic sequences versus
time. One observes that the plasma quickly reaches 40% He-like and 55% Li-
like shortly after the peak of the pulse. Figure 3 shows the electron
temperature of the Ne plasmas versus time. The plasma quickly reaches an
electron temperature of 208 eV while the ion temperature stays near room
temperature and only slowly doubles to 0.05 eV by 1100 ps. For these short
pulse driven low-density plasmas the ions stay very cold and are decoupled
from the electrons.

Another important issue to understand is the fractional populations divided
by the statistical weight of the upper laser states and the ground state in He-
like Ne. The lower laser states have very small populations initially. Figure 4
shows the fractional populations versus time for the He-like ground state and
three of the upper laser levels. One can observe how the 1s and 4p levels are
locked together by the strong X-FEL and then diverge as the X-FEL turns off.
As the population of the 4p level decays one observes the populations of the
4d and 4f levels rise as collision processes try to equilibrate the populations of
these levels. The calculation is done so that the X-FEL pulse peaks at 200 fsec
on the time axis. Figure 5 shows the predicted gain for the three strongest laser
lines in He-like Ne. The dominant line is the 4f — 3d transition that has a peak
gain of 438 cm™ at 1067 fs. This line has a FWHM gain duration of 1840 fs.
In contrast the 4d — 3p line has a peak gain of 270 cm™ at 496 fs and the 4p —
3s line has a peak gain of 333 cm™ at 301 fs. The 4f — 3d gain peaks almost
900 fs after the peak of the X-FEL drive pulse because of the time needed for
electron collisions to transfer population from the 4p level via the 4d level.
With these high gains a plasma length of 0.1 cm should be more than
sufficient to obtain saturated output for the laser lines. If we look at the
absorption coefficient for the 1s — 4p He-like line that is being pumped it has a
value of 0.24 cm™ at 200 fs, the peak of the X-FEL pump pulse and remains
less than 1 cm™ until 300 fs, which is when the X-FEL pump is mostly over.
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4 Conclusions

Since the early days of laser research H-like and He-like resonantly photo-
pumped laser schemes have been proposed for producing X-ray lasers.
However, demonstrating these schemes in the laboratory has proved to be
elusive. One challenge has been the difficulty of finding an adequate
resonance between a strong pump line and a line in the laser plasma that
drives the laser transition. Given a good resonance, a second challenge has
been to create both the pump and laser plasma in close proximity so as to
allow the pump line to transfer its energy to the laser material. With the advent
of the X-FEL at LCLS we now have a tunable X-ray laser source that can be
used to replace the pump line in previously proposed laser schemes and allow
researchers to study the physics and feasibility of photo-pumped laser
schemes. In this paper we model the Na-pumped Ne X-ray laser scheme that
was proposed and studied many years ago by replacing the Na He-o pump
line at 1127 eV with the X-FEL at LCLS. We predict gain on the 4f — 3d
transition at 231 A. Given the tunable nature of the X-FEL we are no longer
restricted to studying photo-pumping in just the materials that have accidental
resonances with strong pump lines but we can now study any ion of interest
that falls within the spectral range of the X-FEL. In addition to looking for
gain and lasing the X-FEL can also be used to study the kinetics of these laser
systems by observing the dynamic evolution of the fluorescent lines.
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Abstract. We report the first demonstration of an all-diode-pumped soft x-
ray laser system. Lasing was achieved in the A = 18.9 nm line of Ni-like Mo ions
pumping with a diode-pumped cryo-cooled Yb:YAG chirped-pulse-amplification
laser system that generates 1 J pulses of 8.5 ps duration. Driver lasers pump by
diodes opens the possibility to develop a new generation more compact soft x-ray
lasers operating at significantly increased repetition rates for applications.

In a separate development we have demonstrated a gain-saturated table-top
A=10.9 nm laser operating at 1 Hz repetition rate with an average power of 1 uW in
the 4dISO—>4p1P1 transition of nickel-like Te and observed lasing at 8.8 nm in nickel-
like La in plasmas exited by a Ti:sapphire laser. Utilizing the same pump laser we
obtained laser pulse energies of up to 10 pJ and an average power of 20 pW in the
13.9 nm line of Ni-like Ag.

In a third set of experiments we characterized the beam properties of an
injection-seeded soft x-ray laser based on the amplification of high harmonic pulses in
a solid-target plasma soft x-ray laser amplifier. Injection-seeding is shown to
dramatically improve the far-field laser beam profile and reduce the beam divergence.
Measurements and 2-dimensional simulations for a 13.9 nm nickel-like Ag amplifier
show that the amplified beam divergence depends strongly on the seed divergence,
and can therefore be tailored by selecting it.

1. Demonstration of a Diode-pumped soft x-ray laser

The development of high average power soft x-ray lasers (SXRL) is
interesting for a number of applications. As summarized below in Section 2,
gain-saturated table-top soft x-ray lasers pumped by infrared chirped pulse
amplification (CPA) laser systems have been demonstrated at wavelengths
down to 10.9 nm [1], and with average powers up to 20 uW at 13.9 nm [2].
However the repetition rate and therefore the average power of these
flashlamp-pumped lasers is typically limited to less than 10 Hz. The small
quantum defect of Yb doped materials and the high pumping efficiency that

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 57
DOI 10.1007/978-94-007-1186-0_7, © Canopus Academic Publishing Limited 2011
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results from pumping with a narrow bandwidth source of the optimum
wavelength allow for the development of solid state laser systems that are
significantly more compact. Additionally, when cooled to cryogenic
temperature the thermal conductivity increases nearly an order of magnitude
and the saturation fluence decreases by a factor of 7 allowing efficient
operation at very high average powers.

Herein we discuss the demonstration of a table-top SXRL pumped by very
compact all diode pumped CPA laser system based on cryogenically-cooled
Yb:YAG amplifiers [3]. The pump laser produces 1 J, picosecond pulses at 10
Hz repetition rate. To the best of our knowledge this is the highest energy
demonstrated to date for a diode-pumped system producing sub-10 ps pulses.
A block diagram of the CPA system is illustrated in Fig.1. The system
consists of a modelocked oscillator, pulse stretchers, two stages of
amplification and a grating pulse compressor. The SXRL system is completed
with a focusing optics chamber and the target chamber. The entire laser
system with the exception of the pulse compressor fits onto a single standard
12°x5” optical table. The pump laser system consists of a SESAM
modelocked Yb:KYW oscillator pumped by a 30 W, 980 nm, laser diode,
two grating stretchers (only one shown in schematic of Fig.1) , a regenerative
amplifier, a cryo-cooled Yb:YAG amplifier and a dielectric grating
compressor. The laser oscillator produces a 1.2 W train of 300 fs pulses at a
repetition rate of 57 MHz. The beam exiting the oscillator is split into three

Yb: KYW Offner -02nd, Yb: YAG
200 ps

20 nJ,

modelocked 300 fs

oscillator

grating
stretcher

regenerative
amplifier

8mJ,
200 ps

Yb: YAG
multipass

amplifier
Dielectric -

14, grating
(Y compressor

18.9 nm
soft x-ray
laser

Fig. 1: Schematic Block diagram of the diode pumped soft x-ray laser system.

pulses and sent through two different grating stretchers before being
recombined into a single beam to create a train of two 160 ps pulses with
negative group velocity dispersion (GVD) and a 200 ps pulse with positive
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GVD. These stretched pulses are subsequently amplified in two cryo-cooled
Yb:YAG amplifiers. The first amplifier is a regenerative amplifier pumped
by a 90 W fiber-coupled laser diode emitting at 940 nm. The cavity of the
regenerative amplifier ensures that the three stretched pulses are collinear
throughout the system. The regenerative amplifier boosts the pulse energy to
~ 7 ml]. The regenerative amplifier was demonstrated to maintain the pulse
energy and beam quality at repetition rates up to 100 Hz (Fig.2).

Energy (mJ)

25 50 75 100
Pump Power (W)

Fig. 2. a) Output pulse energy of the cryo-cooled Yb:YAG regenerative amplifier as
a function of diode pump power for three repetition rates. b) Output beam profile.

The second amplification stage, shown in Fig. 3, consists of a 12-pass
multipass amplifier which utilizes to two cryo-cooled, Yb:YAG disks in the
active mirror configuration. Each crystal is pumped by a 3.5 kW diode stacks
producing 2 ms pulses . This stage amplifies the pulses to energies of 1.45 J at
10 Hz repetition rate (Fig 3b). Following amplification, the pulses are
compressed by a 70 % efficient dielectric grating pair to produce 8.5 ps
duration 1 J pulses.
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Fig. 3: a) Schematic layout of the 12-pass Yb:YAG cryocooled amplifier. WP =
waveplate; TFP = Thin Film Polarizer; FR = Faraday Rotator . b) Output pulse
energy of the Yb:YAG amplifiers as a function of diode pump power. The data was
obtained at 10 Hz repetition rate.

The all-diode-pumped CPA laser described above was used to pump a
A=18.9 nm soft x-ray laser. The train of pulses generated by the pump laser
was focused at grazing incidence onto a Mo target [4,5] to form a 4mm long
by 35 um wide line. Two pre-pulses with 350 ps FWHM duration create and
ionize the plasma that is subsequently rapidly heated by a 8.5 ps FWHM pulse
to produce a transient population inversion in the 18.9 nm transition of Ni-like
Mo ions. Figure 4 (a) shows a single shot on-axis spectrum corresponding to a
plasma create by focusing 700 mJ of total pump energy incident on target.
The intensity of the 18.9 nm Ni-like Mo laser line is similar to that of other
plasma lines. Increasing the pump energy to 940 m] results in dramatic
growth of the laser line intensity, accompanied by a significant angular
narrowing of the line, a clear evidence of strong laser amplification (Fig. 4
(b)). This new type of compact diode-pumped SXRLs will be capable to
operate at greatly increase repetition rates, producing high average power for
applications.
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Fig. 4. Soft x-ray spectra of a molybdenum plasma heated by the diode
pumped Yb:YAG CPA laser system (a) On-axis soft x-ray spectrum taken with a
total pump energy on target of 0.7 J. (b) The same spectrum taken with 0.94 J of
pump energy, showing laser amplification in the 18.9 nm laser line of Ni-like
Mo.

2. Gain-saturated 10.9 nm SXRL at 1 Hz repetition rate and lasing
at 8.8 nm.

There is also interest in extending table-top SXRLs to shorter
wavelengths. However, the steep wavelength scaling of the energy necessary
to pump such lasers imposes a challenge to the demonstration of gain-
saturated high repetition rate lasers at shorter wavelengths. As a result, the use
of table-top SXRLs in applications has been limited to wavelengths above
13.2 nm [6,7]. We have recently demonstrated a gain-saturated table-top 10.9
nm laser in the 4d'S;—4p'P, transition of nickel-like Te that operates at 1 Hz
repetition rate. Lasing in nickel-like Te was first demonstrated using 520 J of
optical laser pump energy to heat a collisionally pumped plasma [8]. More
recently gain in this transition was obtained in a table-top set up using ~ 1 J
pulses of 8 ps duration impinging at a grazing angle of 23 degrees to heat a
pre-created plasma [9]. However, the output laser intensity was far from
saturation, producing an insufficient photon flux for applications.

Gain-saturated lasing was generated by rapidly heating a 5 mm wide
solid Te slab target using a CPA Ti:sapphire laser system that produces A =
800nm pulses with energies up to 5.5 J before compression. After the third
amplification stage the stretched pulses have a duration of 210 ps. A beam
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Fig. 5. a) On axis single-shot spectra from the Te plasma for increasing plasma
column up to 5 mm. Strong lasing is observed at 10.9 nm. b) Measured laser line
intensity as a function of plasma column length. Each data point is an average of
eight laser shots.

splitter placed after the final amplification stage was used to re-direct 40% of
the energy into a pre-pulse arm used to create a plasma with relatively smooth
density gradients. Two pre-pulses pulses were focused into a 30 um x 5 mm
FWHM line onto the target. The remaining 60% of the energy was
compressed into a 5 ps FWHM pulse and was focused at 30 degrees grazing
incidence into an overlapping line of the same dimension.

Figure 5a shows a series of on-axis single-shot spectra and their
corresponding vertical integrations for plasmas of different lengths between L
= 1.8 and 5 mm. The total pump energy on target was fixed at 3.4 J. The
SXRL intensity rapidly grows with target length to dominate the entire spectra,
eventually reaching saturation. From these spectra it was determined that for
the 5 mm target the SXRL beam divergence in the direction parallel to the
target is 8.5 + 1 mrad. The measured SXRL intensity as a function of target
length is shown in Fig. 5b. The fit shows a small signal gain of gi=45.3 cm’
and an integrated gain length product of 14.1 at 5 mm. At about 3 mm, the
intensity starts to show signs of saturation.  Strong soft x-ray lasing was
observed to take place over a relatively narrow range of excitation delays
centered at 200 ps. Lasing is observed to cease when the delay is increased to
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400 ps. However, further increase of the delay results in weak lasing around
550 ps. This late laser pulse, predicted by the simulations, occurs when Co-
like ions recombine into Ni-like ions, indicating the plasma is slightly over-
ionized at the time of peak laser gain. A SXRL average power of ~ 1 uW was
obtained pumping a 6 mm wide Te target with 4.2 J of total laser pump
energy on target at a repetition rate of 1 Hz. The most intense laser pulses
reach an energy of ~ 2 pJ. Assuming a laser pulse duration of 4 — 5 ps and a
near-field laser spot ~ 15 um in diameter from 3-D post processor ray trace
simulation to a 1.5 D hydrodynamic/atomic physics simulation, the laser
beam intensity is estimated to reach an intensity of ~ 2.5x10"" Wem™. This
intensity exceeds the 0.6-1.4x10"° Wem™ computed saturation intensity of this
line for the plasma conditions of the experiment. This is the shortest
wavelength gain-saturated table-top laser reported to date.

Using a sequence of Ti:sapphire laser pulses with a total energy of 5.2
J to heat a lanthanum target lasing was observed in the 4d'S,—4p'P,
transition of nickel-like La. Fig.6 is a single shot on-axis spectra of the
lanthanum plasma showing amplification at 8.8 nm in this transition.

7 8 9 10
Wavelength (nm)

Fig.6. On axis spectra of a lanthanum plasma column showing lasing in the
8.8 nm line of nickel-like La.

3. Demonstration of high pulse energy 13.9 nm laser at 2.5 Hz
repetition rate

Table-top SXRLs with wavelengths in the 13 nm spectral region have
produced picosecond laser pulses with energy of ~1 pJ and average powers up
to 2 uW when operating at 5-10 Hz repetition rate [9,10]. Significantly larger
SXRL pulse energies, of ~10-25 pJ at a rate of one laser shot every several
minutes have been produced using more energetic pump lasers [11,12]. We
have recently obtained a significant increase in laser pulse energy of muti-Hz
table top SXRL in the 13 nm spectral region by demonstrating a table-top
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laser that is capable of producing laser pulses with average energy of 7 uJ at
2.5 Hz repetition rate at 13.9 nm [2]. With an average power of ~20 uW this
laser will make possible new applications of coherent soft x-ray light on a
table-top.

The SXRL pulses are generated in a narrow line focus Ag plasma heated by
a sequence of pulses generated by a CPA Ti:Sapphire laser consisting of a
Kerr mode-locked laser oscillator and three stages of amplification. The third
amplification stage is pumped by a high energy frequency-doubled Nd-glass
slab laser developed in house, designed operate at a repetition rates of a few
Hz (Fig. 7). The front end of this pump laser consists of a Q-switched
Nd:YLF oscillator that is subsequently amplified in two double-pass Nd:YLF
rods. The output of the pre-amplifier is split into two beam and each of them
is amplified by 8 passes thought a flash-lamp pumped Nd:glass slab amplifier
(Fig 1.b). The output of each arm is frequency doubled in a KDP crystal to
produce up to 10 J of 532 nm light, which is relay imaged into the third stage
Ti:sapphire amplifier rod to produce A=800 nm laser pulses with up to 7.5 J
energy at 2.5 Hz repetition rate.

Nd:¥If Oseillator Pre-Amplifiers

Nd:Glass Amp.
1 #2
Nd:Glass Amplifier Deiail\

Output

Slab Amplifier
A >

Faraday ;4 Input
Rotator \

-e-—emem mmmeomom o

.................................................

Fig.7. Block diagram of the third amplification stage of the Ti:sapphire laser used
to pump the SXRL.

SXRL experiments at 13.9 nm were conducted by focusing up to 4.9 J of
Ti:Sapphire laser energy into a line focus ~30 um wide and 6.3 mm in length
on the surface of a Ag slab target. Part of the output energy from the third
amplification stage is directed to a pre-pulse arm using a 40% beam splitter.
The rest of the energy was compressed to 6 ps in a vacuum compressor using
dielectric gratings. Pre-pulses of 210 ps duration with a total energy of ~2.2 J
were directed at normal incidence onto the target to create a Ag plasma that
subsequently is rapidly heated by a 6 ps pulse impinging at 23 degree grazing
incidence. A highly saturated SXRL beam results. The rapid heating of the
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plasma to electron temperatures of up to ~ 550 eV generates a transient
population inversion and amplification in the A = 13.9 nm 4d'S,—4p'P,
transition of nickel-like Ag. The laser emits a single highly monochromatic
line at 13.9 nm. Figure 8 shows the shot-to-shot variation of the laser output
pulse energy when the laser is operated at 2.5 Hz repetition rate. The most
energetic pulses exceed 8 wJ and the average power

o

Laser Pulse Energy (pJ)
O = N W &= 0 OO N O

1 3 &8 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 &1 43 45
Consectutive Shot Number

Fig. 8. Laser pulse energy output of the 13.9 nm laser when operated at 2.5 Hz
repetition rate. The average power is ~ 20 uW and the shot-to-shot laser pulse energy
variation is 6 =7 %.

approaches 20uW. The average pulse energy is 7.4 uJ and the shot-to-shot
energy variation is characterized by a standard deviation of 7%. This
relatively high shot-to-shot laser energy stability for a plasma amplifier is the
result of the highly saturated regime of operation of this soft x-ray laser
amplifier.

4. Beam Characteristics of an Injection-Seeded Solid-Target Soft
X-Ray laser
Injection-seeding of these ASE SXRL amplifiers with high harmonic pulses
can produce intense SXRLs with full spatial and temporal coherence, shorter
pulse duration, reduced divergence, near-gaussian spatial beam profiles, and
defined polarization [13-18]. We summarize results of the recent
characterization of the near-field and far-field spatial distribution and laser
line profile of a seeded and self-seeded (ASE) solid target SXRL amplifier.
The experiments were conducted by seeding a nickel-like Ag SXRL
amplifier (\ = 13.9 nm) with 59™ harmonic pulses of a Ti:sapphire laser. A
Ti:sapphire laser centered at 815nm was used to create and heat the plasma
with a sequence of two pre-pulses followed by an ~0.9 J heating pulse of 6.7
ps duration impinging at a grazing incidence angle of 23°. The pump pulses
were focused onto a 3 mm wide Ag target to form a 30 um>x4.1lmm FWHM
long line. A small portion of the pump laser energy was focused in a Ne gas
jet to generate the high harmonic seed. The output of the gas jet was relay
imaged onto a ~100 um diameter spot at the input of the plasma amplifier
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using a gold-coated toroidal mirror designed to operate at a grazing incidence
angle of 10°. Figure 9 shows the measured far-field beam profile of the
unseeded and seeded SXRL amplifier using a back illuminated CCD placed
0.86 m from the source. Injection seeding dramatically reduces the beam
divergence and results in a nearly Gaussian far field profile (Fig. 9b).

Laser experiments were conducted using two different seed pulse
divergences to study the dependence of the amplified beam on the seed. When
a harmonic seed pulse with a FWHM divergence of 0.5+0.03 x 0.7+0.04 mrad
in the directions perpendicular and parallel to the target respectively was used
to seed the plasma, an amplified pulse with a divergence of 1.4+0.14 x
0.7+0.07 mrad was measured to result. Simulations agree in showing that the
divergence of the amplified beam in the direction parallel to the target surface

Divergence (mrad)
&

Divergence (mrad)
o
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Divergence (mrad) Divergence (mrad)

Fig. 9. Measured far-field distribution of an (a) self-seeded (ASE) and (b) seeded
13.9nm Ag solid-target SXR laser. The circular aperture in (a) is caused by the aperture of a
thin-film filter.

closely resembles that of the seed beam, while the divergence perpendicular to
the target surface is larger due to refraction [18]. When the divergence of the
harmonic seed was increased to 1.6+0.3 x 1.4+0.4 mrad pulse, an amplified
pulse with a divergence of 1.5+0.08 x 1.24+0.15 mrad was measured. The
results show that when the divergence of the input harmonic seed is larger
than ~1 mrad the far field of the amplified seed is almost completely
dominated by the seed characteristics, while for smaller divergences it is
controlled by both the input seed and refraction. These beam divergences are
nearly an order of magnitude smaller than those corresponding to the
unseeded amplifier. The near-field beam profiles of the self-seeded (Fig. 9a)
and seeded (Fig. 9b) amplifier beams were measured using a 15.2x
magnification imaging system. The measured near-field and far-field profiles
were compared to simulations (Fig. 10). The location of the center of the near-
field beam spot respect to the target surface, which is dominantly determined
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by the position of the peak of the gain, was measured to be at a distance of
3344 pum, in good agreement with the simulated near field profile. The near-
field beam size of both the seeded and unseeded lasers is shown to be
determined by the size of the gain region and the divergence of the amplified
beams. The larger near-field spot size of the ASE laser in the direction parallel
to the target surface is due to the larger divergence of the ASE laser, which
allows rays with different trajectories to amplify across the entire gain region.
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Fig. 10. Measured and simulated near field profiles of a self-seeded and seeded ASE
amplifiers, and comparison of measured and simulated far-field profiles for the seeded
laser.

Another paper in these proceedings discusses the results of the study of the
temporal coherence of this type of injection-seeded solid-target amplifier
utilizing a variable pass difference bi-mirror interferometer [19].
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Saturated XUV lasing down to 8.85 nm using the grazing-
incidence scheme

J.E. Balmer, C. Imesch, and F. Staub

Institute of Applied Physics, University of Bern, Switzerland

Abstract. We report on recent progress achieved in x-ray laser research at the
Institute of Applied Physics of the University of Bern. Using the existing 10-TW
Nd:glass CPA (chirped-pulse amplification) laser system in the grazing-incidence
pumping (GRIP) scheme, saturated x-ray lasing has been obtained on the 4d — 4p,
J=0-1 lines of Ba and La at wavelengths of 9.2 and 8.85 nm, respectively, using
main pumping pulse energies of 9J (Ba) and 12 J (La). For handling convenience,
compound targets (BaF,, LaF3) were used, either in the form of windows or coated
onto glass slides. Crucial to these results was the introduction of a second, relatively
intense (>10%) prepulse less than ~100 ps before the main pulse.

1 Introduction

Important progress towards higher efficiency, reduced size, and higher repe-
tition rate of XUV/X-ray lasers was achieved in recent years by combining the
transient-collisional-excitation (TCE) scheme [1] with the the grazing-inci-
dence pumping (GRIP) scheme [2]. In this configuration, a nanosecond-
duration laser pulse at 10!1-1012 W/cm? generates the plasma and the required
closed-shell (Ne-like or Ni-like) ionization conditions. The plasma is allowed
to expand for a given time to allow the electron density gradients to relax. A
second, much shorter (ps-duration) laser pulse at 10!4-1015 W/cm?2 then
irradiates the plasma column at an oblique (grazing) angle 0. The angle of
incidence is chosen such that density at the apex point of the pump radiation -
given by refraction as n, = n..02, where ng, is the critical density for the

pump wavelength - coincides with the density for which maximum gain is
predicted for a given x-ray laser wavelength. Absorption of the pump energy
thus occurs directly and very efficiently into the gain region. In addition, the
fast temperature rise allows efficient pumping without perturbing the ioniza-
tion. Very high x-ray laser gain coefficients (>100 cm~!) have been predicted
with the possibility of saturated gain for target lengths of a few millimeters.
Experimentally, saturated x-ray lasers in Ni-like antimony (Sb, Z= 51) and
tellurium (Te, Z = 52) at wavelengths of 11.4 and 10.9 nm, respectively, and
for pumping energies of 2.8 and 4.3 J, have been demonstrated [3,4] to date.

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 69
DOI 10.1007/978-94-007-1186-0_8, © Canopus Academic Publishing Limited 2011
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Simulations predict that sub-10-nm lasing should be feasible with 5-10J of
pump energy, and ~100 J would be required to generate an x-ray laser close to
the water window (2.5-4.4 nm). A particular feature of the GRIP scheme is an
intrinsic travelling wave, causing the excitation to propagate along the line
focus at a velocity v, = c¢/cos. This substantially reduces the effect of the
short gain lifetime inherent to the TCE scheme. In the first experimental
demonstration of the GRIP scheme reported for the 18.9-nm line of Ni-like
molybdenum (Mo, Z = 42) [2], the optimum angle was 18° and the travelling-
wave velocity ve, = 1.05c. Intense lasing was observed with 150-mJ/1.5-ps
pulses from a Ti:sapphire laser at 10-Hz repetition rate.

In this work, we report on saturated x-ray lasing on the 4d — 4p, J =0-1
lines of Ba and La at wavelengths of 9.2 and 8.85 nm, respectively, using the
grazing-incidence pumping (GRIP) scheme. This was achieved with pump
pulse energies of 9 J (Ba) and 12 J (La). For handling convenience, compound
targets (BaF,, LaF;) were used, either in the form of windows or coated onto
glass slides. Crucial to these results was the introduction of a second,
relatively intense (>10%) prepulse less than ~100 ps before the main pulse.

2 Optimum density for Ni-like x-ray lasers

Lasing in Ni-like ions occurs predominantly on the 4d — 4p, J =0 —1 trans-
ition, where J denotes the total angular momentum of a particular ionic level.
When moving towards shorter wavelengths, the optimum density for gain
increases, and so does the optimum grazing angle in the GRIP geometry. In
the case of Ne-like ions, the scaling of the optimum density with atomic
number, Z, can be approximated by ng, = 4-10"” (Z — 9)*” ecm” [5]. For the
Ni-like ions, on the other hand, no simple scaling law is known to date, due
mainly to the more complicated level structure. However, simulations [6]
have shown that the optimum plasma conditions of some Ni-like x-ray lasers
(Ag, Cd, In, Sn, etc.) are very similar to those of corresponding Ne-like lasers
(Fe, Co, Ni, Cu, etc.). It is therefore tempting to adopt the above formula for
the optimum Ne-like density to the corresponding Ni-like lasers. The result is
shown as the solid line in Fig. 1 (units of 10'"* cm™). Also shown in this plot is
the corresponding optimum GRIP angle in degrees (triangles), the resulting
x-ray laser wavelength in Angstroms (diamonds), and the critical density n.
for the 1054-nm pump laser. It is seen that the optimum density rapidly
approaches n.. for ions with atomic numbers greater than ~55 (Cs), and thus
for lasing wavelengths below ~10 nm. At the same time, the optimum GRIP
angle approaches 90°, i.e., normal incidence, so that all the advantages of the
GRIP scheme are lost. One way out of this problem would be to use shorter
pump laser wavelengths, e.g. the second or third harmonic of the Nd laser.
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Fig. 1. Optimum electron density for Ni-like x-ray lasers (solid line) according to
Refs. [5,6]. The dashed line marks the critical density for the 1054-nm pump laser.

3 Experimental setup

The experiments were conducted using the existing 1054-nm Nd:glass CPA
laser system, re-configured to provide a maximum output energy of ~20 J in a
very short pulse (~1.5 ps). As the maximum energy of the system is limited by
the damage threshold of the 190 x 350 mm® size, 1740-lines/mm compressor
gratings, given as 250 mJ/cm’ by the manufacturer, a beam-expanding tele-
scope including a vacuum spatial filter was installed to increase the beam
diameter to 130 mm (the maximum that can be handled by standard 150-mm
optics and 200-mm beam steering mirrors) at the input of the compressor
gratings. Taking into account the 4-pass geometry of the compressor, the dif-
fraction efficiency of the gratings (~90%), and the 2:1 peak-to-average ratio
of the beam fluence distribution, a maximum of ~20 J is thus available for
x-ray laser experiments.

As a consequence of the increased beam diameter, the length of the line
focus increased to 19.6 mm (FWHM), with a concomitant reduction in pump
irradiance. In order to keep the on-target irradiance as high as possible, the
beam diameter was reduced back to 80 mm by an additional telescope after
compression, as shown schematically in Fig. 2. For the 45° angle of incidence
on the target, this restored the line focus length to the 12.5 mm (FWHM) used
in previous experiments.

With this length of the line focus and a travelling-wave velocity of
v = 1.41c, this results in a temporal mismatch of At = 12 ps between the pump
pulse and the x-ray laser pulse at the output end of the target.
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Fig. 2. Configuration of the beam expansion/reduction scheme for maximum laser
output energy.

Among the techniques to modify the pulse front tilt and thus the travelling-
wave (or pulse front) velocity along the line focus, we chose the one that
introduces a slight tilt on one of the compressor gratings [7]. Calculations
showed that, in order to reduce the travelling-wave velocity to v=c, the
second compressor grating had to be tilted by 0.09° and shifted by —11 mm
along the incident beam direction. The resulting pulse front velocity along the
line focus was measured at the target position using an optical streak camera
(Imacon 600) and yielded a value of v=1.02c, in excellent agreement with
the calculations.

The main diagnostics of the plasma emission was an on-axis, time-inte-
grating XUV spectrometer that consists of a 1200-lines/mm, aberration-cor-
rected 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
having a pixel size of 23 x 23 um”. The wavelength coverage of the spectro-
meter is between ~5 and 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 source broadening making the dominant
contribution to the measured linewidth.

4 Experimental results

The effect of the matched pulse front velocity on the x-ray laser performance
was tested with the well-established 11.9-nm Sn laser and it was found that
the addition of a second prepulse ~100 ps before the main pulse lead to a
dramatic increase of the x-ray laser output. A preliminary series of prepulse
optimisation was conducted with the results shown in Fig. 3. Best results were
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obtained with a weak (0.5%) first prepulse at 2.8 ns and a second, 16%
prepulse ~50 ps before the main pulse. This is in marked discrepancy with
previous measurements where best results were obtained with a single 2.8%
prepulse, 4.4 ns before the main pulse. The reason for this behaviour is not
understood to date, but is most likely due to the different history of low-
intensity precursors to the main pulse, the so-called “pedestal”. Work is
currently under way to clarify the role and importance of these pedestal
pulses, which may have their origin in the incomplete pulse compression as a
consequence of the grating tilt described above.

Delay variation of 2nd PP, Sn target
1.PP 0.5% @ 2.8ns / 2.4ns , 2. PP 2.8-16%

14000
= 2.PP2.8%,1.Delay @ 2.8ns
12000 |
¢ 2.PP45%,1.Delay @ 2.8ns
- 10000 + 2.PP45%,1.Delay @ 2.4ns
=]
Lﬂ'; 8000 x 2.PP16%, 1. Delay @ 2.8ns
S 6000 | e 2.PP 8%, 1.Delay@2.8ns
8 5
4000 | %
S
2000 | A 0y
TTra “T‘ - a—
0 ‘ ‘ ‘ — ‘ —
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Delay 2nd PP (ps)

Fig. 3. 11.9-nm line intensity of Ni-like Sn versus delay with respect to the second
prepulse for a range of prepulse amplitudes.

Motivated by the remarkable performance of the Sn laser, a new attempt was
made to achieve lasing on the 9.2-nm line of Ni-like barium (Ba, Z = 56).
Since pure Ba oxidizes very rapidly in ambient air (as found in previous, un-
successful attempts), targets in the form of BaF, plates were used. Lasing was
indeed observed with the prepulse configuration described above and using a
main pulse energy of 14 J. Fig. 4 shows the on-axis spectrum with the lasing
line seen to clearly dominate the spectrum in first and second order.
According to the previous energy calibration of our diagnostic system, a
signal level of 15’000 cts corresponds to an x-ray pulse energy of 6 pJ.
Further optimisation was undertaken in a series of shots at varying prepulse
amplitudes and delays. It was found that even stronger signals (~2x) were
obtained when the first prepulse was increased to 2.8%, while the second
prepulse was set at 43 ps before the main pulse, the shortest achievable with
our prepulse setup. The threshold for lasing was observed at a main pulse
energy of ~7 J, while multi-microjoule output was obtained with ~9 J. The
comparison with our previous gain measurements on the Sn and Sb lasers
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[8,9], taking into account the dependence of the saturation irradiance on elec-
tron density and atomic number [10], implies that saturation has been reached
at these output levels.

g 20000
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= 10000
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Fig. 4. 9.2-nm lasing line of Ni-like Ba in first and second order for a pump energy of
14 Jin a 1.5-ps pulse.
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Fig. 5. 9.6-nm lasing line of Ni-like Cs in first and second order for a pump energy of
9.8 Jin a 1.5-ps pulse. Also seen, although very weakly, is the 10.4-nm lasing line of
Ni-like I.
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Fig. 6. 8.8-nm lasing line of Ni-like La in first and second order for a pump energy of
16 J in a 1.5-ps pulse.

Using the optimum prepulse parameters found in the Ba experiments, intense
lasing was also obtained in Ni-like cesium (Cs, Z = 55) and lanthanum (La,
Z = 57), when targets of LaF; and Csl were irradiated. Figs. 5 and 6 show the
corresponding lasing lines at 9.6 nm (Cs) and 8.8 nm (La). Weak lasing is also
observed on the 10.4-nm line of Ni-like iodine (I, Z = 53) in the case of the
CslI target (Fig. 5).

The measured output levels of ~10°000 cts correspond to an energy of
~4 uJ, implying that saturation has been reached or very closely approached.



Saturated XUV lasing down to 8.85 nm 75

Again, this is based on the comparison with the gain measurements on the Sn
and Sb lasers [8,9]. A comparison with published results from RADEX simu-
lations [11] further shows that the pumping energies required in our experi-
ments agree very well with those predicted.

5 Discussion

An interesting outcome of the current work is that compound targets (Csl,
BaF,, LaF;) perform unexpectedly well, although the concentration of the
lasing ions is strongly diluted by the presence of the particular compound
ions. In order to quantify the dilution effect, we make a rough estimate of the
density of the lasant ions in the compound plasma, 7z, in the case of BaF,, as
compared to the density in the pure element plasma, ng,. Since the ionisation
energies of Cs**, Ba”"", and La™" are all of order 1 keV, which corresponds
closely to the ionisation energy of F*", we may assume that, in the lasing
plasma, the fluorine ions are fully ionised (z¢ = 9). In the case of BaF,, we can
then write the charge neutrality condition in the plasma as

Ng = ZRaNpByr +2ZFNpyF

and, for simplicity, we assume that all the lasant ions are in the Ni-like ioni-
sation state Ba®™". For a pure Ba plasma, the charge neutrality condition reads

Ne = Zpa"pBg

Since the electron densities in the lasing region are identical in the two cases
(given by the GRIP angle), we obtain

nBaF — ZBa z061
npg ZBa+ZZF

In the same way, we obtain a value of 0.52 for the case of LaF; and 0.5 for
Csl. This shows that, as expected, the presence of compound ions leads to a
substantial reduction in the density of the lasant ions with a concomitant
reduction of the gain coefficient.
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Abstract. The paper reports on the optimization of a table-top nickel-like
molybdenum transient collisionally excited soft x-ray laser (SXRL) at 18.9 nm,
performed by double-pulse single beam grazing incidence pumping (DGRIP) [1].
This scheme allows for the first time the full control of the pump laser parameters
including the pre-pulse duration, optimally generating the SXRL amplifier under
grazing incidence. The single beam geometry of collinear double-pulse propagation
guarantees the ideal overlap of the pre- and main pulse from shot to shot, resulting in
a more efficient, highly stable SXRL output. SXRL energies up to 2.2 pJ are obtained
with a total pump energy less than 1 J for several hours at 10 Hz repetition rate
without re-alignment under once optimized double pumping pulse parameters
including energy ratio, time delay, pre- and main pulse duration and line focus width

[1].

1 Introduction

The introduction of the DGRIP scheme improves the efficiency and stability
of table-top high-repetition soft x-ray lasers and shows the attractiveness of
this pumping scheme for high average power operation. On one hand the low
costs and the easy and rapid alignment procedure fulfill the requirements for a
sophisticated installation, and on the other hand the highly stable output,
compared to the jittering output of previous systems, satisfies the need for a
reliable strong SXRL source. As an outlook, this system proves to be a
milestone for the introduction of multiple pulse capability in Ti:sapphire CPA
laser systems for future experiments [1].

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 77
DOI 10.1007/978-94-007-1186-0_9, © Canopus Academic Publishing Limited 2011
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2 Set-up

The DGRIP set-up is shown in Fig. 1. After the double-pulse generation, the
pump laser beam is guided in the focusing system consisting of a spherical
mirror with a focal length of 600 mm aligned 10 degrees of the normal
incidence, generating the line focus of ~ 3 mm FWHM length and ~ 60 um
FWHM width. The line focus width monitoring was realized in the IR using a
high resolution imaging device.

Line focus diagnostic
w | | S
]" SXRL
rr beam
“ —
——
Filter | ¢ dc&il Filter
ompresse ) ——
- CPA double-pulse Amplifier +
f ~ Compressor (#
? Waveplate Mach-Zehnder Far-field
Near-field +Polarizer Stretcher CCD camera
CCD camera
N
Oscillator
+Stretch ;
o] Adjlistable delay Chirped
double-pulse |

Fig.1. Set-up of long/short pulse DGRIP.

The optimal grazing incidence angle of 20 degrees was chosen in accordance
to earlier results. This corresponded for 805 nm irradiation to a turning point
electron density of 7, =~ 2.0 x 10*° cm . The target was a 5 cm high and 4 mm
wide slab of polished molybdenum. Since Mo was weakly ablated by the
pump laser compared to other lasing materials, it was suitable for an operation
at 10 Hz repetition rate, allowing for up to 200 shots at the same target
position, with still high SXRL output. The generated SXRL beam propagated
either to near- or far-field diagnostics. A monochromatic near-field imaging
system showed the SXRL source size and position relative to the target
surface and a far-field imaging system provided the divergence and profile of
the SXRL beam after 1 m propagation [1].

3 Comparison between short/short pulse DGRIP and long/short
pulse DGRIP

The two variants of DGRIP apply the common principle of double pump
pulses in a single beam under grazing incidence, allowing for the same set-up,
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but by changing the pre-pulse duration from ~10 ps for the short/short pulse
configuration to ~200 ps for the long/short pulse configuration, significant
differences occur. Completely other optimal pump parameters were obtained
during the SXRL output optimization resulting in SXRL beams with different
near- and far-field characteristics. The results of SXRL energy for different
pump parameters are presented in Fig. 2 [2].

0.1 01
= =
300 ] l =0.08 l ] ] ] ]
o =)
2 ! | [ 1] 2 I i
¥ 0.0 l ] & .06}
2 & !
¥ I =4
“o0 Yool 1
15 2 25 0 5 10 15
Delay [ns) Duration [ps]
2
5 ~ 32% PH]
« 23% PH]
H 15 I 20% PF]
= =]
41 B | 1
E I I 5 I
o 3
5 s ' ‘ l
- -
Z o5 g | I |
[ [ @04 1 I
s o Pt i
01 2 3 45 6 7 8 9 1 1112 13 14 15 =50 50 150 250 350 450 550
Main pulse duration [ps) Main pulse delay [ps]

Fig.2. SXRL energy for different pump parameters in short/short and long/short pulse
configuration.

In Tab. 1 a summary of the optimal pump parameters is given together with
the output characteristics for both DGRIP variants [2]. The strongest
differences in the pump parameters are observed in the delay and duration of
the double-pulses. The main pulse duration of 10 ps in the short/short pulse
configuration differs strongly from the long/short configuration, in which a
main pulse duration of only 1 ps is applied. Moreover in the case of
short/short pulse pumping the very long delay of ~ 1500 ps clearly stands in
contrast to the rather short delay of 200 ps for the long/short pulse
configuration.

4 Comparison between GRIP and DGRIP
In conclusion, a comparison between DGRIP and GRIP in terms of efficiency

and stability during the experiment has been considered. Since the DGRIP
scheme applied two collinear pulses, which passed through the grating
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Tab. 1. Summary of characteristics of both DGRIP configurations.

DGRIP short ‘short pulse long ‘short pulse
PP duration ~ 10 ps ~~ 200 ps
MP duration ~ 10 ps ~ 1 ps
PP energy ~ 250 m.) ~ 250 m.)
MP energy ~ Talml ~ 700 M.
Delay ~ 1600 ps ~ 200 ps
Forns width ~ (i) i ~ G0 g
PP intensity e 3 10 W em? | ~ 6 x 108 W/em?
MP intensity ~ 0 x 0B W/ em* | ~ 4 x 104 W/em?
Number of pulse trains NV ~ D ~ 2.5
Max, output fluence ~ 007 mJ/em? ~ 0.5 md/em?
Max. output energy ~ 0.3t ~ 2t

compressor at LASERIX with a transmission of ~50%, the total pump energy
was reduced by ~ 25 % from ~1.2 J on target for the GRIP operation to ~ 0.9
J on target for the DGRIP operation. Despite the lack of pump energy in the
DGRIP case, both methods yielded about the same maximal output energy of
~2uJ, resulting in a higher efficiency of the DGRIP scheme. This
corroborated the high gain value of ~ 65 cm ™' in DGRIP. Moreover, the more
compact source size of ~ 350 um’ in DGRIP compared to ~700 wm” in GRIP
lead to a doubled SXRL fluence of ~ 0.5 J/cm®. Instead, the vertical
divergence in the DGRIP output was increased to ~ 10 mrad, contrary to the
horizontal divergence of ~ 4 mrad, which is a typical value for both
dimensions in the GRIP scheme. The resulting peak brilliance of ~ 2x10%
photons/(s mm® mrad®) in 0.01% bandwidth for the DRIP scheme equaled
again the values of GRIP SXRLs, and amounted to a factor of ten less than
the brightest seeded GRIP SXRL.

Since in this study only a gain length of ~2.5 mm was investigated,
possible limiting refraction effects due to the higher density operation, could
not be observed. In terms of stability, the DGRIP scheme came with an
intrinsically perfect overlap of the line foci for both pulses, resulting in a more
stable SXRL operation, compared to the jittering output of GRIP. On top of
that, the easy and rapid alignment procedure simplified the utilization of the
DGRIP scheme for applications [2].
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Abstract. We experimentally demonstrate the amplification of optical-field-
ionization soft x-ray lasers in an optically preformed plasma waveguide for pure
xenon, krypton, and argon gases, respectively. The lasing photon number of Ni-like
Kr laser at 32.8 nm generated in waveguide is dramatically enhanced by about three
orders of magnitude in comparison to that without plasma waveguide, resulting in a
photon number of ~5x10'" and an energy conversion efficiency of ~5x10° with a
pump pulse of ~500 ml. By seeding optical-field-ionization plasma with high
harmonic signals, 32.8-nm Kr laser produces brighter x-ray laser beams with much
smaller divergence, enhanced spatial coherence, and controlled polarization. Single-
shot x-ray digital holographic microscopy with an adjustable field of view and
magnification is demonstrated successfully with the illumination of high-brightness
32.8-nm x-ray laser. The ultrashort x-ray pulse duration combined with single-shot
capability offers great advantage for flash imaging of delicate samples.

1 Introduction

Significant progress has been made in the past two decades to push the x-ray
lasers toward higher intensity, shorter pulse duration, higher coherence, and
particular compact size with high repetition rate. Since the first collisionally
excited optical-field-ionization (OFI) x-ray laser was demonstrated by Lemoff
[1], OFI collisional-excitation x-ray lasers pumped by femtosecond high-
repetition-rate lasers have been shown to be a promising scheme that meets
the requirements of practical applications. Saturated lasings on Pd-like Xe and
Ni-like Kr were achieved by Sebban et al. to produce lasing output of > 5x10’
photons/pulse using few hundred mJ pump pulses[2,3]. With the versatility of
gas jets, our group demonstrated x-ray lasing in Xe and Kr clustered gas jets
with outputs of 2x10'" x-ray photons/pulse and 1x10° photons/ pulse,
respectively [4,5].

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 83
DOI 10.1007/978-94-007-1186-0_10, © Canopus Academic Publishing Limited 2011
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A serious problem for longitudinally pumped OFI x-ray lasers is the limited
gain length caused by ionization-induced refraction. Here we report the
demonstration dramatic enhancement of the OFI krypton 32.8-nm laser in a
gas jet by an optically preformed plasma waveguide. With pump energy of
500 mJ, an output level of >5x10"" photon/shot is reached at an energy
conversion efficiency of 5x10. The large gain-length product also resulted in
lasing at an additional line around 33.5 nm. Optically preformed plasma
waveguide in a gas jet [6—8] allows guiding of the pump pulse and damage-
free long-term high-repetition-rate operation for practical applications. With
the assistance of plasma waveguide, the high-threshold low-gain transition in
Ne-like Ar ions at 46.9 nm is also achieved in OFI plasma channel at the first
time, demonstrating the capability of guiding the pump beam at high intensity
in the waveguide. Taking advantage of the high atom density and large gain
length provided by the plasma waveguide, simultaneous lasing at 32.8 and
46.9 nm in two ion species is generated in a 10-mm gas jet with Kr and Ar
mixtures.

However, the soft-x-ray lasers discussed above are all based on amplified
spontaneous emission (ASE) which offers only a limited quality in the
waveform of the output pulse. It is known that seeding from high harmonic
generation (HHG) can reduce the beam divergence, shorten the pulse duration,
and enhance the spatial coherence. Amplification of HHG seed was first
demonstrated by Ditmire et al. in a gallium target, but the amplification factor
was low due to the strong refraction caused by dense plasma [9]. Recently
HHG-seeding with high gain was achieved in OFI x-ray-lasers in gas cells [10]
and collisonal-ionization x-ray lasers in solid targets [11]. In view of high
efficiency of OFI soft-x-ray lasers based on optically preformed plasma
waveguide in gas jets, it is highly desirable to see how HHG seeding will
enhance the performance of such lasers. We report the integration of
waveguide-based OFI soft-x-ray laser amplifiers and high harmonic
generation to achieve strongly saturated soft-x-ray lasing for Ni-like krypton
at 32.8 nm. The amplified seed pulses have a divergence of only 1.1 mrad, a
photon number of 1x10"', enhanced spatial coherence, and an amplification
factor of ~ 10,

Since the invention of holography by Gabor in 1948[12], great efforts have
been made for realizing this technique with short-wavelength light sources in
order to resolve the structure of matter in the nanometer scale. Here we also
report the demonstration of flash digital Fourier holographic microscopy with
single exposure pulse from a tabletop optical-field-ionization Ni-like Kr x-ray
laser at 32.8 nm. An imaging x-ray concave mirror is added between CCD
and sample to overcome the limit of the pixel size of CCD and increase the
effective numerical aperture of the imaging system simultaneously. The
amplitude and phase contrast images of sample are obtained by numerically
solving Fresnel integral for a certain propagation distance via 2D fast Fourier
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Fig. 1. (a) Experimental setup for x-ray lasers generated in a preformed plasma
waveguide with or without a seeded pulse, (b) Schematic diagrams of the
experimental setup and (c) the working principle of soft x-ray digital holographic
microscopy. OAP: off-axis parabolic mirror; XCM: x-ray concave mirror, XFM: x-
ray flat mirror.

transforms. For a 1024 x 1024 hologram, the reconstruction process takes
only 1 second in a fast PC. In addition to the capability of high-speed imaging
and post-processing, this technique also provides the way, like optical
microscope, to study large objects and their details with adjustable field of
view. By translating the object away from or toward the x-ray concave mirror,
one can observe the sample in large scale and then zoom in to a small region
of interest.

2 Experimental arrangement

The experimental setup is shown in figure 1(a). A 20-TW, 40-fs, 810-nm, and
10-Hz Ti:sapphire laser system [13] based on the chirped-pulse amplification
technique was used in this experiment. The soft x-ray laser amplifier was
driven by three pulses. A 235-mJ, 40-fs, circularly polarized pulse was used
for preparation of the lasing ionization stages and ATI heating of electrons.
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Fig. 2. Interferograms of the plasma taken at 10 ps after the pump pulse passed
through the gas jet. (a) Using only the pump pulse with a focal position at 2.75 mm
behind the entrance of the gas jet. Krypton atom density = 8x10'” cm™. (b) Using
only the pump pulse with a focal position at 500 um behind the entrance of the gas
jet. Krypton atom density = 1.6x10" ¢cm™. (c) Using a 45-mJ ignitor pulse, a 225
mJ heater pulse and a 235-mJ pump pulse. Krypton atom density = 1.6x10"° cm™.

The other two pulses, referred to as the ignitor and the heater, were used for
fabricating a plasma waveguide based on the axicon-ignitor-heater scheme.[8]
In this experiment, the ignitor was 45 mJ in energy, 40 fs in duration, and s-
polarized, and the heater was 270 mJ in energy, 160 ps in duration, and p-
polarized. The ignitor-heater separation and heater-pump separation are 200
ps and 2.5 ns, respectively. After combined by a thin-film polarizer, these two
pulses propagate collinearly and were then focused by a center-drilled lens
and an axicon on a 10-mm slit gas jet. The gas jet profile had a flat-top region
of 8-mm length and a boundary of 500-um length at both edges along the long
axis. For x-ray laser seeded with HHG, an 11-mm-diameter 3.8-mJ pulse was
focused with an off-axis parabolic mirror (OAP) of 30-cm focal length onto
an Ar clustered gas jet. The Ar gas jet was produced by a 1-mm-diameter
conical nozzle and a pulsed valve. The atom density was set at 7.1x10" cm™.
The focal spot size of the pulse was 30 um in FWHM with 87% energy
enclosed in a Gaussian-fit profile. The focus was placed at 1.3 mm after the
entrance of Ar gas jet. The beam diameter, laser energy, atom density, and
focal position are chosen for maximizing the 25th harmonic. Matching of the
central wavelength of the HHG seed to that of the Ni-like Kr 32.8-nm x-ray
laser amplifier was achieved by setting the pump pulse of HHG to a duration
of 360 fs and a positive chirp. The produced HHG pulse was imaged onto the
entrance of the soft-x-ray amplifier by a soft-x-ray multilayer concave mirror
of 30-cm focal length and propagates collinearly with the amplifier pump
pulse. A reflecting mirror with a hole at its center was used to combine the
HHG pulse and the amplifier pump pulse. The orientation of the linearly
polarized HHG soft-x-ray pulse was controlled by rotating the polarization of
its pump pulse with a half-wave plate.
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A flat-field grazing-incidence x-ray spectrometer, consisting of a 1200-
line/mm aperiodically ruled grating and a back-illuminated 16-bit x-ray CCD
camera is used to measure the spectrum and angular distribution of x-ray
lasing in the direction of pump-laser propagation. Two 0.25 um-thick Al filter
is used to block the pump beam and to attenuate x-ray emission. Mach-
Zehnder interferometry with a probe pulse passing transversely through the
cluster jet was used to measure plasma density distribution and to monitor the
propagation of the pump pulse in the cluster jet. By calibrating the grating
reflectivity, the filter transmittance, and the CCD response, the absolute
emission yield was obtained.

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

3 Result and discussion

3.1 Enhancement of Optical-Field-Ionization Soft X-Ray Lasers by an
Optically Preformed Plasma Waveguide

In order to increase the lasing signal by increasing the atom density and
extend the length of the gain region simultaneously, a plasma waveguide was
implemented to overcome the adverse effect of ionization-induced refraction.
Figure2(a) shows the interfeorgram taken at 10 ps after the pump pulse has
passed through the 10-mm Kr gas jet without preformed plasma waveguide.
The maximum x-ray lasing of Ni-like krypton at 32.8 nm was observed at an
atom density of 8x10'” cm™ and a pump focal position of 2.75 mm behind the
entrance of the gas jet as the optimal balance between pump beam
convergence and ionization-induced refraction was achieved to produces the
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Fig. 3. X-ray spectra for an atom density of (a) Nx. = 4x10" cm™, (b) Nk, = 1.6x
10" em™, and(c) Ny, = 2.7x10" ¢cm™. The heater energies were 180, 225, and 325
mJ, and the heater-pump delays were 5.5, 2.5, and 1.5 ns, respectively. The ignitor
energy was 45 mJ and the ignitor-heater separation was 200 ps. Insets show the
angular distributions of the 41.8 nm Xe%, 32.8 nm Kr*, and 46.9 nm Ar® lasing
lines, respectively. (d) The lasing output for Kr laser at 32.8 nm as a function of
pump energy at an atom density of 1.6x10" cm .

longest gain region and the shortest x-ray re-absorption region. The number of
photons at the 32.8-nm lasing line was 2x10® which is 5 times lower that that
produced from a 5-mm gas jet due to a longer absorption length. Figure 2(b)
shows the interferogram of the plasma taken at the same condition as in Fig.
2(a) except that the krypton atom density is raised to 1.6x10" c¢m™ and the
pump focal position was moved to 500 um behind the entrance of the gas jet.
Severe ionization-induced refraction drastically reduces the length of the gain
region, and thus no x-ray lasing is observed at this condition. The
interferogram of the plasma waveguide taken at 10 ps after the pump pulse
has passed through the gas jet is shown in Fig. 2(c). The 235-mJ pump pulse
was circularly polarized with a focal position of 500 um behind the entrance
of the gas jet and a delay of 2.5 ns after the heater. An uniform plasma
waveguide extended to ~9 mm at a ~40-um diameter was observed. The
guided beam size was measured to be <15 pm (FWHM) with more than 50%
of the energy in the vacuum focal spot transmitting through the preformed
waveguide. With the plasma waveguide the x-ray lasing photon number is
dramatically enhanced by a factor of 400 compared to that with only the pump
pulse at the optimal condition. The output reached ~1x10"" photon/pulse with
10% fluctuation and the x-ray beam divergence was decreased to 5.6 mrad in
FWHM with 20% fluctuation. The beam divergence was close to the aspect
ratio of the waveguide. The spectrum and angular distribution of Ni-like Kr
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laser generated in the plasma waveguide are shown in Fig. 3(b). It is
interesting to note that another lasing line at around 33.5 nm was also
observed in the case of pure krypton plasma waveguide with an output of
4.4x10° photon/pulse. It was found that the output of the 33.5-nm lasing line
is always about two orders of magnitude smaller than that of the 32.8 nm
lasing line for various atom densities, pump polarizations, pump energies, and
heater energies. This seems to indicate that the 33.5-nm lasing line comes
from a transition from the same upper level to another satellite lower level
close to that of the primary lower level. It may be attributed to the 3d’4d 'S,
—3d’4p °D; transition. The first time observation of this satellite lasing line
verifies a high gain length of such an x-ray laser scheme.

Under the same configuration of the pump and waveguide-forming pulses,
high-threshold OFI collisional excitation Ne-like Ar laser at 46.9 nm was also
achieved for the first time as shown in Fig. 3(c). The output photon of Ar laser
was 3.4x10°, and the beam divergence was 2.5 mrad at an atom density of
2.7x10" ecm?. This result suggests the presence of plasma waveguide is
beneficial to x-ray laser generations required high pumping intensity. In
addition to the lasing transition at 46.9 nm in Ne-like Ar ions, two other lasing
lines at 45.1 and 46.5 nm were also observed and designated as 3d P, —3p 'p,
and 3d 'P,—3p P, line respectively. These two lasing lines are predicted to
have lasing gains when self-photo-pumping mechanism is considered.
Similarly strong lasing for Xe*" ions at 41.8 nm was also achieved as shown
in Fig. 3(a). The output photon of Pd-like Xe laser was 2.7x10°, and the beam
divergence was 4.5 mrad at an atom density of 5.1x10'® cm™. With a mixed-
gas (Kr:Ar = 1:1) plasma waveguide x-ray lasing in Ni-like Kr at 32.8 nm and
Ne-like Ar at 469 nm were obtained simultaneously under adequate
conditions. The output photon number for Kr and Ar x-ray lasers was about
8x10® each. Simultaneous x-ray lasing in multiple ion species may become a
power tool in plasma nonlinear optics.

With the deployment of the plasma waveguide, we increase the pump
energy to enhance the pumping rate and thus increase the lasing gain
coefficient. The lasing output for Ni-like krypton at 32.8 nm as a function of
pump energy is shown in Fig. 3(d) with the plasma waveguide. The other
parameters are the same as that for Fig. 3.(b). With only 500-mJ pump energy,
more 5x10'"" x-ray photons is generated from the OFI plasma column and
results in an energy conversion efficiency of ~5x107° .

3.2 Seeding of a waveguide-based Kr laser by High harmonic generation

Figure 4 shows the angular profiles of the HHG seed, the ASE soft-x-ray
laser, and the seeded soft-x-ray laser. With seeding the divergence of the soft-
x-ray laser is greatly reduced from 4.5 mrad to 1.1 mrad in FWHM, which is
about the same as that of the HHG seed. The pointing and angular profile of
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Fig. 4. X-ray spectra for an atom density of (a) Ny, = 4x10" cm™, (b) Ng, =
1.6x10" cm >, and (c) Np = 2.7x10" ¢cm . The heater energies were 180, 225, and
325 ml, and the heater-pump delays were 5.5, 2.5, and 1.5 ns, respectively. The
ignitor energy was 45 mJ and the ignitor-heater separation was 200 ps. Insets show
the angular distributions of the 41.8 nm Xe*", 32.8 nm Kr*', and 46.9 nm Ar®" lasing
lines, respectively.

the seeded soft-x-ray laser follow that of the HHG seed and the fluctuation is
negligible (~ 0.13 mrad). In contrast, the angular profile of the ASE soft-x-ray
laser has a much larger fluctuation. The residual ASE contribution is
estimated to be less than 10%. Figure 3 shows the spectra for the HHG seed,
the ASE soft-x-ray laser, and the seeded soft-x-ray laser. The photon numbers
for the HHG seed, ASE, and seeded soft-x-ray lasers are 1x107, ~1x10"", and
~1x10"", respectively. Since the residual ASE contribution is less than 10%,
the amplification factor can be obtained approximately as 10*. The absolute
photon number of the seeded soft-x-ray laser is about the same as that of the
ASE soft-x-ray laser. The energy fluctuation of the seeded soft-x-ray laser is
about 10%, which is dominated by that of the soft-x-ray amplifier. The
increase in the output of the 32.8-nm lasing line upon seeding observed in Fig.
4(f) is simply a result of the reduction of beam divergence which changes the
collection efficiency of the spectrometer grating in the dispersion plane. In
contrast, the photon number and beam divergence for the additional lasing
line at 33.5 nm do not change with seeding, because the wavelength does not
match with the HHG. This indicates that the waveguide-based ASE soft-x-ray
laser already reaches the strongly saturated regime, in which the energy stored
in the population inversion for most part of the length of the amplifier are
efficiently extracted to the laser output even with only the spontaneous
emission, so that the photon number cannot be significantly increased upon
seeding. It is also found the polarization state of seed x-ray laser follow that of
HHG closely as expected.
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Fig. 5. Reconstructed intensity images of the carbon foil with magnifications of
17.9(a), 28.7(b), and 54.(c), respectively. The scale bar in each figure is 20 pm.
The optical microscope image of the carbon foil is shown in (d). (¢) shows the
reconstructed phase image of the carbon foil with a magnification of 54.6.

3.3 X-ray digital holographic microscopy

As shown in Fig. 1(b), the imaging x-ray mirror produces a magnified image
of the testing object, and the inherent magnification of the imaging system
was 7.6 on CCD. By translating the specimen further toward the imaging
mirror, the image plane will locate behind CCD to form a larger magnified
object and a smaller field of view. The image recorded on CCD can be
regarded as the hologram produced by the magnified object and the
transmitted x-ray beam. In order to record sub-micron holographic images
with a single picosecond x-ray exposure, the specimen was illuminated with a
focused x-ray laser beam for producing stronger scattering signal and thus
high-contrast holograms. Since two concave x-ray mirrors were arranged in a
confocal geometry, the untouched beam was collected and collimated by the
imaging mirror to form the reference beam on CCD. With such arrangement,
the digital reference beam can be assumed as a plane wave without the need to
know the exact parabolic phase function of the divergent reference beam.
Image reconstruction was based on Fresnel-Kirchhoff diffraction integral of
the recorded hologram with a propagation distance to the magnified image
plane (focusing plane). A simple double fast Fourier transform algorithm
treating the diffraction integral as the convolution function was used to
reconstruct the amplitude and phase contrast images in 1 second. Fig. 5 shows
the reconstructed intensity images of a 20-nm carbon-foil mesh with various
system magnifications. As can be seen, x-ray DHM demonstrates the
flexibility for observing specimen in a large field of view and studying the
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details of the sample at high resolutions without complicate alignments and
movements. The broken and bending mesh bars on the carbon foil caused by
the sample cutting process are clearly seen in the reconstructed images and
show good agreements with the observation using optical microscope shown
in Fig. 5(d). The phase contrast image of the carbon foil at a magnification of
54.6 is shown in Fig. 5(e). The non-uniformity of the phase pattern mainly
comes from the distortion (bending) of the sample as some parts of the image
are not in focus. The spatial resolution of the reconstruction image derived
from the edge responses of carbon mesh and AFM tip is ~ 480 nm due to the
limit of the numerical aperture of imaging optics (~0.05).
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Abstract. The development of continuous pumping to the target system is an
important issue for realizing an x-ray laser (XRL) with the high repetition rate. We
have developed a 13.9 nm XRL using a silver tape target and demonstrated a highly
coherent XRL with an oscillator-amplifier configuration using two tape target systems
and the TOPAZ laser system with a 10-J and a 0.1-Hz repetition rate. The output
energy is comparable to the x-ray laser generated with a silver-deposited slab target,
and the pointing stability using the new tape target system is better than conventional
slab target.

1 Introduction

The improvement of XRL generation so as to have a high repetition rate will
open up the possibility of still more new applications. In last decade, progress
in reducing the required pump energy for the x-ray lasing and raising the
repetition rate has been achieved by adopting new technologies; The transient
collisional excitation (TCE) scheme" * using chirped pulse amplification
(CPA)’® enables us to obtain XRLs with a pumping energy of about 10 J under
the normal incident pumping geometry, and recently it was reported that 0.1
Hz operation was realized by the development of a CPA laser using Nd:glass
zigzag slab amplifiers." Moreover, grazing incidence pumping (GRIP)® has
made possible 5-10 Hz operation of a gain-saturated XRL using a tabletop
CPA Ti:Sapphire laser system with the pumping energy of 1 J.° In the GRIP
configuration, the pumping energy is significantly reduced by the adjustment
of energy deposition region. Recently, experimental studies to achieve fully
spatial and temporal coherence have been reported using an injection-seeded
GRIP-XRL with high-order harmonics of an optical laser.” Under such
circumstances, the continuously supply targets is an important issue for
realizing an XRL with the high repetition rate. With optical field ionization®
and discharged capillary plasma XRLs’ which use a gaseous target, highly
coherent XRL operation with a repetition rate of up to 10 Hz has been
achieved. In the cases of TCE XRLs using a solid target, a fresh part of the
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target material is required for every laser shot. Thus, the number of the XRL
shots is limited typically to 15-20 shots by the size of the solid target. In order
to a realize larger number of continuous shots, a variety of target
configurations has been developed, such as a disk target,'® drum target,'" and
tape target.'> " In the case of the disk and the drum target, the number of
shots is still limited by the target size. In contrast to these targets, a single
long tape makes it possible the large number of continuous shots without
replacing the target. While the tape target has been used to continuously
supply targets for the generation of incoherent x rays or high energy ions, no
significant results have been reported in tape target XRL development up to
now. An XRL employing the quasi-steady state (QSS) collisional excitation
scheme requires a gain medium length of about 25 mm to attain gain
saturation intensity.'* It is difficult to maintain the flatness of the surface of
such a wide tape target. Employing the TCE scheme, a higher gain coefficient
of 30-80 per centimeter has been achieved, and a gain medium length of only
4-6 mm is sufficient for the generation of the XRL with saturated intensity."
As aresult, a TCE XRL can be generated with a shorter flat length of the tape
target than a QSS XRL. Here, we describe the generation of a 13.9 nm XRL
using a silver (Ag) tape target and the demonstration of a highly coherent
XRL produced with an oscillator-amplifier configuration'®'” using two tape
target systems and TOPAZ laser system”.

2 Tape target driver system

For the generation of a Ni-like Ag XRL, the Ag target must have a flat surface
like a commercial Ag foil or an Ag film deposit on the polished surface of a
glass slide. The thickness of the Ag layer need only be the laser ablation depth
of a few um, but a thin Ag foil has the risk of breaking after ablation by the
laser shot and during the rotation of tape. Therefore, we used 30-um and 50-
um thick Ag tape targets for the XRL generation. Even when the thickness of
the Ag tape target is 30-50 um, since the tape at the irradiation position of the
laser shot is broken by the ablation shock wave, the width of the tape needed
to be larger than the length of the line focus of the pumping laser. In the case
of line focus length of 7 mm, it was necessary for the stable XRL generation
that a 15-mm wide tape target with the thickness of 30 pm be used. A
photograph of the tape target driver is shown in Fig. 1(a). The direction of the
XRL was parallel to the surface of the tape target. The main components of
the tape target driver were two DC motors coupled with planetary gear
mechanisms and a tape head. These motors and gear mechanisms are
specialized for vacuum use. One DC motor with a 1:1526 speed-reducing gear
was mounted on the upper-mounted spool and rolled up the Ag tape between
the laser irradiation periods. The other DC motor with a 1:134 speed-reducing
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gear was mounted on the lower-mounted spool and pulled the tape in the
direction opposite that in which it moves during the operation. Since the
torque of the upper-mounted motor was greater than that of the lower-
mounted motor, the Ag tape target was tightly stretched, and sufficient
flatness of the surface of the tape target was realized at the laser irradiation
position. When the imprint of laser irradiation is made on the tape target every
10 mm, it is possible for the tape target driver to maintain the flatness of the
tape target. Figure 1(b) shows laser irradiated target with the imprint of laser
ablation.

DC motor with (b)
echanism

Position of '
laser irradiation s — AN
T

Fig. 1. (a) Photograph of tape target driver and (b) laser irradiated target.

3 Experimental setup

The Ag tape target was irradiated with a pumping laser beam from the
pumping laser system “TOPAZ (Twin Optical Amplifiers using Zigzag
slab)” using a Ti:sapphire regenerated amplifier” operating at 1.053 pm.* We
have already constructed and demonstrated a nickel-like Ag laser at
wavelength of 13.9 nm using an Ag deposited slab target and the TOPAZ
laser system.* The pumping laser was normally incident to the target, and
focused to a line shape of 20 um width and 7 mm length on the target by
quasi-traveling-wave pumping using a 4-step mirror.” The irradiation
consisted of two laser pulses, the duration of each pulse being 4 ps with a
pulse-to-pulse separation of 1.2 ns. The total pumping energy of the first and
second target was set to 5 and 7 J, respectively. The energy ratio of a prepulse
to the main pulse was 1:8 on the target. The contrast ratio of the ASE level to
the peak intensity was about 5x10, and the pedestal level of the main pulse
was about 1x10"" W/cm®. The XRL beam was reflected on a molybdenum-
silicon multilayered mirror with an incident angle of 45° and filtered with a
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zirconium foil. The far-field pattern (FFP) and time-integrated energy of XRL
were obtained with an x-ray charged-couple device camera.

4 Experiment

4.1 X-ray laser generation using tape target

We carried out an experiment comparing the XRLs generated by the slab and
by the tape target using one beam of the TOPAZ lasers. Figure 2(a) shows an
FFP of the XRL from the Ag deposited slab target. The beam divergences
along vertical and horizontal axes were 7 and 5 mrad FWHM, respectively.
The output energy was about 2 ulJ. Figure 2(b) shows an FFP of the XRL
from an Ag tape target with 30-um thickness. The beam divergences along
vertical and horizontal axes were 5 and 7 mrad FWHM, respectively. The
output energy was about 1.5 uJ and the FFP was a rounder pattern than the
XRL from the slab target. The target surface is on the right-hand side in the
figure, and the refraction angle was 6 mrad from the target surface in both
cases. These XRL beams were considered in the gain-saturated region by
comparison with the output energy of previous experimental results®. Figure
2(c) shows an FFP of the XRL from an Ag tape target with 50-um thickness.
The FFP image when the thickness of the tape target was 50-um was similar
to when the thickness was 30-um, but the output energy of XRL decreased to
about 1/3 that of the 30-um thickness target. The 50-um thickness tape target
was hard, and therefore the tape target drive system could not pull the target
with sufficient tension. When the tape was pulled only by the upper mounted
motor, there was no tension on the tape, and the XRL was not generated.
Therefore, the flatness of the tape target needed for the XRL generation was
found to be achieved with the tension induced by the lower mounted motor.

5 mrad

Fig. 2. FFPs of (a) the XRL using Ag deposited slab target, (b) the XRL using Ag
tape target with 30-um thickness, and (c) the XRL using Ag tape target with 50-pm
thickness.
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4.2 Generation of highly coherent X-ray laser

We attempted the generation of the highly coherent XRL using the oscillator-
amplifier configuration'® ' with two tape target systems. Figure 3 shows
FFPs of the highly coherent XRL (a) from the Ag deposited slab target and
(b) from the Ag tape target with 30-um thickness. The output energy of each
beam was about 0.4 pJ. The divergences of the beams along the vertical and
horizontal axes were roughly similar, 0.5 and 0.4 mrad FWHM, respectively.
The beam pointing varied about +£1.0 and +0.5 mrad in the vertical and
horizontal directions, respectively. Figure 3(c) shows the comparison of
pointing stability between the slab and the tape target. The pointing stability
of the target systems in the vertical direction was roughly similar, largely
influenced by the pointing stability of the pumping laser. The beam pointing
of the tape target in the horizontal direction was improved so that pointing
stability was about half that of the slab target.

(c)

T T T T T T
o Slab target| |
o Tape targe

v E

Vertical direction (mrad)

{ 0.5 mrad { 0.5 mrad

Fig. 3. FFPs of (a) the highly coherent XRL using Ag deposited slab target and (b) the
highly coherent XRL using Ag tape target. (¢) The comparison of the pointing
stability of highly coherent XRL

= . . .
8 10 12 14 16
Horizontal direction (mrad)

S. Summary

We have constructed and demonstrated a XRL using an Ag tape target for
continuous XRL generation. The output energy and divergence are
comparable to the XRL from a slab target. The installation of new tape target
systems for the oscillator-amplifier configuration was successful, and a highly
coherent XRL was generated with a 0.1 Hz repetition rate using the TOPAZ
laser system. The pointing stability of this highly coherent XRL is improved
by the elimination of target exchange during operation, which requires
opening of the vacuum target chamber.
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Abstract. We review recent experimental work devoted to the characterization of the
spectral profile and linewidth of two types of XUV lasers seeded by high-order
harmonic radiation. The spectral properties were deduced from the measurement of
the temporal coherence of the XUV laser pulse, using a variable pathlength
interferometer. In this paper an optical-field ionization XUV laser developed at LOA
laboratory (France), emitting at 32 nm, and a grazing incidence, and a transient XUV
laser developed at Colorado State University (US), emitting at 18.9-nm, both operated
in the injection-seeded mode, were investigated. We show that in both cases the
measured temporal coherence length is slightly larger than when the lasers are
operated in the amplified spontaneous emission (ASE) mode. The corresponding
bandwidth is observed to be larger for the transient pumping system, which should
more easily scale to sub-picosecond pulse durations.

1 Introduction

Recently new promising prospects to the utilization of high-brightness,
plasma-based XUV lasers have been opened by the demonstration of
injection-seeding high-order harmonic radiation at the entrance plane of a
plasma amplifier, pumped either in optical-field-ionization [1] or grazing
incidence transient [2] scheme. In particular it was shown that the spatial
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coherence of the output beam was dramatically improved [3, 4] over the
amplified spontaneous emission (ASE) operation. On the other hand plasma-
based XUV lasers are characterized by an extremely high monochromaticity,
associated with a longitudinal (or temporal) coherence that is close to the
output pulse duration, of the order of one or several picoseconds. This narrow
spectral width actually limits the ultimate shortest duration that can be
achieved with currently operational XUV lasers to typically 1 picosecond [5].
For several challenging applications, like coherent imaging or interaction with
matter at high XUV intensities, it will be necessary to extend the duration of
the XUV laser sources towards the sub-picosecond, or even femtosecond
range. This will require significant enlargement of their linewidth, through
plasma broadening at other density and temperature. In order to progress
towards this goal we need to progress in the characterization and
understanding of the spectral properties of XUV lasers, by clarifying the
respective contribution of homogeneous versus inhomogeneous broadening
and by identifying the potential strategies that could be used to control the
spectral with of the XUV laser amplifier. Finally our experimental study can
provide useful benchmarking to existing models and numerical codes which
are used to calculate the spatial and temporal features of XUV lasers.

Due to their extremely narrow bandwidth (typically AMA~107) the
measurement of the spectral width of the XUV laser lines is challenging, as it
lies at the limit or beyond the resolution capacity of existing spectrometers in
this spectral range. This is why we have used a wavefront-division
interferometer, which was specifically designed to measure the temporal
coherence of the source, from which the spectral linewidth is inferred.
Previous experiments involving this interferometer were already reported
earlier [6-8]. In this paper we discuss the results obtained in the two latest
experimental campaigns performed at the LOA laboratory (France) on the one
hand, and at the NSF Center for EUV Science and Technology (Colorado
State University, USA) on the other hand. Apart from a preliminary
demonstration recently reported in Japan [9], these two laboratories are until
now the only places in the world where injection-seeded XUV lasers are
generated. As will be shown, the possibility to compare the temporal
coherence exhibited by the XUV laser pulse in each laboratory is highly
interesting because they rely on distinct techniques to generate the plasma
XUV amplifier. At LOA the plasma is produced from optical-field ionization
of krypton gas with a 30 fs pump laser [10], with laser emission at 32 nm. At
CSU the plasma is produced by irradiation of a molybdenum slab with a
sequence of two (210 ps and 3.3 ps) pulses, with laser emission at 18.9 nm.
These differences in the pumping conditions lead to significantly different
plasma parameters in the amplifying zone, which then affect the spectral
profile of the XUV laser lines.
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In section 2 we recall the experimental method that was used to measure
the temporal coherence of the XUV laser pulse and to infer their spectral
width. The results obtained of the OFI laser and the grazing incidence
transient laser are presented and discussed in section 3 and 4 respectively. A
summary of our observations and the prospects for future work are outlined in
section 5.

2 Experimental method

As explained in the introduction the characterization of the spectral linewidth
was inferred from the measurement of the longitudinal (or temporal)
coherence using a wavefront-division interferometer that was specifically
designed for that study. This device, represented in figure 1, is composed of
two dihedrons, tilted towards each other with a small angle. The incoming
beam is separated in two beamlets that slightly converge towards each other
after reflection on the dihedrons. In their overlaping region, interférence
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. Using dihedrons instead of flat mirrors ensures
a constant lateral overlapping geometry, thus constant spatial coherence
conditions, when changing the delay.

fixed tilted

dihedron
mobile

dihedron

Soft XRL beam

0

Fig. 1. Schematic view of the wavefront-division interferometer

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
reconstruct the spectral profile of the incoming radiation through a Fourier
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transform. In the experiments described below the interferometer was
implemented and aligned along the XUV laser beamline at a distance of ~3 m
from the source. For each pathlength the measurement of the fringe visibility
was based on 5 to 10 individual interferograms, in order to account for shot-
to-shot variations. Each interferogram was numerically processed with a
method described in a companion paper [11].

3 Seeded OFI XUYV laser at 32 nm

The wavefront interferometer was used to investigate the seeded OFI XUV
laser emitted at 32 nm in Ni-like Kr, and developed at LOA [1]. The plasma
amplifier in which harmonic radiation is injected is produced by irradiating a
krypton gas cell with a 35 fs, 600 mJ infrared laser pulse. In a first experiment
performed with this laser [8] it was found that the measured coherence time of
~5 ps was very close to the pulse duration that was inferred indirectly from
the variation of the amplification factor with the seeding delay. In the new
experimental campaign described in this paper, the quality of the alignment
and of the interferograms was improved, allowing for a more detailed
investigation [12].
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Fig. 2. Measured fringe visibility as a function of the time delay between the
interfering beams, for seeded and ASE operation at 32 nm. Each data set was fitted to
a functional form defined as the product of a Gaussian and a decreasing exponential.
This fit is used to recover the spectral profiles, shown in the insert (dotted curve:
seeded; solid line: ASE), through a Fourier transform.
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In particular we were able to compare the temporal coherence of the 32 nm
laser operated either in the seeded mode, or in the unseeded, ASE mode. In
both cases the plasma amplifier length was 6 mm. The results are shown in
figure 2. The measured fringe visibility is plotted as a function of the path
difference, here expressed in picoseconds, for the two operating modes. Each
data point is the average over 5 to 10 shots, the error bar represents the
standard deviation. The experimental data were then fitted with a functional
form defined as the product of a Gaussian and a decreasing exponential.

The coherence time is defined as the path difference at which the visibility
is decreased by a factor 1/e. One can see from Fig. 2 that the coherence time is
slightly larger for the ASE case (t.= 5.5+ 0.3 ps) than for the seeded case (1.
= 5.1 £ 0.2 ps), although the difference is close to our error bar. According to
the Wiener- Khintchin theorem, the evolution of the fringe visibility with the
time difference is the Fourier transform of the spectral power density of the
source. The spectral profiles have been calculated from the fitted visibility
evolutions, and correspond to a spectral Voigt profile with a full width half-
maximum (FWHM) of Av = 8.9 + 0.6 10'” Hz, or AL = 3.2 + 0.2 mA for the
seeded SXRL and Av = 7.5 0.8 10'" Hz, or AL = 2.7 + 0.3 mA for the ASE
pulse. Seeding with harmonic radiation produces a pulse with an initial
bandwidth that much larger the ASE one and more of that bandwidth is
preserved.along amplification.
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Fig. 3. Effect of varying the amplifier length. Left axis: Spectral linewidth of the 32
nm laser for the seeded and ASE cases. Right axis: Time and spectrally integrated
intensity of the seeded XUV laser pulse. The experimental data are compared to the
predictions of numerical simulations (solid and dotted lines).
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The same measurement was carried out for the seeded XUV laser with
shorter plasma amplifiers, namely 1, 2 and 4 mm. The results are summarized
in Figure 3, along with the intensity versus length measured in the same
experiment. One can see that the spectral with undergoes a significant
narrowing while the length is increased from 1 to 3 mm, while the narrowing
is weaker for the longest 6 mm length. The measured data were compared to
numerical simulations based on a radiative transfer model in which
homogeneous and inhomogeneous broadening of the gain were included, as
well as the effect of saturation [8]. The agreement of the calculations with the
observed behaviour is satisfactory for both the seeded and the ASE case. It
can be seen that no rebroadening of the line is observed in the saturation
regime, which is reached at ~3 mm.

4 Seeded grazing-incidence transient laser at 18.9 nm

More recently the wavefront-division interferometer was implemented at the
NSF Center for EUV Science and Technology (Colorado State University,
USA) to investigate the other type of seeded XUV laser developed in this
laboratory [2]. Here the plasma amplifier is produced in the transient regime,
by irradiating a preformed Mo plasma by ~1 J, 3.3 ps infrared laser pulse,
using the grazing incidence pumping (GRIP) geometry. Compared to the OFI
XUV laser described above, population inversions and gain are produced by
the same mechanism (collisional excitation), but at a higher electron density
since the plasma is produced from a solid target.

Figure 4 shows the variation of the fringe visibility with the path difference,
here expressed in pm, which was measured for the seeded 18.9 nm Mo laser.
The length of the plasma amplifier is 4 mm. For this measurement the
visibility curve was extended towards negative values of the path difference,
in order to improve the accuracy around the zero path difference in the
determination of the shape. As above, each data point results from an average
over 5 to 10 shots and the error bar shows the standard deviation of the shot-
to-shot fluctuation. Using the same definitions as above, we find that the
coherence time is 1. = 1.4 + 0.2 ps, i.e. significantly shorter than what was
obtained with the OFI seeded XUV laser. The experimental data in Fig.4 was
fitted to several functional forms among which the double-sided decreasing
exponential yielded the best fitting coefficients. This fit was then used to
recover the spectral profile of the line, which leads to a Lorentzian shape, with
a FWHM linewidth of AL =2,7 + 0.4 mA.
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Fig. 4. Measured fringe visibility as a function of the path difference between the
interfering beams, for the seeded Mo laser emitted at 18.9 nm. The experimental data
are fitted with a double-sided decreasing exponential function.

We repeated the measurements of the seeded pulse for shorter Mo plasma
amplifiers, namely 2 and 3 mm. The experimental data are shown in [11]. We
found that the visibility curves obtained for the different plasma lengths
exhibit slightly different shapes, which were fitted by different functions to
maximize the fitting coefficients. This eventually leads to some inconsistency
between the measured coherence time and the inferred FWHM linewidth,
since these two quantities are inversely proportional, with a constant
numerical factor that depends on the shape of the visibility curve, i.e. the
choice of the fitting function. In order to overcome this difficulty it is more
appropriate to use another definition for the coherence time and the spectral
linewidth, based on the quadratic means of these quantities, as discussed in
[13]:

0 © 2 2 —
, IO £ de A2 fo 0> |G (v+ V) dv

INEO R NS
where V(t) is the visibility as a function of the path difference (given by the
analytical fit), G(v) is the spectral power density and V is the average central
frequency of the line. G(v) is given by the Fourier-transform of V(t). Note that
the above definition of Av
with respect to the central frequency v.
This quadratic definition is much less sensitive to the particular shape of
the spectral profile, which is difficult to assess with a high accuracy in our
experiment, mainly due to shot-to-shot fluctuations of the measurements.

(1)

c
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Using the definitions (1) for the seeded, 4 mm XUV pulse we find a
coherence time 1. = 1 + 0.2 ps corresponding to a spectral linewidth
AL

the measured linewidth values are of 3.4 + 0.4 mA and 3 + 0.6 mA
respectively, i.e. slightly larger than the 4 mm case but within the error bar.
This result is consistent with the predictions of numerical simulations which
show that most of the line narrowing due to amplification occurs in the first 2
mm of the plasma column. However when the plasma length is reduced to
less than 2 mm the amplified signal dramatically drops down, hence
preventing reliable interferometric measurements to be performed. In the ASE
mode we find a linewidth AL

(although again within the error bar) than in the seeded mode, for the 4 mm
plasma length. Such a trend was also observed in the measurements
performed with the OFI laser presented above. This is also in agreement with
the calculations performed with the radiative transfer code.

5 Conclusions and prospects

We have presented the results of two recent experimental campaigns aimed at
characterizing the temporal coherence and spectral linewidth of two types of
injection-seeded XUV lasers, emitted at 32 nm and 18.9 nm respectively.
Both systems exhibit similar trends that the temporal coherence is slightly
larger in the unseeded, ASE mode than in the seeded mode. In both cases we
did not observe any rebroadening of the line at saturation, in agreement with
the predictions of numerical simulations.

We propose to use an alternative definition for the coherence time and
spectral linewidth, which is less sensitive to the choice of the functional form
used to fit the experimental data.

Finally the comparison of the coherence times for the OFI and GRIP
transient XUV laser suggest that the latter will be more favourable for the
development of XUV lasers with shorter, sub-picosecond duration.

Further work is needed to better characterize the respective role of
homogeneous versus inhomogeneous broadening in the spectral properties of
XUV lasers. In order to progress towards this goal we have recently carried
out at CSU new measurements with another type of XUV laser, based on
capillary discharge pumping and emitting at 46.9nm [14]. Here the population
inversions and gain are again induced by collisional excitation from the free
electrons, but the plasma has significant lower density. Since the ion
temperature is also relatively large, this leads to a larger contribution of the
Doppler inhomogeneous broadening component. Preliminary analysis of the
experimental data show that the temporal coherence of this laser, operated in
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the ASE mode, is of the order of 2 ps, which is much shorter than the pulse
duration.
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Wave perspective on high harmonics amplification in a
high-gain medium with level degeneracy

Chul Min Kim, Karol A. Janulewicz, Jongmin Lee

Advanced Photonics Research Institute, Gwangju Institute of Science and
Technology, Gwangju 500-712, South Korea

Abstract. Amplification of a high-harmonic-signal in an amplifying medium of an X-
ray laser is analysed by applying Maxwell-Bloch equations. The model includes time-
dependent high swept-gain, randomized spontaneous emission component and laser
level degeneracy. The output characteristics including energy extraction, pulse shape
and polarization of the output radiation are obtained within the formulated model and
discussed in detail.

1 Introduction

Enormous progress in material and life sciences strengthened the interest in
short-wavelength sources enabling penetration of matter features with
exceptional spatial and temporal resolution. Newly developed X-ray free
electron lasers of unprecedented parameters [1] comes along with well
established plasma based X-ray lasers as the strongest sources of coherent
radiation in extreme ultra-violet (XUV) and soft X-ray spectral range.
However, all the progress in the development of these devices working
typically in the regime of amplified spontaneous emission could not eliminate
some critical drawbacks of these lasers. While plasma based X-ray lasers are
only partially coherent (1-5%), of undefined polarization and with a pulse
length of few picoseconds, the XFELs show very poor temporal coherence
originated in the generation mechanism.

It is commonly expected that injection of an external signal (in many
aspects of superb quality) into the amplifying medium of X-ray lasers (XRLs)
would help to overcome the listed above deficits [2]. These hopes are based
on the assumption of conserving the seed quality in the amplification process.
High harmonic seemed to be an excellent candidate for the seed not only due
to the signal features but also for easily implementable generation technique.
Amplification of ultra-short pulses belongs to the basic processes of modern
optical science and technology. In the optical or IR regions of spectrum, it is
accomplished by exploiting a relatively broad-band gain medium (few tens of
nm) and chirped-pulse-amplification (CPA) technique. In this technique a
weak femtosecond (fs) pulse is stretched by a factor of about 10° and

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 111
DOI 10.1007/978-94-007-1186-0_13, © Canopus Academic Publishing Limited 2011
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subsequently incoherently amplified in the gain medium (factor larger than
10%). After being recompressed the amplified pulse achieves almost the initial
length. In the spectral region of extreme ultraviolet (XUV) or soft x-rays, this
successful and reasonably efficient technique cannot be employed due to the
lack of efficient optical components and sufficiently broadband (in absolute
values) gain medium (X-ray laser shows at 10 nm AA < 10 nm).

2 The Model

The typical situation in the current practice is as follows: the weak ultra-
short pulse in the form of high harmonic signal has a pulse width of few fs
(AA=20 nm) and is amplified in a spectrally much narrower gain medium
(plasma) [2,3]. The relaxation time of the medium macroscopic polarization
determined by the medium bandwidth is longer than the width of the input
pulse and one faces the situation that amplification occurs in the coherent
regime. That means the levels populations can oscillate due to consecutive up-
and-down transitions. This is a very unique experimental situation. The gain
of the medium is very high, reaching 70 cm™, and the random character of
strong spontaneous emission can significantly affect the amplification process.
As a consequence, the proper description of the medium kinetics and the
interaction process should reflect all these elements which usually are not
observed in the optical and near-infrared regions.

Ag'®":4d('Sp)-4p("P1) M)

Yb,coll

Fig.1. Atomic level; structure for the J=0 — 1 transition in a nickel-like Ag""” ion. The
effective rates of the basic kinetic processes are given together with the lasing
transitions marked as left- or right-handed polarised ones (forced by the selection
rules in this atomic levels scheme).

A model based on Maxwell-Bloch equations without adiabaticity
assumption was used to treat all these elements in the most comprehensive
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way. The model incorporates the random character of spontaneous emission
[4], time-dependent gain by using the pump function obtained from laser-
plasma simulation, and level degeneracy by treating separately the states of
the degenerate energetic level (see Fig.1). The values for given specific
kinetic parameters are quoted in [5]. With this model, the complete
information on the radiation field, i.e. both amplitude and phase can be
obtained. The crucial and novel point of the analysis is polarisation of the
emitted radiation. In the randomisation process it was assumed that the
complex amplitudes of two components of the circular polarisation are
uncorrelated, i.e. independent of each other. This difference gave us the
spontaneous noise of undefined polarisation, in accordance with the physical
process occurring in the medium. Polarisation changes of the amplified
radiation were observed during the amplification process by tracking the
degree of polarisation Pe(0,1)(e.g. defined in [6])

B / 4det())
P=1-g57 (1)

(ExEx) (ExE})
(EyEy) (EyE})

where

(2)

and < > means averaging over the time. For a pulse the degree of polarisation
appears as a single value. The angle between the two perpendicular
components of the electric field E,, E, is defined as

E, (1)
(1) = tan~1 |2 | 3
v E(™ ©)
and at each moment of time it is equal to:
0 x - pol.
77:/4‘ |Ex|=|Ey| (4)
/2 y - pol.

It has to be stressed that this is a 1-D analysis (uniform approximation) that
does not take into account inherent inhomogeneity of the X-ray laser medium.
Thus, the model describes correctly behaviour of the medium and amplified
radiation within an infinitesimally narrow (in the radial direction) layer of the
medium with a quasi-constant density and irradiated uniformly.
Randomisation method causes that the polarisation direction of the amplified
radiation obtained from each code run changes accidently but the relation
between its perpendicular components is reproduced from run to run.
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The model enables also detailed analysis of the saturation effect and its
consequences for the energy extraction and behaviour of the basic features of
the amplified radiation.

3 Results and Discussion

This analysis provides a new perspective on the amplified spontaneous
emission and coherent amplification of ultra-short pulses in a high-gain
medium where competition between the strong random emission and the
deterministic seed coherently interacting with the medium play crucial role.
This strong competition of both processes causes that the output signal as a
whole shows at some propagation length (corresponding roughly to the
saturation onset) loss in its superb features due to coupling between the
branches of A-type transition in the strong-field regime. Polarisation and
beam coherence are the main deteriorated parameters. The polarisation loss is
limited but noticeable. The typical pulse shape and polarization of the

amplified injected pulse without including level degeneration are shown in
Fig.2;
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Fig2. Pulse shape and polarization of the pulse after propagating in a 5-mm-long gain
medium. 1=10 ps is the moment of the seeding pulse arrival counted from the gain
beginning. The seed is initially polarized along the x-axis.
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the amplified pulse consists of the coherent part, induced by the fully coherent
seed of precisely defined linear polarization and the amplified spontaneous
emission (ASE) of inherently random nature [5,7].

Compared to the conventional XRLs, a significant enhancement of the
peak intensity and pulse shortening were obtained due to the coherent
interaction. However, the amplified spontaneous emission, when allowed to
grow too strongly, combined with the level degeneracy limited inheritance of
the superb polarization and coherence of the seed. The effect is presented in
Fig.3 where the atomic coherence represented by max| pl,_1| — the amplitude
of the oscillating density matrix, is shown as a function of the medium length.
As maximizing the coherent component is crucial, practicable solutions in the
form of precise control of the amplifier parameters or multi-seed are proposed.
This is very important in designing the multi-stage amplifiers considered as
the next step in evolution of the plasma-based XRLs.

0.5
Seeded (1 nJ), w/ random source
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Fig.3. The maximum of the non-diagonal density matrix element vs. the propagation
length in the active medium. Three possible variants of the amplification are
compared.

The formulated model enabled to derive the output pulse shape in the case
of photon-flux build-up from noise as well as the energetic (extraction)
characteristics in both seeding and ASE cases. The results of simulations on
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the photon-flux build up from noise are valid for the non-seeded XRLs.
Starting with the temporal gain profile obtained from hydrodynamics
simulations with the EHYBRID code [8] and assuming randomised two
circular components (RHC and LHC) of the noise we have got the output
pulse profile shown in Fig.4. The plot includes an inset showing the temporal
gain

3.0 3
(a) (b)
25 - D.9 ps E
€
3
AT o .
e X 3 2
o 15 20 40 ?
b Time (ps) [
2 -}
g | £
10
£ N=52ps g
05 | ---LHC g' =
sl I T . T D RHC g FWHM =\5 ps
: . — LHC+RHC
0.0 T — T T T r i A A A
0 10 20 30 s0 0 05 0 510

Time (ps) Time (ps)

Fig.4. Modelled output XRL pulse and its components of the different polarisation
state. The inset includes the temporal profile of the gain coefficient. The plot b) shows
the experimental reference for the modelled waveform obtained by Colorado State
University group [9].

profile of the gain coefficient as well as temporal shapes of both differently
polarised components. Comparing the modelling result with the experimental
reference shown in Fig.4 proves the validity of our model. The output pulse is
in excellent accordance with the measured profiles.

The energy extraction is shown in Fig.5 where the intensity for different
options of the composition seed+ASE is drawn as a function of the medium
length. One can see that the amplification rate of the ASE is bigger than that
of the seeded signal. However, the seeded signal is much stronger than the
spontaneous noise and starting from a higher level the seed amplification
gives higher output energy. The ASE signal tends asymptotically to the same
level with the increase in the medium length. Additionally, it appears that the
presence of the random signal during seeding is hardly changing the
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amplification characteristics observed in a deep saturation. However, one
should remember that this deep saturation level is not useful due to
deterioration of both polarisation and coherence in the way described earlier.

10000
E Seeded (1 nJ), w/ random source
1- — -Seeded (1 nJd), w/o random source
1 --- ASE
1000 -
= 100 o
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>
=
(5]
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0 1 2 3 4 5

Propagation length (mm)

Fig.5. Energy of the amplified radiation as a function of the amplifying medium
length. The plots for different combinations of ASE and the seeded signal are shown.

4 Relation to the Experimental Conditions

A real plasma being the amplifying medium is even under idealised
conditions inhomogeneous. First the existing density gradients cause the
corresponding gradients of the refraction index and the radiation will move
within different quasi-homogeneous layers of the medium with a different
phase velocities v,,. This effect can be markedly limited by well relaxed
density gradients in optimised target irradiation conditions. More influential
can be a very high level of the gain coefficient. Its regular spatial profile is
generally also distorted by the density inhomogeneity. However, for the
qualitative analysis we can assume a perfect Gaussian profile with a peak
small-signal gain coefficient g, of 80 cm™. It is known from [10] that the
group velocity can be expressed by the formula vy, = c/(1+ ), where

B = cgoVin2/(m3/2Avp). Using the peak value of go = 80 cm™! we get for
the group velocity a value of 0.735¢ while for a gain coefficient of 50 ¢m™
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this value is equal to 0.816c. For a typical medium length of 4 mm the arising
time difference between two pulse parts propagating through the areas of the
quoted gain coefficients will be about /.8 ps. Moreover, a typical seeding
beam is also rather of Gaussian than rectangular intensity distribution. As a
consequence, different intensities in different parts of the seeding beam will
have different dynamics (Rabi oscillations will be switched-on at different
moments) leading to an effective smearing of the ideal profile with the
oscillations shown in Fig.2. This can be deduced from the analytical solutions
of the two-level atom problem where the oscillating part of the intensity
resulting from coherent interaction between the medium and a laser beam of
rectangular-shape is given by [11]

1(t)~]o[$E(t —to)/R] (5)

while for the Gaussian profile it is given by

OE OE
SO~y R W] ©

where S =2nm fooo I(R) RdR is the signal after integration and averaging over

the entire beam profile. As both Bessel functions are very similar and only the
shift in phase by m/2 occurs while the oscillation frequencies stay within 2%.
From this it is clear that the spike of optical nutation will be softened by
elongation in addition to the weakening by the factor equal to #-#,. In the
quoted formulae g is the transition dipole moment E is the electric field
amplitude and ¢, is the beginning of the time counting (switch-on moment).

S Summary

The model of the amplification process including temporal gain
dependence, and level degeneracy has been formulated in terms of the
Maxwell-Bloch equations to analyse dynamics of seeded X-ray lasers. The
model confirmed its validity by reproducing many features of the X-ray lasers
working in the regime of the amplified spontaneous emission. This model has
been used to analyse coherent amplification process in the case of seeding a
very high-gain amplifying medium with an ultra-short high harmonic signal.
It was found that the coupling between the o - transitions in the saturation
regime diminishes the superb quality of the seeding signal. It can be a serious
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problem for the staging technique. The energy extraction is determined more
by a high level of the seeding signal than by the amplified spontaneous noise.

The model confirmed its validity by a reasonable reproduction of the output
pulse shape and length in the case of pure ASE process. As far as the
amplification of seed is concerned the problem is more complex as the
medium inhomogeneity has serious influence on the temporal characteristic of
the output pulse causing smearing of the profile obtained in simulations under
uniform approximation. Moreover, the important differences between the
coherent and incoherent (described by the rate equations) amplification
processes occur on a relatively low level and it might be difficult to reveal it
in an experiment with a streak camera having as a rule very limited dynamic
range.
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Abstract. We present the first experimental realization of a new x-ray laser scheme
based on strong-field parametric amplification of high-order harmonic radiation.
With a simple semi-classical model, we can identify the most important experimental
parameters, the spectral range and the small signal gain in gases. Using a single
amplifier stage a small signal gain of 8000 has been obtained in Argon for the spectral
range of 40-50 eV, using 350 fs, 7 mJ pulses at 1.05 pm. In Helium, we observed a
small signal gain of 280 around 300 eV using 6 fs, 1.5 mJ pulses at 800 nm.

1 Introduction

The development of pulsed laser opened a new area in time-resolved laser
spectroscopy. Ultra-short pulses can generated with lasers and the wavelength
range can be extended with nonlinear frequency conversion techniques. For
studying nuclear, inner atomic, or structural dynamic the extension of the
wavelength range into the x-ray regime is necessary while preserving the
ultra-short pulse duration' or narrow line-width®.

Several schemes for plasma based x-ray lasers (XRL) have been realized in
the last few years. The necessary pump energy has been reduced and currently
Ni-like x-ray lasers can be operated with sub-J pumping’ at higher repetition
rates’. The other route is the nonlinear frequency conversion of laser pulses
into the XUV range by high harmonic generation (HHG), which can produce
sub-femtosecond XUV or x-ray pulses in a laser like beam’ with compact and
high repetition rate laser systems. The major drawback of HHG is its rather
low conversion efficiency.

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 121
DOI 10.1007/978-94-007-1186-0_14, © Canopus Academic Publishing Limited 2011
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Adding a HHG based seed source to a plasma XRL®’ is a promising way
towards spatially and temporally coherent x-ray source with higher pulse
energy. Unfortunately the spectral range is limited to a few possible atomic
transitions. This restriction can be circumvented, if the upper or the upper and
lower laser levels are virtual states, namely with parametric or Raman
amplifiers. Raman amplifiers in the x-ray regime has been proposed®, but
never realized. Here we present the first experimental realization of the
parametric amplification of HHG radiation. The amplification process has
been explained by semi-classical model and we have demonstrated parametric
amplification in Ar and He in the range of 50 eV and 300 eV, respectively.

2 Theory for strong-field parametric amplification of x-rays

To describe x-ray parametric amplification (XPA), we use a simple semi-
classical description’ similar as for HHG'. An intense laser field tunneling
ionizes atom. The freed electrons are accelerated in the field and return to the
parent ion, where they can recombine or scatter inelastically (Fig. 1a). The
excess energy of the electron is emitted in a photon and the emission process
can be spontaneous (HHG) or stimulated (XPA).

For weak x-ray fields the process can be described by a pair of coupled
differential equations: the evolution of the x-ray field is described by a wave
equation and the motion of the electron is represented by an equation for a
forced parametric oscillator:

1 1
O2E(tx)- 5 0T %) = o0l sen (%) M

o2y +T0,y+o2(1+h(t)y = - < E, @)
m

Coupling is provided by the coherent electron current originating from the
ionized electrons during every half optical cycle'' and is proportional to the
electron density n. in the coherent current. The small displacement x, as
shown in Fig la is caused by the magnetic field accelerating the electron into
the direction of the laser propagation. At the instant of collision, the resonance
frequency depends on X, and the time dependent detuning h(t) can be
expressed as a Taylor series of the Coulomb potential. The damping term (I)
considers the radiation loss and its magnitude can be estimated from our
experimental data. The source term E, is the incident x-ray field generated by
conventional HHG. If the frequency of the x-ray field (g-th harmonics of the
laser frequency ) is tuned to near resonance wy=wq=qo;, We can expect
parametric amplification.

From the imaginary part of the complex propagation constant we can
derive a formula for the small signal gain
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-, ®

gq,max ~

2g,mew, I (ZYqO " 28tZ)
where n.(t)=n¢Z(t), ny is the atomic density of the amplifying medium and Z is
the ionization rate during one half optical cycle, which can be calculated by
known theories .

For a comparison with our experiments, we express the gain as the product
of atomic density and the emission cross section (c.). Fig. 1b shows the
calculated o, for Ar in the parameter range accessible with our laser systems.
The maximum gain can be expected in a spectral range of 40-50 eV for a laser
intensity of 1.0-1.5x10'* W/cm2 In this range also XUV radiation can be
efficiently generated via HHG in Ar with at the same laser intensity to seed
for the parametric amplification.
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Fig. 1. (a) Schematic of strong-field parametric x-ray amplification. There are
ionization and electron acceleration by the strong laser field and the stimulated
emission happens at the instant of recombination. The electron moves mainly along
the y-direction of the polarization of the laser field. However due to the magnetic field
the electron is also slightly accelerated into the forward direction. Note the different
scaling on the two axes. (b) Calculated stimulated emission cross-section for Argon in
the parameter range accessible with our laser system.

3 Parametric amplification in the XUV

XPA in the XUV range has been demonstrated with the femtosecond front-
end of the PHELIX laser system'® delivering 350-fs-long, 7 mJ pulses at 1054
nm and a repetition rate of 10 Hz, resulting in a peak intensity of 2x10'
W/em?. The 2-mm-long gas cell was placed at about 7 mm before the focus
and the generated x-ray radiation was measured with a home-made
spectrograph. The laser light and the lower order harmonics were efficiently
suppressed by two 200-nm-thick Al foils.

We varied the backing gas pressure of the gas cell in a range from 0.05 to
1.6 bar allowing easy control of the gain. We can clearly distinguish between
two different regimes (Fig. 2a and 2b): For photon energies above 52 eV, the
x-ray yield scales with a sine squared function, which can be well explained
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by HHG with a finite coherence length. In the range of 45-52 eV, the
measured radiation increases exponentially with the pressure (Fig. 2¢). Above
0.8 bar saturation sets in. An exponential increase is a clear indication of the
predicted stimulated emission and parametric amplification. The measured
small signal gain was in the order of 1100 at this intensity and up to 8000 was
reached at 1.2x10"* W/cm2. Both the range and the magnitude of the observed
amplification are in reasonable agreement with the predictions of our model.
A further proof of the amplification is a narrowing of the harmonic lines. In
Fig. 2d and 2e we show the spectral evolution of the width of 41* harmonic as
a function of the pressure. The observed line narrowing is in good agreement
with the predictions, and cannot explained by phase matched HHG.

10% 10%3 10t
(a) ] Lo )] (c)
- 1 0.3 bar
E 1 0,65 bar P / 4
g 102 107 4 4 10° V' 38
» 1 - S Vs
s = Va 4
- ] = /// 43
S 10 10§ g w0 £t =t
£ | = Vo 53
g £ fi »— 85
£ I ] > ,/f/—.—-
g 10° 100 g0 ;/"— e
3 ! LI #
* Al bily el L LT AT 1q
0T 1 L
101 AL il | il 101 1 1IRT 0 1
3B 40 42 44 50 52 54 56 0 05 1 15
Harmonic number Harmonic number Pressure (bar)
(6] MNormalized intensty P
0.8 bar & (e)
33 Ha1
F-1
=
£
bl
-
w 2
(=3
@
E
z
1
%
5 $ Fop
& " %
0 el R e e
10 15 474 478 482 48F a9
Pressure (bar) Photen energy (eV)

Fig. 2. Evolution of the XUV signal as a function of the pressure around the (a) 41%
and (b) 51" they follow the expectation. (c) The measured exponential and sin>
increase are clear indications for XPA and HHG, respectively. (d) The spectral
narrowing of the emitted radiation of the 41® harmonic is a further indication of the
finite gain bandwidth. (e) The spectrum for low and optimal pressure together with
the Gaussian fits.

4 Parametric amplification in the soft-x-ray regime

The theory also predicts suitable gain for shorter wavelengths where the HHG
conversion efficiency is much lower. In this spectral range, the XPA requires
a very high ionization rate within one half optical cycle, which can be only
realized by using few cycle driver laser pulses with high intensity. For
parametric amplification at around 300 eV, we must reach a peak intensity of
about 1 to 3x10'® W/cm? in He. For the experiment we used a two-stage
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Ti:sapphire based amplifier running at 1 kHz'Y. The output pulses were
compressed in a filament to 6-fs with a final energy of 1.5 mJ. With a
spherical mirror we obtained an intensity of 2x10'® W/cm? in a 1-mm-long gas
jet. The measured spectra as a function of the backing pressure are shown in
Fig. 3a without correcting for the effect of the additional thin metal foils (200
nm Ti+ 100 nm Al). Again we can identify two different regimes: Outside the
range of approx. 250 to 350 eV the x-ray yield follows the scaling of HHG
with a finite coherence length. In the range from 270-330 eV, the x-ray
intensity increases exponentially with the pressure up to a maximum pressure
of 45 mbar before saturation sets in. The only explanation for the observed
scaling is parametric x-ray amplification. In this range we can estimate the
maximum small signal gain to about 280 at 45 mbar and 320 eV.
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Fig. 3. (a) Soft-x-ray spectra were measured as a function of the pressure using 6 fs,
1.5 mJ laser pulses. (b) An exponential increase at around 300 eV implies stimulated
emission by parametric amplification. At around 450 eV, the signal evolution is well
explained by HHG with a finite phase-matching length.

5 Summary and perspectives

We demonstrated parametric amplification of high order harmonics in noble
gases. The measured small signal gain and the spectral ranges are in good
agreement with our model calculations. We reached a maximum gain of about
8000 at 50 eV and 280 at 300 eV, respectively. With the current setup it is
possible to amplify the HHG pulses in Argon from a few pJ to few nJ. A
further amplification is restricted by the velocity mismatch between the pump
laser and the x-ray pulses. This can be solved by using two or more amplifier
stages, with a separation chosen to fulfill the conditions for group velocity
matching between the electron and x-ray pulse.

With the demonstrated parametric x-ray amplification it will be possible to
realize a new class of bright x-ray sources for spectroscopy combining the
advantages of conventional x-ray lasers and HHG. The excellent beam quality
and ultra-short pulse duration of HHG pulses will be then available at much
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higher pulse energy. So it will be feasible to realize for the first time brilliant
sources in the few hundred eV range with a repetition rate of 1 kHz.
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Abstract. We report spatial and spectral characterization an optical-field-ionized
high-order harmonic-seeded soft-x-ray laser showing. We show that it can be
controlled between a regular Gaussian shape and a Bessel profile exhibiting several
rings via the IR laser pump intensity. The temporal coherence and spectral linewidths
of both the seeded and unseeded soft-x-ray lasers were experimentally measured
using a varying path difference interferometer. It showed that the high-order harmonic
is subject to a strong spectral narrowing during its propagation in the plasma amplifier
without rebroadening at saturation.

1 Introduction

Soft-x-ray lasers (SXRL) have been proven to be tools of great interest for
practical applications. Due to the short soft-x-ray gain lifetime and the
absence of high reflectivity optics in the soft-x-ray region, most of the SXRLs
operating at saturation result from the single pass amplification of
spontaneous emission (ASE). An ASE soft-x-ray radiation is characterized by
an inhomogeneous beam profile, a low spatial coherence and strong
wavefront distortions that seriously limit the use of SXRLs for applications
requiring intense and coherent soft-x-ray photon flux in sub-micrometric spot-
sizes. The seeding of a soft-x-ray plasma amplifier with a high order harmonic
(HOH) [1] is an essential technique allowing dramatics enhancements of the
spatial properties of the soft-x-ray beam. Recent studies have shown that the
amplifier acts as a spatial filter for the harmonic and that the output beam
exhibits a Gaussian spatial profile [2] [3] [4] with a very low divergence, a
full spatial coherence and a diffraction-limited wavefront [5].

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 127
DOI 10.1007/978-94-007-1186-0_15, © Canopus Academic Publishing Limited 2011
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2 Experimental set up

The experiment was performed using a setup very similar to that
described in [1]. We used a 10 Hz repetition rate, multi-terawatt Ti: Sapphire
infrared (IR) laser system providing two independent 35fs-pulses at a central
wavelength of 815 nm. The main pulse is used to generate the plasma
amplifier. It is focused by a 1 m focal length spherical mirror at an intensity
up to 10" W/cm® into a low-density 6 mm-long Krypton-filled cell at a
pressure of 30 mbar. Its polarization is made circular by a quarter wave plate
to allow proper heating of the free electrons of the plasma that will pump the
population inversion on the 3d°4d — 3d’4p transition at 32.8nm of the Kr*
ions [6]. A second pulse, containing about up to 20 mJ, is focused by a 1.5 m
focal length lens into a gas cell filled with 30 mbar of Argon to generate the
HOH beam. The HOH source is imaged by a grazing incidence toroidal
mirror into the SXRL plasma amplifier with a magnification of 1.5. The far-
field profile of the SXRL beam was recorded using a CCD camera located 4
m after the plasma amplifier.

We have investigated the spectral bandwidth of the SXRL. Due to its
extremely narrow linewidth, the spectral profile cannot be resolved by the
transmission grating spectrometer. We used instead an interferometric method
based on the measurement of the temporal coherence of the SXRL pulse. The
SXRL beam is directed toward a variable path difference interferometer based
on the Fresnel mirrors system. The beam is splitted by reflecting on two
slightly tilted grazing-incidence mirrors (open book configuration). The path
difference between the two resulting beamlets is created by vertically
translating one of the two mirrors with respect to the other one. To ensure that
varying the path difference will not result in a loss of spatial coherence, the
mirrors mentioned hereinbefore are actually dihedrons.
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3 Far-field characterization

Using a system composed by a half-wave plate and a polarization beam
splitter (Glan-Taylor prism) before the compression of the main IR pulse, we
have been able to generate the plasma amplifier with different pump intensity
ranging from 2.5x10"7 W/ecm® to 10" W/ecm®. For intensities lower than
2.5x10" W/em®, no soft-x-ray amplification was observed. Within this range
of waveplate angles (30 degrees), no spectral modulations or any other effect
on the pulse shape has been observed [7].

The results of these measurements are presented in Figure 1. In a) is given the
far-field profile of the SXRL beam in standard operation conditions, i.e. at a
pump IR intensity of 10'® W/cm2, along with the integrated radial profile. It is
composed by a very collimated central spot and several rings. The central spot
has a very low divergence of 0.45mrad (first zero) and the first ring is located
at a divergence of 0.65mrad with a maximum intensity counting for 10% of
the beam peak intensity, which clearly excludes the possibility of an Airy
beam profile. As the pump intensity decreases (b), ¢) and d)), the rings tend to
fade and the divergence of the central spot increases to more than 1 mrad at a
pump intensity of 2.5 x 10" W/cm®. It has already be shown that the effects of
the plasma on the harmonic can be easily understood by modeling the plasma
by a circular aperture. The spatial profile of the amplified harmonic then
results of spatial filtering by a pinhole in the plasma plane. This simple model
does not properly describe the presence of several intense rings around the
central spot, but can extended by considering spatial filtering by an annular
aperture in the plasma plane. For a pump intensity of 10'® W/cm®, this annular
aperture would have an outer diameter of 50 pm and an inner diameter of 25
um. This aperture would change into a circular hole of 35um diameter for a
pump intensity of 2.5 x 10"” W/cm®. A far-field intensity profile such as that
obtained with a pump intensity of 10'® W/cm® cannot be perfectly fitted by the
square a first-kind Oth-order Bessel function (where the first ring peak
intensity is 16% of the maximum intensity), but still makes a good
approximation of a true Bessel beam.
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FIG. 1: Measured far-field profiles of the seeded soft-xray laser pumped by an intensity of a)
10" W/em? b) 6x10"7 W/em® ¢) 4x10'7 W/em? d) 2.5%10" W/em® , and the corresponding
integrated radial profiles
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FIG. 2: a) Calculated ionization map of the plasma at a Krypton pressure of 30 mbar and a
pump intensity of 10'® W/ecm?. The laser pulse propagates from left to right and the lasing Kr®"
ions are in the white-colored region. b) Integrated farfield radial profiles of the harmonic
amplified by a plasma generated using different pump intensities. Insert: Calculated far-field
intensity profile of the output beam resulting from amplification by a plasma generated with
10" W/em2.

On Figure 2 is given in a) the 2D map of the simulated average ionization
state of a Krypton plasma after the passage of a pump pulse focused at an
intensity of 10" W/cm” in 6 mm-long cell. The white-colored region indicates
the lasing Kr*" ions. The pump pulse was assumed to have a Gaussian shape
in the focal plane with a 38pum-diameter (1/¢”), which is what me measured in
our experiment. The laser pulse propagates from left to right, and the focal
plane position was set to 1.5 mm into the long cell. As it can be seen, the
strong pump intensity allows ionization of Krypton to stages greater than 8
near the axis, thus causing a loss of gain in that region, and giving elements of
justification of filtering by an annular aperture. What is also noticeable is the
shape of the Kr* region. Its diameter varies along the axis, indicating a gain
region that may have very smooth edges. In b) are plotted the integrated
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intensity profiles of the soft-x-ray output of the plasma generated by different
pump intensities, and the calculated image of the far-field profile of the
seeded SXRL pumped by 10" W/cm®. This profile does not exhibit rings like
the experimentally measured profile, and the reasons are probably to be found
in the smoothness of the gain zone edges. The near-field profile of the beam
was also studied as part of the simulation, and showed an overall annular
shape of smooth outer radius around 20pm (and 10um inner radius) directly
linked to the shape of the amplifying plasma and explaining the attenuation of
the secondary rings. Though a far-field Bessel profile does not arise from the
simulations, there is nonetheless a good agreement between the calculated and
measured divergence of the soft-xray beam. Its variations with the pump
intensity are also supported by the simulations: it goes from 0.6 mrad (larger
than experimentally measured) for a pump intensity of 10" W/cm?® to 1 mrad
for 2.5 x 10" W/en’.

To further investigate the role of the pump pulse and the resulting
plasma profile, we made the same calculations at a lower plasma density. This
was mainly motivated by the fact that the Krypton pressure we measured was
the backing pressure of our regulator system, and we had no accurate way to
measure it in the gas cell. Some losses may occur within gas transportation
from the regulator to the actual cell. The result of the 2D propagation code are
presented in Figure 3.
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FIG. 3: Calculated ionization map of the plasma at a Krypton pressure of
Smbar and a pump intensity of a) 10" W/cm®.

Figure 3 represents the 2D ionization map of the Smbar-Krypton
pressure plasma created with a pump intensity of 10" W/cm?, to be compared
with Figure 2- a). As expected the pump laser is much less refracted, allowing
a longer Kr*" plasma to be created. The transverse dimension of this plasma
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are comparable with that obtained with 30 mbar of Krypton, but, contrary to
that case, does not vary much along the axis. This can be seen as a plasma
with sharper edges. Another important difference is that in the case of a low
Smbar pressure, overionization is stronger and the area where it occurs is
longer due to less refraction. Its transverse dimension also accounts for a
greater part of the Kr** zone.

In Figure 4 are given, as in Figure 1, the calculated far field profiles
of the soft-x-ray output of the plasma generated by different pump intensities.
These look much like experimentally measured profiles, with a tighter central
spot and an intense ring. While not strongly different from the profile
obtained with 30 mbar of Krypton, the near-field profile in this case had
slightly more energy in the intense ring-shaped area and this area had a
sharper outer edge, as expected from the plasma shape. This may be the cause
of the differences observed on the far-field profiles. The expected variations
with the pump intensities are also confirmed, the intensity of the secondary
rings decreasing with the pump intensities. Note that the profile obtained with
a low 2.5 x 10" W/cm® does not seem to follow the general tendency, which
is due to the fact that there is much less gain at such a low density, causing a
very weak amplification and filtering of the harmonic seed.

FIG. 4: Calculated far-field profiles of the harmonic-seeded Smbar-Krypton pressure
amplifier pumped by an intensity of a) 10'® W/ecm? b) 6x10"7 W/em? ¢) 4x10'7 W/em? d) 2.5 x
10" W/ecm?, and the corresponding integrated radial profiles

4 Spectral characterization

The experimental measurement of fringe visibility variations with the path
difference is presented for both the ASE and the seeded SXRL in Figure 5.
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Each point results from an average over several shots and the error bar stands
for the standard deviation. This experimental data was accurately fitted by the
product of a Gaussian function and a decreasing exponential function (dotted
lines). The coherence time tc of the pulses, defined by the time at which the
visibility is decreased by a factor 1, is not the same for the the two radiations.
It was inferred as 5.1+0.2 ps for the seeded SXRL pulse and a slightly larger
5.540.3 ps for the ASE SXRL pulse. According to the Wiener-Khinchin
theorem, the fringe visibility is the Fourier transform of the spectral density of
the source.

The spectral profiles have been calculated from the fitted visibility
evolutions, and correspond to spectral Voigt profiles with a full width half-
maximum (FWHM) of Av = 89 + 6 GHz, or AL = 3.2 + 0.2 mA, for the seeded
SXRL and Av = 75+8GHz, or AL = 2.7+0.3 A for the ASE. The spectral
linewidth is determined by homogeneous (natural) broadening and
inhomogeneous broadening. The processes responsible for homogeneous
broadening include radiative decay and electron collision-induced transitions.
They lead to a Lorentzian line profile with a FWHM of AAH = 5SmA in the
case of the 32.8nm Ni-like laser. This value has been calculated with a
collisional-radiative model taking into account the non-Maxwellian electron
energy distribution [9]. Stark effect has been introduced as a source of
inhomogeneous spectral broadening, but numerical simulations have shown
that it can be neglected [10]. The process responsible for inhomogeneous
broadening is actually the Doppler effect due to the hot ions. lons are indeed
rapidly heated after ionization by the laser field. Theoretical works [11] have
shown that strong correlations exist in OFI plasmas, which rapidly relax into
an uncorrelated form with a characteristic time equal to the plasma period (a
few hundreds of fs). The ion equilibrium temperature in the case of our low-
density OFI plasma is Ti = 6 eV, thus leading to a Gaussian line profile with a
FWHM of AAD = 7 mA for the 32.8 nm Ni-like laser. This very low
homogeneous and inhomogeneous broadening values explain the strong
monochromaticity of this type of SXRL (AMA~10"). Using a variable-length
gas cell, we have been able to measure the temporal coherence of the seeded
SXRL for different plasma lengths of 1mm, 2mm, 4mm and 6mm. The signal
level of the ASE at such short plasma lengths was too weak to allow proper
measurements. The calculated spectral density from the fitted visibility
evolutions are plotted in Figure 6 for each plasma length. The spectrum right
before amplification, i.e. the unamplified harmonic spectrum, is not
represented here. We were nevertheless able to measure it using the soft x-ray
spectrometer. Its FWHM was evaluated to be AAHHG = 100 + 20 A, which is
much larger than after even only 1 mm of amplification (AL = 4.8 £ 0.5 m).
The harmonic is subject to a spectral narrowing which is strong, due to the
very low bandwidth of the laser transition, and fast, i.e. after a very short
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distance of propagation in the amplifier, due to the very high gain values (60
guess that much of that spectral narrowing occurs
during the first hundreds of microns, or even less, of propagation since from
Imm of propagation to 6mm the spectral linewidth stay in the same order of
magnitude. We did not observe any saturation re-broadening, which suggests
that homogeneous broadening contribution is predominant at saturation. The
seems to tend more to a Lorentzian profile at longer

cm ). Indeed we can

Voigt line profile also

propagation lengths in the plasma.

100%,

Fat ) g N
80%-59?‘%{ 5 7\
> T ‘e 2 g y Y
% ol i ~-_ -.i\ — . 4 \.\\\‘
B 60% ¥ ﬁi‘? e e = o 7
> ~ T Ak (mA)
£ 4okt R N
= s
ool [T ASE S
°[ |-+~ Seeded XRAL ' T
% 1 2 3 4 5 6 7

FIG. 5. (Color online) Visibility of the interference fringes as a function of the time difference for
the ASE and seeded SXRL. The lines represent the result of fitting by a relevant function (defined in
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text). Inset: Reconstructed spectra from Fourier transforms of the fit functions.
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FIG. 6. (Color online) Spectral density of the SXRL laser line at different propagation lengths in the

plasma.




Characterization of a seeded optical-field 135

By seeding of a laser created plasma amplifier we have demonstrated that it is
possible to generate an intense soft x-ray beam having all the fundamental
properties of common visible/IR/UV lasers. In a near future we anticipate a
significant improvement of this concept, e.g. by using waveguiding technique
to increase the length of the amplifier and thus boost up the SXRL output
energy by at least one order of magnitude.
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Abstract. Plasma-based soft x-ray lasers have the potentiality to generate
high-energy, highly coherent, short pulse beam. Thanks to their high density,
plasmas created by interaction of intense laser with solid target should store
the highest amount of energy among every plasma amplifiers. However, to
date output energy from solid amplifiers remains as low as 60 nJ [1]. For 30
pm micrometer focal line width, we demonstrated with the 2D hydrodynamic
code with radiation transport in AMR ARWEN [2] that deleterious
hydrodynamic effects, as the lateral expansion and thermal conduction, reduce
the amplification surface and the gain coefficient. Thus, carefully tailoring the
plasma shape is crucial for extracting energy stored in the plasma. With 1 mm
wide plasma, energy as high as 20 pJ in sub-ps pulse is achievable [3]. With
such tailored plasma, pumping efficiency has been increased by nearly a
factor of 10 as compared to former plasma amplifiers.

1 Introduction

Seeded Soft X-Ray Lasers are a promising source of coherent soft X-ray
radiation. Seeding has already been demonstrated in gaseous amplifiers [4]
and solid amplifiers [1]. Nevertheless, the extracted energy and pulse duration
need to be improved so as to match the experimental needs [5].

Computational modelling is a powerful tool to comprehend the physics of
plasma amplifiers and to optimize these sources of soft X-ray radiation. In this
paper we present the simulations done with the 2D hydrodynamic code with
radiation transport in Adaptive Mesh Refinement ARWEN [2]. This code was

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 137
DOI 10.1007/978-94-007-1186-0_16, © Canopus Academic Publishing Limited 2011
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originally developed for Inertial Confinement Fusion studies but in the last
years it has been upgraded to be used in other fields of plasma physics as
laboratory astrophysics and plasma-based soft X-ray lasers. With this code we
have studied the impact on the gain of several bidimensional hydrodynamic
effects, as lateral expansion of the plasma or inhomogeneities induced by
target’s roughness or defects in the laser beam.

The layout of the paper is as follows: in section 2 we will briefly explain
the impact of the inhomogeneities on the plasma. In section 3 we will study
the evolution of the plasma and its lateral expansion, explaining some
experimental results. Finally, conclusions will be given in section 4.

2 Impact of the inhomogeneities

In this section we will briefly explain the impact of target’s roughness and
defects in the laser beam. As we will concentrate on Transient Collisional
Excitation (TCE) scheme, we will study separately the effects of the long
laser pulse and the short laser pulse.

2.1 Impact of target defects

Target’s defects have been simulated as a sinusoidal modulation of the target
surface. This perturbation is immediately transferred to the plasma, creating in
the early instants of the evolution a complicated pattern of velocities and
electron density. These induced gradients of density modify the laser
absorption profile. The short pulse, charged of heating the electron fluid to
create the population inversion, deposes its energy in a very irregular way and
thus, the gain profile presents strong variations (Fig 1. left), which will be
imprinted in the amplified beam.
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Fig. 1 Gain profile of a plasma created from an inhomogeneous target. The laser
comes from the bottom to the top and the plasma expands inversely. Simulations
have been done without (left) and using (right) a ray-tracing subroutine.

As the inhomogeneous profile of electron density could induce refraction
effects on the laser, a ray-tracing subroutine was introduced in the ARWEN
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code to take into account refraction effects in the energy deposition. In Fig. 1
right, the gain profile is shown. It can be seen that the profile is still
inhomogeneous, imprinting the amplified beam, but, if we compare both
figures, we see several differences in the gain extension (being the gain region
greater in the ray-tracing case) and in the homogeneity (the ray-tracing case
has a more homogeneous gain). The energy deposition profile without using
the ray-tracing subroutine is strongly peaked near the critical density region,
where electron density is highly perturbed. Refraction tends to homogenise
the energy deposited in regions far from the critical density, arriving less
energy to the most perturbed zone and thus having a larger and more
homogeneous gain zone.

2.2 Impact of laser beam defects

TCE amplifiers are created using a long laser pulse (several hundredths of
picoseconds), which ionises the plasma, and a short pulse (less than several
picoseconds) charged of heating the electrons and create the population
inversion. Due to the completely different duration of the pulses (the driving
force of the perturbation) the impact on the plasma varies whether the
perturbed pulse is the short or the long one. These defects on the laser have
been modelled as a sinusoidal perturbation of variable amplitude.

The short pulse, acting during several picoseconds or less than a
picosecond, only affects the electron temperature, perturbing it. The effect of
this perturbation in the plasma evolution and the gain region appears to be
negligible, as the perturbation has no time to develop and diffusive process
destroy it rapidly, homogenising the plasma.

If the perturbed pulse is the long one, the plasma behaves differently than
the previous case. Now, the pulse lasts several hundredths of picoseconds and
the perturbation has enough time to develop, affecting not only the
temperature, but also the density profile. Nevertheless, the perturbation
induced in the plasma is much smaller than the one induced by target
roughness. In addition to this, reducing the amplitude of the perturbation is
only worth for big perturbations which imprints strongly the plasma. Smaller
ones, inducts perturbations in density and temperature which are dumped by
diffusive and hydrodynamic effects so it is not necessary to have a perfect
beam.

3. Impact of the transverse focal linewidth.

In previous works [6], the laser focal linewidth profile has been optimized,
demonstrating that using a supergaussian profile augments the gain region and
the values of small signal gain. In this section we will study the impact of
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using different widths of this profile (i.e. different widths of the plasma in x
direction, as shown in fig. 2) in the small signal gain.

HHG target

seed

Fig 2. Scheme of the simulations done. The simulation window lies on the x-y plane.

Simulations consists on three laser pulses (a prepulse which creates the pre-
plasma, a main pulse of 100 ps which heats it and a short pulse of 0.5 ps to
create the population inversion) of widths (i.e. Full Width at Half Maximum
FWHM of the supergaussian profile) ranging between 20 um and 1 mm. For
the sake of comparison, intensities have constant values of

1.25% 10" Wiem® | 1.25% 10" W/cm® and  1.16% 10°W/cm®  in all

simulations. Three relevant cases (30 um, 150 um and 1 mm) will be
highlighted to explain the evolution of the amplifiers.

Fig 3. Gain regions for the 30 um (A), 150 um (B) and 1 mm (C) cases.

In fig 3. the gain regions of the three highlighted cases are shown. Several
differences are observed. The maximum small signal gain in the 30 um case
has a value of only 60 cm™, half of the maximum value of 126 cm™ of the 150
um and 1 mm cases. In addition to this, a much more striking correlation is
shown in fig 3: increasing the width of the laser in x direction augments the
extension of the gain region in y direction. The third difference observed in
the figure will be the key to explain this effect. In the 30 um case, the
horizontal extension of the gain region is significantly wider than the laser
focal width (the width is one and a third greater, approximately 40 pum). This
effect is observed also, but softer, in the 150 um case and some curvature in
the gain zone appears. Finally, in the 1 mm case the gain region has the same
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x extension as the linewidth and no curvature appears, having a rectangular
shaped gain region. The conclusion is that not only the expansion of the
plasma in the y direction plays a role in its evolution, but also the expansion
in the x direction, widening the gain region in the narrowest plasmas where
these 2D effects are strong, whereas in the widest plasmas, this expansion is
negligible compared to the width of the plasma and its behaviour is 1D.

The lateral expansion (a hydrodynamical process) is linked with the gain
creation (an atomic process) by electron density. In fig. 4 vertical cuts of
electron density at the centre of the plasma are shown.

Fig 4. Electron density in Y direction at the centre of the plasma (x = 0 um) for the 30
pm case (blue), 150 um case (green) and 1 mm case (red). The plasma expands from
left to right.

In this figure it is shown that the 30 um case has a reduced gain region with
small values of small signal gain due to the low value of electron density. On
the other hand, the 150 wm and 1 mm cases present similar values of gain at
the central region of the plasma as electron density has similar profiles.

The explanation is as follows: in the 30 um case, the lateral expansion of
the plasma arrives at its centre in the early stages of the evolution,
diminishing the density of the central region. When the pumping pulse
arrives, it can be only efficiently absorbed in a small region near the critical
density. In addition to this, the low values of electron density cannot trigger
a population inversion via collisional excitation with the exception of the
region above mentioned. The gain region is thus small and presents lower
values of small signal gain coefficient. In the 150 pm case, the lateral
expansion has not arrived yet to the centre of the plasma when gain is
produced, having a 1D behaviour. Nevertheless, the expanded region is not
negligible and the gain region presents some curvature, typical of 2D effects.
Finally, in the 1 mm case, the region affected by the lateral expansion when
gain is produced is completely negligible, presenting a huge, rectangular 1D
gain zone.

A conservative computation of the extracted energy can be estimated as ten
times the saturation energy, given by our code [3]. The extracted energy for
the 30 um case is about 60 nJ, in very good accord with experiments [1]. This
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energy rises up to 3.1 pJ for the 150 pum case and up to 22 pJ for the 1 mm
case.

Conclusions

Simulations of soft x-ray plasma based amplifiers done with the 2D
hydrocode ARWEN have been presented in this paper. The impact of
different defects on target’s surface and laser profile have been studied,
concluding that the defects on the target are the only ones that have a strong
impact on the gain region. In addition to this, and continuing previous works
[6], plasmas created with different focal widths have been simulated. It has
been found that 2D hydrodynamic effects have a strong impact in the
evolution of the plasma, destroying gain in the narrowest plasmas. On the
other hand, these effects are negligible in wider plasmas (I mm width),
presenting a homogeneous and bigger gain zone, much more better for
amplification purposes.
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Abstract. We present the results of an experiment performed at the NSF Center for
EUV Science and Technology (Colorado State University) in which a wavefront
division interferometer was used to investigate the temporal coherence of seeded and
unseeded GRIP transient Mo X-ray laser emitting at 18.9 nm. We find that the
coherence time of the X-ray laser pulse is of the order of 1.7 ps in the ASE mode and
slightly smaller when the amplifier is seeded with a high-order harmonic pulse. The
spectral linewidth is subject to a gain narrowing when increasing the length of the
plasma amplifier. Such behaviour is consistent with another experiment performed
with the OFI seeded Ni-like krypton X-ray laser, using the same interferometer.

1 Introduction

High-intensity, high-resolution x-ray lasers are needed in special area, such as
lithography, high resolution imaging, phase coherent probing of atomic and
molecular system, and structural biology [1-3]. Meanwhile, the spatial and
temporal coherence of these sources are important for these applications.
Recent works report some exciting results for high quality x-ray laser [4-7].
The most interesting progress is the injection-seeded x-ray laser [8-10]. More
attention is paid for the temporal coherence and the spectral width of these
kinds of laser.

In this report, we will discuss the spectral properties of a nickel-like
molybdenum x-ray laser [11]. We will first briefly recall the conditions of the
experiment, and we will discuss the analysis of the experimental data, in
particular with respect to the existence of fluctuations of the fringe visibility.
The variation of fringe visibility as a function of the path difference between
the interfering X-ray laser beams was used to infer the temporal coherence
length [12]. We will show how the spectral profile of the laser line was
deduced from the experimental measurement of the temporal coherence [13].

J. Lee et al. (eds.), X-Ray Lasers 2010, Springer Proceedings in Physics 136, 143
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2 Experimental method

Our experiment was carried out at the NSF Center for EUV Science and
Technology, Colorado state University at Colorada, USA during July 2009.
We have studied the beam of a Ni-like Mo X-ray laser operating at 18.9 nm,
seeded with a high-order harmonic pulse, as described in [11].

The X-ray laser beam was first monitored with a far-field imaging system.
The uniformity, divergence, and deflection angle of the beam were
characterized. Figure 1 shows examples of the images obtained in either the
seeded mode (Figure 2-a), or the ASE mode (Figure 2-b). In the seeded mode
the bright spot at the center of the image is the harmonics beam amplified in
the X-ray laser plasma amplifier, which appears over the ASE background. In
the ASE mode the beam exhibits speckle patterns, due to the limited spatial
coherence and high temporal coherence [13].

(a) (b)

Fig. 1. Far field images of the X-ray laser beam. (a) seeded mode; (b) ASE mode

The X-ray laser beam was finally directed toward a wavefront division
interferometer specifically designed for measuring the temporal coherence.
This diagnostic was placed at a distance of 3.3 m from the source, in order to
ensure a significant transverse coherence length of the beam at the entrance of
the interferometer. A complete description of this interferometer can be found
in [12]. The incident beam, with a 6" grazing incidence angle, is reflected on a
pair of dihedrons into two separated half-beams that slightly converge towards
each other and overlap. The fringes that are formed in the overlapping region
are detected onto an XUV CCD (1024x1024pixels, 16 bits, Andor
Technology) which is placed at 150 cm from the dihedrons, and tilted at angle
of 35" from the incident beam in order to increase the apparent fringe spacing.
The path difference between the two interfering half-beams was varied from
shot to shot by accurately translating one of the two dihedrons vertically.
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(b)

Fig. 2. Interferograms of the X-ray laser beam. (a)seeded mode; (b) ASE mode.
Plasma length is 4 mm

Figure 2 presents typical interferograms, obtained with the path difference
set to zero, and a plasma length of 4 mm, in either the seeded mode (Fig. 2-a)
or the ASE mode (Fig. 2-b). The interferograms obtained for increasing
values of the path difference were processed numerically in the zone
containing the interference fringes by applying a background subtraction,
followed by a numerical Fourier transform processing performed with a small
sliding window. This yields the map of local fringe visibility V (X,y) over the
interference field.

The fringe visibility was found to vary spatially across the interference
field. This spatial variation was attributed mainly to the non-uniformities in
the X-ray laser beam. This eventually leads to unbalanced time-averaged
intensities I; and I, in the two interfering half-beams and to a local reduction
of the fringe visibility. In the analysis of our interfometric data we have thus
made the two following important assumptions: (i) the spatial and
longitudinal coherence of the X-ray laser beam is constant within the small
part (1.56 mrad x 0.20mrad) sampled by the dihedron pair; (ii) the relevant
value of fringe visibility in each interferogram is the maximum one, which is
the best estimation of the visibility that would be produced by equal intensity
interfering beams (I; = I,).

3 Results

Figure 3 shows the graphs of the measured fringe visibility V (/) as a
function of the path difference /, for 3 different lengths of the plasma
amplifier in which the harmonic pulse is injected: 2 mm (Fig. 3a), 3 mm (Fig.
3b), 4 mm (Fig. 3c). Figure 3d shows the same measurement performed with
a 4 mm plasma length in Amplification of Spontaneous Emission (ASE) mode.

Several shots were performed for each value of the path difference, at
fixed irradiation conditions. The black squares plotted in Figure 3 are the
shot-averaged value of the measured visibilities for each path difference /. The
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Fig. 3. fringe visibility V (/) as a function of the path difference /. (a) plasma length
2mm, seeded mode; (b) plasma length 3mm, seeded mode; (c) plasma length 4mm,
seeded mode; (d) plasma length 4mm, ASE mode;

vertical error bars give the visibility standard deviation. One can see that the
fringe visibility for /= 0 um is smaller than 1. That is because the seeded and
ASE laser source are partially spatially coherent. On the other hand the
visibility is strongly reduced while increasing the path difference from 0 mm
to 0.5 mm (or 104A). The experimental data were then fitted with a linear
superposition of Gaussian and exponentially decreasing functions. The
corresponding curves, which gave the best fitting coefficients, are shown by
the solid lines in Figures 3.

The values of the longitudinal coherence length L¢, which is defined as
the path difference that decreases the maximal visibility by a factor 1/e, are
summarized in Table 1 for the 4 cases shown in Figures 3.

Using the Wiener-Khintchine theorem [14], which states that the spectral
line profile p(v) is proportional to Fourier transform of the longitudinal degree
of coherence y(t), the spectral width and the profile of the laser line can be
deduced from visibility curves. The resulting spectral profiles are shown in
the insert of the Figures 3 separately. The values of the FWHM linewidth Av
and AA are summarized in Table 1.
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Table 1. Summary of the measured coherence length and spectral width

Mode | Plasma | Coherent Coherence Line Spectral
length length time width width
L(mm) | L (um) 1(ps) AMmA) | Av(10''Hz)
seeded 2 440450 1.46+0.16 3.7+0.3 3.11+0.25
seeded 3 298 +28 0.99+0.09 3.1£0.5 2.60+0.42
seeded 4 424165 1.4140.22 2.7+04 2.27+0.34
ASE 4 495+70 1.65+0.24 2.6+0.4 2.18+0.34

One can see that the measured linewidth is of the order of 3 mA. For the
4mm plasma, it is slightly smaller in the ASE mode than in the seeded mode.
On the other hand the spectral linewidth is observed to decrease slightly,
when increasing the length of the plasma amplifier from 2 mm to 4 mm. Such
behaviour is consistent with gain narrowing and was already observed in
another experiment performed with the OFI seeded X-ray laser [7,15].

By comparing in Table 1 the values of the spectral width to the
corresponding values of the coherence length it can be noted that these two
quantities do not exhibit the same behaviour. In particular, since we have
mentioned that the linewidth is inversely proportional to the coherence length,
we should observe that the coherence length increases when the length of the
plasma gets larger. This apparent contradiction is due to the fact that different
shapes of the visibility curves (hence spectral profiles) were used in each case
(see Figures 3), yielding different numerical factors relating Lc to AV(FWHM).
In order to overcome this problem we have used another definition for these
two quantities, based on quadratic means, which are less sensitive to the
choice of the fitting function used to describe the experimental data. This
analysis of the data is described in another paper in these Proceedings [16].

4 Conclusion

We have measured the linewidth of the 18.9 nm Mo X-ray laser, in
both the seeded mode and the ASE mode, and for several lengths of the
plasma amplifier. We have observed gain narrowing of the line width
when increasing the amplifier length in seeded mode. For seeded and
ASE mode in same plasma length, the line width in seeded mode is a
little larger than in the ASE mode, and the maximum visibility is a little
larger. These conclusions are consistent with a previous experiment
performed in LOA with an OFI-pumped X-ray [7, 15].
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Abstract. The progress in the development of laser systems generating the
femtosecond optical pulses of intensity (10** — 10*) W/ecm® opens up wide
possibilities to get the unique sources of x-ray pulse emission with fs pulse duration
and energy in the range from a few keV up to a few MeV. Its applications include the
experiments on the fundamental physics. We discuss the possibility of abundant
electron-positron pair creation via the multi-photon Breit-Wheeler process, and
possibility of reaching the critical field of Quantum Electrodynamics (the Schwinger
field) which would lead to the vacuum polarization and breakdown.

1 Introduction

Implementation of powerful sources emitting ultrashort pulses of x-ray
radiation, is of great importance for various applications including the bio-
medical applications [1]. They will allow performing single shot high contrast
imaging of bio-objects. In atomic physics and spectroscopy powerful sources
will make possible the multi-photon ionization and producing high Z hollow
atoms. In material science these sources will reveal novel properties of matter
exposed to the high power x-rays. The development and utilization of the
synchrotron sources have for many years led to the progress in science and
technology. Future applications require much shorter (sub fs) x-ray pulses of
mJ energy. The schemes of x-ray generation also include laser and discharge
pumped x-ray lasers, gas high order harmonics, relativistic harmonics in
plasmas, and free electron lasers. Another method for coherent x-ray
generation based on the Flying Mirror concept has been proposed in Ref. [2].
It uses the laser pulse compression, frequency up-shift, and focusing by
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counter-propagating breaking plasma waves - relativistic parabolic mirrors. In
the proof of principle experiments for this concept [3-5], narrow band XUV
generation was demonstrated.

Further developments of the Flying Mirror concept are aimed at employing
it for developing a compact, tunable high-power coherent x-ray source, which
will expand considerably the range of applications.

Utilization of the plasma nonlinear properties for the electromagnetic (EM)
wave intensification can result in much higher intensity and power. We note
the fruitfulness of the relativistic mirror concept for solving a wide range of
problems in modern theoretical physics. Relativistic mirrors are important
elements in the theory of the dynamical Casimir effect [6], with regard to the
Unruh radiation [7] and other nonlinear vacuum phenomena [8].

The studying of physical mechanisms of high power coherent x-ray
generation also paves the way towards the intensities at which the nonlinear
quantum electrodynamics processes can be probed [8].

2 Extreme Field Limits

Physical systems obey scaling laws, which can also be presented as
similarity rules. In the theory of similarity and modeling the key role is played
by dimensionless parameters that characterize the phenomena under
consideration [9]. The dimensionless parameters that characterize the high
intensity EM wave interaction with matter can be found in Ref. [10]. The key
in the extreme field limit parameters are as follows.

1. Normalized dimensionless EM wave amplitude,
a,=eE,/ma,c=eE, ,/mc’, where  =c/@,. At a,=1 corresponding
to the intensity 1.37 x10'(1 zm/4,)* W/cm’, the laser electric field E, acting

on the electric charge e produces a work equal to mec2 over the distance .

The quiver electron energy becomes relativistic.
2. The parameter characterizing the EM emission by an electron, &, ,, is

2/3 of the ratio between the classical electron radius and the EM wavelength,
g, =2r,/3 ,. The radiation effects are dominant at a, > ¢,

rad °
limit 7 > 107 (1 zm/A,)* W/em®[11, 12].

3. Quantum electrodynamics (QED) effects become important, when the
energy of the photon generated by Compton scattering is of the order of the

i.e. in the

electron energy, i.e. @, = yemecz. An electron with energy jfemec2 rotating

with frequency @, in a circularly polarized wave emits photons with energy
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OMES 0)0}/3 . The quantum effects come into play when

m

Ye>Vo= (mc’/ @) =600(4,/1um)"? | ie. when the Ilaser
normalized amplitude equals a, = 2'me/3 *w,=2r,/3 H(mc/ @)

where .= /m,c=3.86x 10" cm is the Compton wavelength [12].
4. The limit of the critical QED field, also called the Schwinger field,
E;=mc’le =mc’/e .=132x10"V/em corresponding to the intensity

of 10* W/ecm?, is characterized by the normalized laser amplitude
a,=mc’/ @, ~5.1x10°(4,/1um) . The electric field E acting on the

electric charge e produces a work equal to mec2 over the distance equal to

the Compton wavelength . [13 - 15].
5. In QED the charged particle interaction with EM fields is determined by

the relativistically and gauge invariant parameter y, =, f(F ;V D, )/ mycE,

where F,, is the EM field tensor. The parameter y, characterizes the

probability of the gamma-photon emission by the electron with Lorentz factor
7, in the field of the EM eave[16]. It is of the order of the ratio £/ E in the
electron rest frame of reference. Another parameter,

X, = 1/(F #2‘/ k,)’ /mcE, is similar to y, with the photon 4-momentum,

k,, instead of the electron 4-momentum, p, . It characterizes the probability

of the electron-positron pair creation due to the collision between the high
energy photon and EM field [17 - 20].
The above mentioned regimes require the laser intensity of the order of or

above >10” W/cm® This will bring us to experimentally unexplored
domain. At such intensities the laser interaction with matter becomes strongly
dissipative, due to efficient EM energy transformation into high energy
gamma rays [12, 21]. These gamma-photons in the laser field may produce
electron-positron pairs via the Breit-Wheeler process [22]. Then the pairs
accelerated by the laser generate high energy gamma quanta and so on [18-20],
and thus the conditions for the avalanche type discharge are produced at the

intensity ~ 10 W/cm®. The occurrence of such "showers" was foreseen by
Heisenberg and Euler [14].

Relativistic mirrors may lead to an EM wave intensification resulting in an
increase of pulse power up to the level when the electric field of the wave
reaches the Schwinger limit when electron-positron pairs are created from the
vacuum and the vacuum refractive index becomes nonlinearly dependent on
the EM field strength. In quantum field theory particle creation from the
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vacuum under the action of a strong field attracts a great attention, because it
provides a typical example of non perturbative processes. In future, nonlinear
QED vacuum properties can be probed with such strong and powerful EM
pulses.

3 Flying Mirror Concept: Towards Extreme EM Field Limits

The concept of flying mirror is based on the fact that an EM wave reflected
off a moving mirror undergoes frequency multiplication with the

multiplication factor (1+ f,,)/(1—,,) in the limit S, — 1 proportional to

the square of the Lorentz factor of the mirror, y,, = (1 - B )1/2 . It makes this

effect an attractive basis for a source of powerful high-frequency radiation.
Here S, =v,,/c is calculated for the mirror velocity, v,,. There are several

other schemes for developing compact, intense, brilliant, tunable X-ray
sources by using the relativistic mirrors formed in nonlinear interactions in
laser plasmas, whose realization will open new ways in nonlinear
electrodynamics of continuous media in the relativistic regime (see articles,
Refs. [2, 23-28]).

The interaction of regular nonlinear structures (such as EM solitons,
electron vortices, and wake Langmuir waves) with a strong wake wave in a
collisionless plasma has been proposed as a method for producing ultrashort
EM pulses [24]. The EM field of the nonlinear structure is partially reflected
by the electron density modulations of the incident wake wave and a single-
cycle high-intensity EM pulse is formed. Due to the Doppler effect the length
of this pulse is much shorter than that of the nonlinear structure.

Dense laser-driven electron sheets accelerated by the laser pulse interacting
with a thin plasma slab are considered as relativistic mirrors for coherent
production of brilliant X-ray and gamma-ray beams [25-28].

3.1 Flying Mirror with the nonlinear wake waves

Here we consider the flying mirror [2] based on utilization of the wake
plasma waves. It uses the fact that the dense shells formed in the electron
density in a nonlinear plasma wake, generated by a laser pulse, reflect a
portion of a counter-propagating EM pulse. In the wake wave, electron
density modulations take the form of a paraballoid moving with the phase
velocity close to the speed of light in vacuum [29, 30]. At the wave breaking
the electron density in the nonlinear wake wave tends towards infinity. The
formation of peaked electron density maxima breaks the geometric optics
approximation and provides conditions for the reflection of a substantially
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high number of photons of the counter propagating EM pulse. As a result of
the EM wave reflection from such a "relativistic flying mirror", the reflected
pulse is compressed in the longitudinal direction. The paraboloidal form of
the mirrors leads to a reflected wave focusing into a spot with the size
determined by the shortened wavelength of the reflected radiation (Fig. 1).
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Fig. 1. a) Flying Mirror Concept. b) Paraboloidal modulations of the electron density
in the plasma wake wave. c) The electric field pattern of the laser pulse driver and of
the reflected EM wave. Inset: The reflected EM pulse intensity is increased, it is
focused and its frequency is upshifted [2].

The key parameter in the problem of the Relativistic Flying Mirror (RFM) is
the wake wave gamma factor, 7, , which plays a role of the reflecting

mirror gamma factor, y,, . The number of photons back reflected at the

/3

density singularity of the form n(x) x> is proportional to ;/;Z"W (for

details see Ref. [31]), which results in the reflected light intensification

l/lozyih,W(S/ﬂn)z' (1)

Here § is the transverse size of the laser pulse efficiently reflected at the
RFM. The reflected pulse power is the same as in the incident pulse = .
If the singularity can be approximated by the Dirac delta-function,
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n(x) ~ o(x), the reflection coefficient is proportional to }/;Z,W with reflected

light intensification [2]

1/10:87/;h,W(S/ﬂ‘0)2' (2)

The reflected pulse power increases as 2 = Ay . .

This mechanism allows generating extremely short, femto-, attosecond
duration pulses of coherent EM radiation with extremely high intensity.

3.2 Experimental demonstration of frequency multiplication in nonlinear
interaction of two counter-propagating laser pulses

A demonstration of the Flying Mirror concept has been accomplished in
the experiments of Refs. [3,4]. Two beams of terawatt laser radiation
interacted with an underdense plasma slab. The first laser pulse excited the
nonlinear wake wave in a plasma with parameters required for the wave
breaking. The achievement of this regime was verified by observing the quasi-
mono-energetic electron generation and the stimulated Raman scattering. The
second counter-crossing laser pulse has been partially reflected from the
relativistic mirrors formed by the wake plasma wave. EM pulses with a
duration of femtoseconds and wavelengths from 7 nm to 15 nm were detected
(see Fig. 2).

MNoir, Ligr - . . . ’ ; 5 s . Mg arb. u.
. S [
4x10 | \

i b) I REU
20 |+ —_— 0.75
:. PR Iu-‘x(l
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Y i

o E: 400 200 0 o él:lt-; -—r_ fs
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Fig. 2. a) Reflected photon numbers in 24 shots. b) Dependence of the reflected
photon number on the source delay and the vertical misalignment §y . The gray scale

denotes the normalized reflected photon density, n,,» (st pm ps)"; the contour lines
are separated by 0.33 [3,4].

The experiments with the 0.5 J, 15 TW laser in the counter-propagating
configuration [5] demonstrated dramatic enhancement of the reflected photon
number in the extreme ultraviolet wavelength range, Fig. 3. The photon
number (and reflected pulse energy), is close to the theoretical estimate for the
parameters of the experiment.
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Fig. 3. Spectra in the diffraction order of m=1 (black) and m=-1 (red) [5].

These results demonstrate the feasibility of constructing sources of
coherent X-ray radiation with the parameters that are tunable in a broad range
of frequencies [5].

3.3 Double-Sided Relativistic Mirror: EM Pulse Compression and
Boosted High Order Harmonic Generation

A property of the foil accelerated to relativistic energies by a laser pulse to
act as a relativistic flying mirror can also be used in a co-propagating
configuration for highly efficient ion acceleration [35-37]. The EM radiation
reflected back by the co-propagating relativistic mirror has almost negligible
energy compared to the energy in the incident laser pulse, i.e. the laser energy
is almost completely transformed into the energy of fast ions with the ion
energy per nucleon turning out to be proportional in the ultrarelativistic limit
to the EM pulse energy. A high-density thin plasma slab, accelerating in the
radiation pressure dominant regime by an ultraintense EM wave, reflects a
counter propagating relativistically strong EM wave, producing extremely
time-compressed and intensified radiation [38, 39]. The reflected light
contains relativistic high order harmonics (HOH) generated at the plasma slab,
all upshifted with the same factor as the fundamental mode of the incident
light.

The accelerating double-sided mirror (DSM) (Fig. 4) efficiently reflects the
counterpropagating relativistically strong EM wave [38]. The role of the
mirror is played by a high-density plasma slab accelerated by an ultraintense
laser pulse (the driver) in the radiation pressure dominated regime [35-37],
when a thin plasma slab with the Lorentz factor y,, 1 reflects the co-

propagating driver, taking a substantial fraction of its energy, ~1—y,; . The

plasma slab acts as a mirror also for counterpropagating relativistically strong
EM radiation, transferring the energy to the reflected light. Exhibiting the
properties of the sliding and oscillating mirrors [40, 41], the plasma slab
produces relativistic HOH. In the spectrum of the reflected radiation, the
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fundamental frequency of the incident radiation and the relativistic HOH
generated at the plasma slab are multiplied by the same factor, ~4y;, .

Driver 2 A Source (1)

V) reflected
reflected A

Dy """'}‘i"hﬁ il (1)

Fig. 4. The accelerated double-sided mirror. Frame I: The reflected EM pulse contains
relativistic harmonics, all upshifted with the same factor as the fundamental mode of
the incident light. a) The electric field y and z components of driver and source pulses,
respectively, and the ion density (black). b) The ion energy spectrum (curve) and
angular distribution (gray scale). c) The electric field z component: the first two
reflected cycles overlapped with the source pulse. Frame II: a) The electric field

component £ along the x axis representing the reflected radiation (emitted in the x

axis direction). b) The corresponding spectrum. Dashed curves: the odd harmonics
frequency multiplied by the factor (1+ 8,,)/(1- p,,) [38].

The particle in cell simulations [38] show that in the interaction of the
driver laser pulse with thin foil target (Fig. 4 a) the ions are accelerated, as
seen from the ion energy spectrum in Fig. 4 b. The accelerating plasma
reflects the source pulse, which becomes chirped and compressed (Fig. 4 ¢
and Frame II).

As the mirror velocity, ¢, , increases, the reflected light frequency grows

as o,(1+4,,)/(1—-p,,) ; thus, the electric field profile along the x axis

becomes more and more jagged (Fig. 4, frame II). At the beginning, the
magnitude of the reflected radiation is higher than that of the incident source,
due to an enhancement of the reflectivity of the plasma slab compressed under
the radiation pressure exerted by the driver and source pulses. In an
instantaneous proper frame of the accelerating mirror, the frequency of the
source pulse increases with time; thus, the mirror becomes more transparent.
Correspondingly, the source starts to be transmitted through the plasma more
efficiently, as seen in Fig. 4 a. The reflected radiation has a complex structure
of the spectrum. It contains not only the frequency-multiplied fundamental
mode of the source pulse but also HOH. Frame II in Figure 4 shows the
modulus of the spectrum, |/ ()|, of the £, component of the EM radiation

emitted in the direction of the x axis, taken for each moment of time.
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In the DSM concept, the reflected EM radiation consists of the
fundamental mode and high harmonics, all multiplied by the factor~4y;, ,
where the Lorentz factor of the plasma slab, y,,, increases with time. The

reflected radiation is chirped due to the mirror acceleration.

For the mirror velocity above some threshold, in the mirror rest frame of
reference, the average distance between electrons becomes greater than the
incident wavelength. The reflection is no longer coherent, i.e., the reflected
power becomes linearly proportional to the number of particles. Even with
this scaling the interaction can provide efficient generation of x-ray pulses via
backward (nonlinear) Thomson scattering due to the large number of electrons
in a solid-density plasma. We estimate the reflected radiation brightness in
two limiting cases. For 2y, <(n4))"®, the reflection is coherent and the

brightness is
B,~ ( @) /4’ ‘c, 3)
where @, is the reflected photon energy and | is the source pulse energy.

For larger };,, the interaction becomes incoherent. Assuming that the EM
radiation is generated via Thomson scattering, we obtain

B, ~a, J( @)'r /87" . 4)

For example, if | =10J, 4, =0.8um, o, =1 keV, then the brightness of
the coherently reflected pulse, B,, ~0.8x10* photons/mm? mrad®s, is orders

of magnitude greater than any existing or proposed laboratory source [42]. For
the same parameters of the source pulse and, @ =10keV and intensity of the

driver pulse equal to 7~10" W/cm®> , we have for the brightness of
incoherently scattered pulse B, ~3x10% photons/mm’ mrad’s.

3.4 Comparison with presently available X-ray sources

Table 1 presents a comparison of the parameters of various X-ray sources
including the sources based on the Flying Mirror concept.

In Fig. 5 we present a plot with the peak brightness of various light sources
including the x- and gamma-ray sources based on the Relativistic Flying
Mirror mechanism and on the Double Sided Mirror. The x- and gamma-ray
brightness on axis is remarkable: it is comparable or exceeds almost all other
sources (for 10 J, 0.8pum source pulse).
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Table 1. Comparison of Flying Mirror parameters with typical parameters of presently

available coherent X-ray sources.

X-ray Wavelength Pulse Pulse Mono-
source duration | energy | chromaticity | Coherence
(AM/A)
XFEL <0.1 nm 50 fs 100 puJ 10° spatial good
Plasma | 13.8 nm 7 ps 10 puJ 10* spatial good
XRL
spatial and
HHG |5nm-40nm | 100 1 10%-107 temporal
attosec good
Flying 10°- 10" spatial and
Mirror | 0.1 nm—40nm | <l fs 1 mJ temporal
good
Coherent
N, < N,
~ Double-Sided
; Mirror
10 . Incoherent
10 [ CH PN o N,
L »
1079 — D gy XL

L~ "= Flying Mirror

Saturated XAls

1027 f—
102
1028
10
1019
1017

1015 |spring 8 Ben

Peak Brightness [Ph.Amm? x mrad? x s x 0.1% bandwidth)]

Al
1012

1011 —

109

0
102 102 101

100 101 102

100 104

X-Ray Energy (keV)

Fig. 5. Peak brightness of various light sources, including the x-ray source based on
the interaction between the laser pulse with the Relativistic Flying mirror and Double
Sided Mirror in coherent and incoherent regimes.
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4 Probing Nonlinear Vacuum

4.1 Electron-positron pair creation from vacuum

Understanding the mechanisms of vacuum breakdown and polarization is
challenging for nonlinear quantum field theories and for astrophysics [34].
Reaching the Schwinger field limit at Earth conditions has been considered as
one of the most intriguing scientific problems. Demonstration of the processes
associated with the effects of nonlinear QED will be one of the main
challenges for extreme high power laser physics [8].

Vacuum nonlinearity is determined by the Poincare invariants

F F/“’ 2_ 2 F g/-‘VPO'F .
=o' EF e Twf Lw _EB
4 2 4 2

)

Here F, =0,4,—0,4, is the electromagnetic field tensor, 4, is the
electromagnetic field 4- vector potential, and £“"7 is the fully antisymmetric

unit tensor where 4, v, p,0 are integers from 0 to 4. Electron-positron pair

creation from vacuum by the EM field [15] is a tunnelling process (see Fig. 6)
with the probability per unit volume in unit time given by

22
W, = ezE s ebcoth(ﬁ—bjexp(—z). (6)
4 “c ¢ ¢

Here ¢ and b are the normalized invariant electric and magnetic fields in the

frame of reference, where they are parallel: ¢ :\/«/32 +&° +F/E, and

b= NNSZ +®’ —F /E,. When ¢ — 0, the probability W. _ tends to zero.

For b — 0 we have

e’E; r
w. = 2—52022 exp(—;j. (7)
If the EM field varies sufficiently slowly in space in time, i.e. the
characteristic scale of this variation is much larger than the characteristic scale
of pair production process (it is given by the Compton length), then the field
can be considered as constant in each point of 4-volume and the number of
pairs is equal to

Ny =W, d', ®)

where the integration is performed over the 4-volume.
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Since the pairs are produced near the maximum of the electric field, we
express EM field dependence on time and space coordinates locally as

ezem(l—x2/2l§—y2/2lj—22/2122—t2/22'2), )

and substitute it into Eq. (7) for the probability . . Integrating it over the

4-volume according to Eq. (8) we obtain for the number of pairs [43]

crl 1l V4
N, :Wafn exp(——j. (10)

m

o £ =+ Jpc’ +mic’ - eEz

E =-pc’ +mic’ -eEz™

z

Fig. 6. The energy is plotted against the momentum and coordinate (the electric field
E is parallel z-axis). The solution to the Dirac equation [13] shows that the y -
function is large only in the regions I and III. In the region II, it decreases
exponentially. Therefore the transmission coefficient through region II calculated in
[13], which gives the pair creation probability, has the order of magnitude

exp(—zm’c’ /e E), see Ref. [14].

Pair creation requires the first invariant § be positive. This condition can
be fulfilled in the vicinity of the antinodes of colliding EM waves, or/and in
the configuration formed by several focused EM pulses, [44]. Near the focus
region this configuration can be modeled by the axially symmetric 3D
electromagnetic field comprising time-dependent electric and magnetic fields.
As is known, in the 3D case the analog of a linearly polarized EM wave is the
TM mode, with poloidal electric and toroidal magnetic fields. The analog of a
circularly polarized EM wave is the TE mode, with toroidal electric and
poloidal magnetic fields. The EM configurations approximating the EM fields
found in Ref. [44] near the field maximum are described by the solution to
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Maxwell’s equations in vacuum and expressed in terms of Bessel functions
and associated Legendre polynomials. The EM fields for the TM and TE
modes and the first Poincare invariant are shown in Fig. 7. The second

invariant, & = (E -B ) , 1s equal to zero, i.e. b =0 for this EM configuration.

« b)

Fig. 7. a) The vector field shows 7 - and z-components of the poloidal electric field in
the r,z plane for the TM mode and 7 - and z-components of the poloidal magnetic field

in the 7,z plane for the TE mode. The color density shows the toroidal magnetic field
distribution, B¢(r, z), in the case of the TM mode and the toroidal electric field

distribution, E ¢(r, z), in the case of the TE mode. b) The first Poincare invariant /§

normalized by the dimensionless laser amplitude aé . for the TM mode:
O (1,2=0,t=0). ¢) §,,(r,z,t=0). d) §,(r,z=0,t=0) for the TE mode.

The coordinates are normalized by k, = @,/ c.

For the TM mode, in cylindrical coordinates r,¢,z the z-component of
the electric field oscillates in the vertical direction, the ¢ -component of the

magnetic field vanishes on the axis being linearly proportional to the radius,
and the radial component of the electric field is relatively small.
Using expression for the probability of electron-positron pair creation,

Eq. (6), and expanding ;§,,,(7,z,t)in the vicinity of its maximum, we find

that the pairs are created in a small 4-volume near the electric field maximum
with the characteristic size along the » -, z -, and 7 -direction of about:

5 1/2 10 1/2 5 1/2
51’%7&0( aoj ,5zz7lo( aoj ,5tza)01( GOJ : (11)
mag mag mag
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The normalized Schwinger field, a, , can also be written as

a,=mc’/ @,~5.1x10° for a wavelength of 800nm. As shown in [44] the

first pairs can be observed for an one-micron wavelength laser intensity of the
order of 7 ~2.5x10° W/cm®, which corresponds to a,/a, =4x107, i.e. for a

characteristic size approximately equal to &r ~0.04 4, .

4.2 Electron-positron gamma-ray plasma generation via the multi-photon
Breit-Wheeler process

An electron oscillating along an electric field emits high frequency EM
radiation with the power and maximum radiation frequency proportional to
the square of electron energy: ~¢,  wym,c’y> /2. Although an electron moving
along the oscillating electric field loses energy, radiation friction effects may
become important only at a,, =2¢ ! , i.e. at the electric field E, =3m’c*/¢e’,
which is of the order of the critical electric field of classical electrodynamics,
and more than 400 times larger than the Schwinger field, i.e. the radiation
losses in the linearly polarized EM mode can be neglected.

In a linearly polarized oscillating electric field the maximum frequency of

emitted photons, @, , is proportional to ¥,, and, therefore, quantum effects
should be incorporated into the theoretical description at the electron energy
corresponding to the gamma-factor y, > mec2/ @, which is above the
Schwinger limit. We see that in the case of electron motion in a linearly
polarized oscillating electric field neither radiation friction nor quantum recoil
effects are important.

Reaching the threshold of an avalanche type discharge with electron-
positron gamma-ray plasma (EPGP) generation via the multi-photon Breit-
Wheeler [22] process discussed in Refs. [18-20] requires high enough values

of the parameters y, and y, defined above. The probability of electron-

positron pair creation in the multiphoton Breit-Wheeler process when the
incident photon polarization is parallel to parallel to the EM wave
polarization is given by [17]

(Xy em, 203 J‘d\lfj‘duj.d (2u/xys1n\|1)

uo\/u(u 1) (12)

{(1+ rz)Aiz(y) + (Xy siny/2u) (u—D[ yAP(y) +Ai'2(y)]},

expressed in unite of inversed time, s, with y = (2u/ ;(7)2/3(1+12) and
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the Airy functions, Ai(x)=m"3""K,,(2x**/3). In the limit of small

parameter ¥, 1 the rate of the pair creation is exponentially small,

3 em?c’ X 2 8
Wiy )=—-—""Tr" | 20| expl ——— | | 13
() 2 o (mj p( 3xyj (13)

In the limit », 1 the pair creation rate is given by

W (x,)= (14)

567° ‘w 2

e
Here @, is the energy of the photon which creates an electron-positron pair.

27T7(2/3) e’m’c’ (3)(7 jm

Since for the large y,, the photon is emitted by the electron (positron) in a
narrow angle almost parallel to the electron momentum with the energy of the
order of the electron energy, the parameters y, and y, are approximately

equal to each other, although this is not necessarily so in the limit when the

electron emits photons according to classical electrodynamics, i.e. when
7, <(mc’/ a)o)”2 =af§/2 . The parameter y, can be expressed via the

electric and magnetic fields and electron momentum as
E BY EY
R e I = (15)
E, mcE m,cE

In order to find the threshold for the avalanche development we need to
estimate the QED parameter y,. The condition for avalanche development

corresponding to this parameter should become of the order of unity within
one tenth of the EM field period (e.g. see Ref. [18-20]). Due to the trajectory
bending by the magnetic field the electron transverse momentum changes as

p, ~(a,/8)k,0r(awyt)’, where Sr is given by Eq. (11). Assuming @t to be
equal to 0.1 77, we obtain from Eq. (12) that y, becomes of the order of unity,
i.e. the avalanche can start, at a,/ag = 0.08, which corresponds to the laser
intensity 7 ~2.5x10” W/cm® . At that limit the Schwinger mechanism
provides approximately 10 pairs per one-period of the laser pulse focused to a
A; region. The first electron-positron pairs can be seen at one order of
magnitude lower intensity, 7 ~2.5x10* W/cm® (see Ref. [43,44]).

In the case of two colliding circularly polarized EM waves, the resulting
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electric field rotates with frequency @, being constant in magnitude. The

radiation friction effects incorporated in the relativistically covariant form of
equation of motion of a radiating electron [44] result in

u 2
meczdL=eF”Vuv +2ig“. (16)
ds 3c

Here the radiation friction force in the Lorentz-Abraham-Dirac form is
determined by g* =d’u" /ds> —u"(du" /ds du, | ds), u,= (7/,p/mec) is
the four-velocity, and s is the proper time, ds =dt/y .

The power emitted by the electron is proportional to the fourth power of
the electron energy ~& ,aymc’y}. This is a factor of )/62 larger than in the
case of linear polarization. The frequency spectrum has a maximum frequency
of 0.29><a)0}/3 proportional to the cube of the electron energy. This is a

factor of y, larger than in the case of linear polarization. For the electron
rotating in the circularly polarized colliding EM waves the emitted power
becomes equal to the maximal energy gain at the field amplitude a, > g’

rad
corresponding to the laser intensity /~4.5x10* W/cm® . In this limit the
radiation friction effects should be taken into account.

Fig. 8. Electron moving in the rotating electric field of colliding circularly polarized
EM waves emits EM radiation. The angle ¢ between the electron momentum and

electric field is determined by Eq. (17).

In order to do this, we represent the electric field and the electron
momentum in the complex form: E=FE +iE =E exp(-iay) and
p=p,+ip. = p, exp(—iat —ip) , where ¢ is the phase equal to the angle
between the electric field vector and the electron momentum (see Fig. 8). In
the stationary regime the radiation friction force is balanced by the force

acting on the electron from the electric field. The electron rotates with
constant energy. The equations for the electron energy have the form
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=D+, ad  tanp=——  (17)

rad/ e

with 7, =\ll+(pl/ mc)’ . In the limit of weak radiation damping,

-1/3
a, &

rad >

the absolute value of the electron momentum is proportional to
the electric field magnitude, p, =m,ca,, while in the regime of dominant

radiation damping effects, 1e. at a, 8;133 , 1t 1is given by

p, =mc(a,/e,,)"" . For the momentum dependence given by this

expression the power radiated by the electron is mecza)oao, 1.e. the energy

obtained from the driving electromagnetic wave is completely re-radiated in

the form of high energy gamma rays. At a, ~ 8;0;;3 we have for the gamma

photon energy @, ~0.45 a)o(mec3/ez). For example, if a, z&‘r_az,/} and

a, =400 the circularly polarized laser pulse of intensity / ~4.5x10” W/cm®

generates a burst of gamma photons of energy about 20 MeV with the
duration determined either by the laser pulse duration or by the decay time of
the laser pulse in a plasma.

a) )
P P \
K o
p A -
// kr
, 7/

Fig. 9. Feynman diagrams of photon emission by a) an electron, and b) of the
electron-positron pair production by a photon in an electromagnetic wave.

¢) Avalanche type EPGP discharge in an EM wave F ls » Tesulting in the inducing of the

polarization electric field £ ;.

In the regime when the radiation friction effects are important, i.e. when

a, gr_alf , the angle @ between the electron momentum and the electric

/4 .
, 1. e. the electron moves almost

field is small being equal to - (&, a,)
opposite the electric field direction. The electron momentum is given by

p, =mc(a,/¢€,,)"". This yields an estimation y, ~(a,/a.&,,)"”. This
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becomes greater than unity for a, > agem , 235X 10, which corresponds to

the laser intensity equal to 6x10* W/cm® . This is the condition of the

electron-positron avalanche onset. We see that the radiation friction effects do
not prevent the EPGP cascade to occur in the case of circularly polarized
colliding waves, Fig. 9.

5 Possibility of Nonlinear Vacuum Probing with Present - Day
Laser Systems

5.1 Approaching the Schwinger field limit

Using the expression for the reflected pulse intensity (1) and (2), we obtain
that the interaction of two laser pulses with energies 10 kJ and 30 J,

respectively, counterpropagating in a plasma with a density =10 cm™ can
result in a light intensification of up to ~ 10* W/cm® This corresponds to the
generation of an electric field with a value close to the nonlinear QED limit,
E , when electron-positron pairs can be created in vacuum.

Experiments utilizing the EM pulse intensified with the Flying Relativistic
Mirror technique may allow studying regimes of higher-than-Schwinger fields,
when £ > E . This may be possible because the light reflected by the
parabaloidal FRM is focused into a focus spot moving with a relativistic
velocity and is well collimated within an angle 1/y,,, , [2]. The wave
localization within the narrow angle corresponds to the fact that the wave
properties are close to the plane wave properties to the extent of the smallness
of the parameter 1/, , . In this case the first Poincare invariant of the EM

field, ;f , has a value of the order of E*/ 27/}27,1’”,. The second Poincare

invariant, & , vanishes. Therefore the electric field amplitude in the reflected
EM wave can exceed the Schwinger limit by factor 7, .

We note that a tightly focused EM wave cannot reach an amplitude above
E, due to the electron-positron pair creation [20] leads to the scattering of

the EM wave. While creating and then accelerating the electron-positron pairs
the laser pulse generates an electric current and EM field (see Fig. 9 ¢). The
electric field induced inside the EPGP cloud with a size of the order of the

laser wavelength, 4, can be estimated to be £, =27e(n, +n_)4,. Here

n, ~n_ are the electron and positron density, respectively. Coherent
scattering of the laser pulse away from the focus region occurs when the
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polarization electric field becomes equal to the laser electric field, £, = £, .

This yields for the electron and positron density n, ~n_=E, /4xel,. The

particle number per 4, volume is about @yA,/7,. This is a factor a, smaller

than required for the laser energy depletion, which has been considered in
[18,19,46] as a reason preventing from reaching the Schwinger field.

The nonlinear dependence of the vacuum susceptibilities on the
electromagnetic-field amplitude results in the finite value of the Kerr constant

of vacuum. It can be found to be K, =(7a/ 907[)( >/ mecﬂo), where

a=e/ c is the fine structure constant [2, 47]. The Kerr constant of the
vacuum for A, = 1m is of the order of 10" cm’/erg.

In the QED nonlinear vacuum two couter-propagating electromagnetic
waves mutually focus each other [48]. The critical power , cE*S. /4 ,
where S, is the laser beam waist, for the mutual focusing is equal to

. (90/28)cE: 2/ . For A,=lum it yields , 2.5 10*W,

which is beyond the reach of existing and planned lasers. Fortunately, if we
take into account that the radiation reflected by the FRM has a shortened

wavelength, 4. =4,/ 47/}27h,W and that its power is increased by a factor 7,

we may find that for y,,, ~30, ie. for a plasma density 3 10" cm”,

nonlinear vacuum properties can be seen for laser light the incident on the
FRM with a power of about 50 PW.

This makes the Flying Relativistic Mirror concept attractive for the purpose
of studying nonlinear quantum electrodynamics effects.

5.2 Multi-photon creation of electron-positron gamma-ray plasma in
ultrarelativistic electron beam collision with the EM pulse

Here we discuss requirements for experimental realization of abundant
electron-positron pair creation in the PW class laser interaction with
relativistic electron beam of moderate energy.'

In the experiments [49] on the 527 nm terawatt laser interaction with 46.6
GeV electron from SLAC accelerator beam positrons were observed. The
positrons were generated in a two-step process in which laser photons were
scattered by the electrons and then arising high-energy photons collided with

" Theoretical material of this part is mainly based on review article [50] and
qualitative picture drawn in Ref. [51].
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several laser photons to produce an electron-positron pair. This corresponds to
the multiphoton Breit-Wheeler process,

Naoy+w, —e'e, (18)

where N is the number of laser photons colliding with the gamma-photon to
produce the pair.

The parameter y, , which determines the probability of the electron-
positron pair creation by photon (see Eq. (12-14)), is equal to
2 2 2 2 — —
,Q(Fyv p,) E o oo, @0, . (19)

~ =a =a
2 2 4 2 4
m,cE E mc m.c m;c

Xy =

The r.h.s. term of this expression explicitly shows relativistic invariance of
X, - It becomes of the order of unity for the energy of the photon which

creates an electron-positron pair equal to

2
o, =mc? (20)
2 wa

Using this expression we can find the number of laser photons N,
required to create the electron-positron pair. In the reference frame where the
electron-positron pair is at the rest we have a relationship N,@, = @, , which

gives N, =, /@, = o, / 46007/2 . Here tilde used for quantities in the pair rest
frame and y corresponds to the Lorentz transformation to this frame. For the
photon energy we have N, @,= mec2 . Since @, = mec2 and

@y, = Wy, = mc’ X,/ ’a we find y = ;(ymec2 /2 @ya, which yields
N =2, Q1)

Probability of the pair creation by photon is given by Egs. (13, 14). In the
region of y ~1 , it is of the order of W~ 0.1e’'m’c’/ 30)y

= O.loc(mecz/ )( o)o/mecz)a. The mean free path of the photon of the
energy @, before pair creation is equal to /, . =c/W,

M o (22)

"0 2naa a
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It is about 2um for @ =107,

Now we estimate the parameter y, value, which characterizes the

nonlinear Compton scattering (see Eqgs. (15)). We consider the electron
interacting with the plane EM wave. As a result of the interaction with the
laser pulse the electron, being inside the pulse, acquires longitudinal and
transverse momentum components. Using solution presented in Ref. [45], we
find that the component of the electron momentum along direction of the laser
pulse propagation can be found from the equation

(mc +m’c’a’ + p)"? —p =(m2c® + py) "+ p, |. (23)

We use the conservation of generalised momentum which yields for the
component of the electron momentum parallel to the laser electric field:

p, =amyc . The x-component of the electron momentum before collision
with the laser pulse is negative and equal to —| p, |. For a plane EM wave
propagating along the x-axis with E = E(x—ct)e, and B=E(x—ct)e_,

where £ =c'A'(x —ct) and A(x—ct) is the y-component of the 4-vector
potential and prime denotes differentiation with respect to the variable x —cf,
the invariant y, given by Eq. (15) takes the form

E
z;—(n——px j (24)
E; m,c

Substituting expression (23) to Eq. (24) we obtain

ﬂ{(MSczwé)mﬂpol}:a ) {(m502+p§)l/2+lpol} 05

2
E, m,c m,c m,c

Ze:

For 1 um petawatt laser pulse focused to a few micron focus spot the ratio

a =10" the parameter X, becomes equal to unity for y, =2.5x 10°, i.e. for

the electron energy of about of 1.3 GeV.

The gamma-ray photons depending on the parameters of the laser-electron
interaction can be generated either via nonlinear Thomson scattering in
classical electrodynamics regime or via multiphoton inverse Compton
scattering, when the quantum mechanical description should be used.

5.2.1 Gamma-ray photon generation via the nonlinear Thomson scattering

At first we analyze nonlinear Thomson scattering. We consider a head-on
collision of an ultrarelativistic electron with a laser pulse. The laser
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ponderomotive pressure pushes the electron aside the pulse and it is changing
the longitudinal component of the electron momentum too. In the electron rest
frame the laser pulse duration is 7, ~ 7, V1 +a’/ 2y,. The electron is not
scattered aside by the laser ponderomotive force provided its energy is large
enough,

y,>cr,al2w,, (26)

where w, is the focus width. As we see, for one-micron, 1 PW, i.e a = 102,
30 fs duration laser pulse focused to one-wavelength spot this condition
requires ¥, > 500, ie. the electron energy above 250 MeV. Further we

assume that this condition is respected.
When a counter-propagating electron collides with the laser pulse its
longitudinal momentum decreases. According to Eq. (23) it is equal to

azmec
20(mic* +py) "+ p 1
In the boosted frame of reference where the electron is at the rest the laser
frequency is related to the laser frequency in the laboratory frame, @, as [52]

px:_|p0|+mec (27)

(see also Ref. [53] where nonlinear Thomson scattering is discussed)

~ _ 0 ’1_ﬂo
C()o_\jl_i_a2 1+ﬂ0, (28)

where f3) = po/»\/mfcz + pé . Characteristic frequency of the radiation

emitted by the electron in this frame of reference is equal to @, =0.3@,a’,

[54]. The photon energy, @, =0.3 @’ , satisfies condition (20) for
a= «fmecz /0.3 @, , which corresponds to the parameters when the QED

description should be used. For lower laser amplitudes the photon generation
can be described by the nonlinear Thomson scattering process. The power
emitted by the electron in the field of a linearly polarized EM wave is equal to

2

_ 3
Pze—a)ozaz(1+—a2j. (29)
c 8
Dividing it by the typical energy of the emitted photon, @, =0.3 @a’,
and multiplying on 277/ @, we find the number of photons emitted by the
electron during one wave period,
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N z%zaa. (30)

r

The photon energy in the laboratory frame of reference is

3
w, =03 @, — zﬂzl.Z @,ay, . (31)
l+a” 1+ B,

We note that in the interaction of a GeV electron with a PW laser pulse the
radiation friction effects must be incorporated. Since for the parameters under
consideration the radiation friction force is weaker than the Lorentz force we
shall consider it as a perturbation. This approximation corresponds to the

Landau-Lifshitz form of the radiation friction force [45],

Mo 262 |:8F#V uu, — ez 2 (Fﬂ/va;Luv +(Fvﬂul)(FWu’()u# )j| (32)

- 3 A
3me’| xt " me

Retaining the main order terms in Egs. (16) and (32), we obtain equation
for the x-component of the electron momentum

dp 2 p2
r=—g wa (2t)—.
dt rad @ ( )mc

e

(33)

Its solution is given by

p.(0)m.c
mec + grada)opx (O)Iot az (Zt ')dt‘

p.(H)= (34)

If we assume a dependence of a(t) of the form a(t) = a,exp(—t>/27%),
Eq. (34) can be rewritten as

p,.(0)mc

mc+é&,,,0,p,(0)rag\m/32 [erf (\Et/r) — 1} .

p.()= (35)
Here erf (x) is the error function equal to erf (x) = («/; / Z)J.Ox exp(—t>)dt .
Eq. (23) shows that for large enough p_ (O)z‘ao2 the electron momentum tends

to the limit of p (¢) > 7/ 8(mec/ £,y OyTay ) in accordance with the
t—x©

theory formulated in Refs. [45, 55] and numerical solution of the equations of
the electron motion in the laser field with the radiation friction effects taken
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into account [52]. For a, = 10% and @,7 = 6 the electron momentum is about
p,(00)/m,c=500.

a) b)
5 2500
2500 : alx. 1, ; ¥ afe Xy
4 He—
- -
a4 — 05 a — 05
1000 100 1000 100
0 0 0 0
5 0 5 -5 0 5

t t

Fig. 10. Time dependence of the electron and photon parameters for a GeV electron
beam interaction with a PW laser pulse: the electron energy - black; parameter y -

blue; laser pulse profile, parameter x, - green, a, =100- red. The frame a) corresponds
to the Gaussian pulse and the frame b) corresponds to the super-Gaussian pulse with the
index=4.

In Fig. 10 we present the time dependence of the electron and photon
parameters for a GeV electron beam interaction with the Gaussian PW

(a, =150, 7 =9 f3) laser pulse, when the ponderomotive force and radiation

friction effects are incorporated into the electron equation of motion (16, 32).
The electron energy before and after the interaction with the laser pulse equals
125 GeV and 025 GeV, respectively. The  parameter

2.(t)=2(a(t)/ag)(p (t)/m,c) reaches the maximum value of 0.5 inside
the laser pulse. The parameter y,(¢)~(a(?)/az)(ha,(1)/ m,c”) with
o, (1) =0.29 @, 7/0a3(l) reaches the maximum value of about 0.3. In the

electron interaction with the super-Gaussian pulse, a(¢) = a, exp(—t*/27"),

the parameters acquire higher values, 0.6 for y, and 0.4 for y, .

5.2.2 Gamma-ray generation via the multi-photon Compton scattering

For multi petawatt lasers with larger laser amplitudes of the focused light,
a> 3mec2 /2ha,y, =300, the gamma rays are generated in the multiphoton
Compton scattering of ultrarelativistic electrons,

Naoy+e—> o, +e'. (36)
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The kinematic consideration of the multiphoton reaction leads to the
relationship between the laser frequency, @, , and the frequency of scattered

photons, o, . In the frame of reference, where the electron is at rest, we have
(e.g. see [51])

Na,
— 2
1+(N @ 4 j(l—cos@)

> T
m.c 4

e

B, = : (37)

where @ is the angle between the laser pulse and the photon propagation
directions, and a is the normalized laser field. At @ — 7 the scattered
frequency tends to its maximal value = mecz/ . In the laboratory frame of
reference, the scattering cross section is maximal in the narrow angle in the

backward direction with respect to the laser propagation.
In the rest frame of the electron the intensity of radiation is given by

2.2
dl e'm’c’

u T 2 u’ .
TR Ty {.!Al(y)dy+;{l+m}Al(z)}. (38)

Here u=y,/ y, and z = (u/ Xo )2/3. At small u the intensity is proportional

to u'?, ie. [ (T);/3 , and at large u it decreases exponentially. The

maximum of the intensity distribution is at y, ~ ;(ez for y, 1 and at
X, ~x. if x, l,ieato, ~mc’al

Using expression (28) for @, we obtain that the parameter
X, =a ch)ocT)y/mjc4 equals y, =2y,a @,/mc’. At a=10" it becomes
of the order of unity for y, = 2.5x 10°. We see that the QED consideration

gives the same value = 1.25 GeV for the required relativistic electron energy
as in the case of the classical approximation corresponding to nonlinear
Thomson scattering.

5.2.3 Electron-positron generation in two laser beams interacting with plasmas

In order to construct a compact source of the electron-positron-gamma-ray
plasma it is desirable to produce gamma rays in collisions of the laser
accelerated electrons with the EM field of the laser pulse (see Fig. 11, where
three versions of the experimental setup are presented). As is known, the
required GeV range electron energy has been achieved in experiments
involving a 40 TW ultrashort laser pulse interaction with underdense plasma
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[56, 57]. The quasi-mono-energetic electron bunches have been generated in
the laser wake field acceleration process [58,59].

In the case of usage of the laser wake-field accelerated electrons, the bunch
is optimally synchronised with the laser pulse. In addition, the electron
density is substantially higher than in the beam of electrons produced by
conventional accelerators. For example, a typical microtron accelerator
generates 150 MeV electron beam with the charge of 100 pC and duration of
about 20 ps. Being focused into the 50 um focus spot it provides the electron
density n, = 10”cm™. As a result approximately 300 electrons can interact
with the laser pulse. According to Egs. (22) and (30) the maximal number of
electron-positron pairs which can be produced is equal to 300 per shot.
However, since for a PW range laser pulse the parameters y, and y, are
small compared to unity, the rate of electron-positron pair generation is
exponentially low. If we use the LWFA generated electron bunch with a

transverse size of several microns, with ten fs duration and with an electric
charge of 1 nC, approximately 10° electrons interact with the laser pulse. For

the parameters y, and y, equal to unity we may expect in the optimal case
the generation of approximately 10° pairs per shot.

Utilization of the EM wave intensified by the relativistic flying mirror to
collide with the LWFA accelerated electrons, as is shown in Fig. 11 ¢, can
increase further the efficiency of the electron-positron pair generation. In this

case the parameters y, and y, increase by a factor equal to y,, ; and can

exceed unity, thus providing conditions for the avalanche type prolific
generation of the electron-positron pairs.
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a)

e electron accelerator

POBBRDRRBOD D DD
tp— h

&
e laser pulse

Y-rays  electron bunch pulse#l
T TR A

+ laser

pulseif2 wake wave

Fig. 11. Schematic setup of the proposed experiment on the electron-positron pair
generation via the Breit-Wheeler process. a) Relativistic electron bunch collides with
the tightly focused laser pulse, b) Laser pulse collides with the LWFA accelerated
electron bunch. ¢) LWFA accelerated electron bunch collides with the ultra-high
intensity EM wave generated with the flying mirror.

Table 2 presents maximum values of the parameters y, and y, for

different regimes of the electron bunch interaction with laser light.
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Table 2. Peak values of the invariants , and y, for PW laser.

Microtron e LWFA e | LWFA e 1.25GeV
. 150 MeV 1.25GeV |+ FM EM  pulse
(Vo =3)
E/E, 3x107" 3x107* 1.5x107°
Z. 0.05 0.5 2.5
Z, 0.01 0.3 2.5

Conclusion

With the concept of the Relativistic Flying Mirror, relatively compact and
tunable extremely bright high power sources of ultrashort pulses of x- and
gamma-rays become realizable, which will allow for exploring novel physics,
for studying the processes of high importance for accelerator physics [60], and
for laboratory modeling of processes of key importance for relativistic
astrophysics [2,34]. The experiments in this field will allow modelling under
the conditions of a terrestrial laboratory the state of matter in cosmic Gamma
Ray Bursts and in the Leptonic Era of the Universe.

We thank N. B. Narozhny, K. Kondo, and S. Iso for discussions, and
appreciate the support from the MEXT of Japan, Grant-in-Aid for Scientific
Research (A), 29244065, 2008.
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Abstract. Generation of coherent x-ray radiation with plasmas at relativistic
intensities is a promising approach which can be scaled to shorter wavelengths
without being limited by ionization as in atomic harmonics and plasma x-ray lasers.
Here we report experimental results of the two approaches: frequency up-shifting with
a relativistic flying mirror and high order harmonic generation in underdense
relativistic plasma. Although investigations are in initial stages, both approaches are

promising for generating bright x-ray radiation in the xuv to x-ray regions.

1 Introduction

There have been significant advances to generate coherent radiation in the
EUV to x-ray regions in these 25 years. The plasma x-ray laser [1-3], which
was initially a large-laboratory size facility, has become very compact making
them suitable as user-friendly x-ray sources [4-6]. High order harmonic
generation with atomic gases now provides coherent radiation in the water
window region [7]. With free electron lasers, lasing in the EUV and x-ray
regions has been successfully demonstrated [8-10].

In addition to extending these studies, it is important to explore other

approaches to develop compact, coherent and bright x-ray sources [11] to
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meet the needs in various applications in science, biology and industry. One
of the promising approaches is to investigate the possibility to generate
coherent x-ray radiation based on relativistic nonlinear processes in plasmas.
The major advantage of this approach is that the wavelength of the coherent
radiation could be extended to shorter regions since the generation process is
not restricted by ionization of the atoms and the radiation energy scales
strongly with the laser intensity.

There have been various proposals and experiments to generate x-ray
radiation at relativistic intensities: relativistic nonlinear Thomson scattering
[12, 13], synchrotron radiation by laser-accelerated electrons in an ion channel
[14], high order harmonics in relativistic interaction at solid surfaces [15], x-
ray emission from electrons at radiation dominant regime [16], and frequency
up-shifting due to reflection from a relativistic flying mirror [17].

In this paper we will present two approaches to generate coherent radiation
from plasmas at relativistic intensities. The first is the frequency up-shifting
with a relativistic flying mirror which has been demonstrated at JAEA [18-20].
The second is the generation of high order harmonics in under-dense plasma

which has been observed recently.

2 Frequency Up-shifting with a Relativistic Flying Mirror

The new concept of light intensification towards the Schwinger limit has been
proposed by Bulanov et al [17]. In this concept, light intensification is
achieved when a laser pulse (“source pulse”) is reflected by a plasma wake
which is formed by an intense counter-propagating laser pulse (“driver pulse”).
Since the wake phase velocity v, is equal to the group velocity of the driver
pulse which is close to ¢ (the speed of light in vacuum), the frequency of the
source pulse ay is up-shifted to o~4y 2@, and the pulse duration 7 is
compressed to 7~7/47pn 2. Here %n 1s the relativistic factor 7/ph=[1—(vph/c)z]'l/2

for v,/c~1. Therefore the peak power will be increased by PX/PS:167ph4R,
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where R is the reflectivity of the plasma mirror. Furthermore the reflected
source pulse can be focused to a very small spot close to the diffraction limit
of the short wavelength radiation with frequency oy, since the surface of the

plasma wake becomes close to parabolic [17].
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Fig. 1. Frequency up-shift and pulse compression of a source pulse in reflection from

a wake wave generated with a driver pulse which moves close to the light velocity.

In order to test this concept, we have made two series of experiments with
(a) counter-crossing collision of 2 pulses [18, 19] and (b) head-on collision of
2 pulses [20]. The experimental arrangement of the first experiment is shown
in Fig. 2. A driver pulse of 180 mJ energy and 76 fs pulse width (1.8 TW peak
power) was focused to a 30 um-diameter spot (intensity of 5 x 10'” W/ecm?) in
a He gas jet with an electron density of N, ,,.,=3-6 x 10" cm™. This driver
pulse was collided in the plasma with a source pulse (11 mJ energy focused to
17 um diameter) which was incident to the gas jet from the counter crossing
direction at 45 degrees to the driver pulse. The spectrum of the source pulse
reflected from the plasma was recorded over the 5-15 nm spectral range with
a grazing incidence xuv spectrograph located on the axis of the driver pulse.
This is the direction expected for the reflected source pulse, considering the

relativistic effect. The spectrograph was protected from the driver pulse with
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two Mo/C multilayer filters and also from high energy electrons which were

deflected with a permanent magnet and monitored to measure their energies.
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Fig. 2. Experimental setup for observing reflection of a source pulse from a wake
wave generated with a driver pulse. The reflected pulse was observed with a
spectrograph on the axis of the driver pulse and the helium gas jet interaction region

was monitored with a probe laser pulse.

The most crucial part in this experiment was exact spatial and temporal
overlap of the driver pulse and the source pulse in the plasma. This was
achieved by taking shadowgraph with a probe laser pulse incident from the
side direction and also taking the plasma image from the vertical direction.

The xuv spectrograph has recorded the 14.3 nm signal which appears only
when the source and driver pulses overlap in the plasma to within 50-fs
temporal and 5-um spatial accuracies. The 14.3 nm wavelength A, is 56 times
shorter than the wavelength of the source pulse A;. By considering the 45-
degree collision angle, the relation Ay/A,=3.4y ph2 provides a Lorentz factor of
¥pn=4.1. This y value is consistent with the Lorentz factor estimated from the
observed electron energy of 19 MeV and also with the PIC simulation for the
present experimental condition.

More detailed aspects of the source pulse reflection from the moving

plasma mirror was studied in the second experiment, where the driver and the
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source pulses were collided head-on and the spectrum was monitored at 13
degrees from the driver pulse axis [20]. The driver pulse energy was increased
to 400 mJ providing the intensity at the focus of 3 x 10" W/cm”. Due to these
improved conditions, the photon number of the reflected signal has increased
significantly (4-5 orders higher than the first experiment) to 10°-10'" photons
within the detection angle of 5.7 msr, corresponding to the energy reflectivity
of the relativistic flying mirror of R=1.3~6 x 10™. This high reflectivity is in
close agreement with the theoretically estimated value and supports the
experimental observation that the plasma mirror is not fragmented but acts as
one smooth mirror.

Although further detailed investigation is necessary to study various factors
such as angular dependence, coherence and temporal profile of the reflected
radiation, these initial results are very encouraging to consider the relativistic
flying mirror as a new approach to generate coherent radiation at short
wavelengths. It is expected that this approach can be scaled to generate a
coherent atto-second pulse of mJ energy in the water window region, when

we use a source pulse of 1 J energy and y,,=10.

3 High-Order Harmonic Generation in Underdense Relativistic
Plasma

High order harmonics have been generated with atomic gases and solid targets.
Here we report our new observation of high order harmonics generated in
underdense plasmas at relativistic laser intensities. At the irradiation intensity
of 6.5 x 10" W/cm® in vacuum, resolved harmonics with the wavelength
down to 7 nm (harmonic order of > 100) and unresolved spectra down to 4 nm
(harmonic order of > 200) have been observed. A new mechanism of
harmonic generation is inferred based on the unique features of the observed

spectra.
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Linearly polarized laser pulses of 9 TW, 27 fs and 820 nm were focused
with an off-axis parabola to 25 um diameter in a He gas jet. The backing
pressure of He was varied to produce the plasma with the maximum electron
density in the range of n¢m.=2~7 x 10" ¢m™. The xuv emission from the
plasma was observed with a grazing incidence spectrograph in the forward
direction. At this experimental condition, high energy electrons up to ~100
MeV were measured with an electron spectrometer placed in the forward
direction. The spectrum of the transmitted laser pulse, which we have
measured independently, was downshifted to 860~940 nm region.

A typical harmonic spectrum taken at 7¢ . =2.5 X 10" cm™ is shown in Fig.
3(a), where the abrupt changes of the intensities of the signal at 12.5 nm and
13.5 nm are due to the change of the transmittance of the filters used in this
experiment. The parts of the spectrum in the expanded scales are shown for
@/@y=60~67 in Fig. 3(b) and o/w,=80~100 in Fig. 3(c), respectively. The
spectrum in absolute unit d£/dAa/d€2 (nJ/eV/sr), calculated from the observed
spectral intensities and the spectrometer throughput, is shown in Fig. 3(d).
The spectral intensity is estimated to reach ~200 nJ/eV/sr at 7w=100 eV and
~10 nJ/eV/sr at hw=190 eV, respectively, which can be compared well with
other x-ray sources.

The spectrum shown in Fig. 3 consists of periodic structures with the
frequency separation of dw = 0.885a,, where ay is the laser frequency. The
unique features in this spectrum are that dw is smaller than «y and both odd
and even harmonics are observed with almost equal intensities. These periodic
structures are observed up to n=a/@y=100 as seen in Fig. 5 (c). Above this
range, the spectrum extends to approximately 5 nm as an almost continuous
spectrum. The harmonic separation d is not the same in different shots; it
changes mostly in the range of 0w=0.8~1.0@. Sometimes it is more
downshifted to as small as dw=0.5ay or, in a few shots, ow is larger than aj

up to ow=1.4 .
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Fig. 3. An example of the observed spectrum. The whole spectrum is shown in (a),
whereas parts of the spectrum at different wavelength regions are shown in expanded

scales in (b) and (c). The spectrum in the absolute unit is shown in (d).

Additional feature of the spectrum, which have been observed in several
shots, is the larger scale and deep modulation with the frequency separation of
Aw = 4~17ay in addition to the smaller scale modulation of dw, as shown in
Fig. 4 for the case of Ao =17ay and 6w=0.872ax. This spectrum indicates
that the harmonic emission arises from a periodic process with the period 7 =
2n/ow= 3.1fs, oscillating over several cycles of 7. The large period
modulation may arise from an interference between two sources of almost
equal intensities which are shifted in time by & = 2n/Aw = 0.16 fs.

The clearly resolved small period modulation of dw implies that the laser
frequency should be stable to within Aay/@y=0.004 during the generation
process. Otherwise the spectrum will appear as almost continuous due to
overlapping of frequency-shifted high-order harmonics. Here we note that the
laser frequency decreases during propagation due to nonlinear depletion of the

laser pulse [21], as observed in this experiment. From the laser frequency
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stability of better than Aay/ @y=0.004 estimated above and the theoretical
evaluation of the frequency down-shift during propagation, it is inferred that

the emission should have taken within the propagation distance of only 4 um.

Counts T T