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Plasma-based seeded soft-x-ray lasers have the potential to generate high energy and highly coherent short
pulse beams. Due to their high density, plasmas created by the interaction of an intense laser with a solid target
should store the highest amount of energy density among all plasma amplifiers. Our previous numerical work
with a two-dimensional (2D) adaptive mesh refinement hydrodynamic code demonstrated that careful tailoring
of plasma shapes leads to a dramatic enhancement of both soft-x-ray laser output energy and pumping effi-
ciency. Benchmarking of our 2D hydrodynamic code in previous experiments demonstrated a high level of
confidence, allowing us to perform a full study with the aim of the way for 10—100 uJ seeded soft-x-ray
lasers. In this paper, we describe in detail the mechanisms that drive the hydrodynamics of plasma columns. We
observed transitions between narrow plasmas, where very strong bidimensional flow prevents them from
storing energy, to large plasmas that store a high amount of energy. Millimeter-sized plasmas are outstanding
amplifiers, but they have the limitation of transverse lasing. In this paper, we provide a preliminary solution to

this problem.
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I. INTRODUCTION

There is much interest in developing bright sources of
coherent soft-x-ray radiation. Free-electron lasers (FELs),
seeded plasma-based soft-x-ray lasers, and high harmonics
are currently available for applications in various fields rang-
ing from biology [1] to physics [2]. However, many break-
through experiments envisaged today are demonstrated only
with FEL since they require an energy per pulse exceeding
10 wJ to produce ultrahigh intensities [3] near or above
10'® W/cm? to perform single-shot images [4] of samples
evolving on the femtosecond time scale. Within the pan-
orama of intense soft-x-ray sources, plasma-based soft-x-ray
lasers are very attractive since they demonstrate the highest
energy per pulse, up to 10 mJ [5]. However, these lasers are
derived from a weakly coherent source, emitting hundred
picosecond pulses. Their long pulse duration and poor opti-
cal qualities prevent them from being used in the most ex-
acting applications. Seeding a plasma amplifier with high
harmonics radiation [6—12] is a promising way to obtain
sources with the required temporal and optical parameters, as
the advantages of high harmonics radiation (shorter pulses,
good wave front, and spatial coherence) can be mixed with
the high energy output of soft-x-ray lasers [5].

The first seeding experiment was reported in 1995 by Dit-
mire and co-workers [6]. Although amplification of the har-
monic pulse was observed, the saturation regime was not
achieved. In addition to this, the background plasma emis-
sion was of the same order of magnitude of the amplified

*eduardo.oliva@ensta-paristech. fr

1539-3755/2010/82(5)/056408(13)

056408-1

PACS number(s): 42.55.Vc, 52.59.Ye, 52.65.—y

harmonics. Saturation was achieved in 2004 by the team
leaded by Zeitoun [7]. The harmonic beam was focused into
a gas amplifier to seed a high intensity beam. As expected,
seeding experiments achieved with gas amplifiers demon-
strated high quality beams with a high degree of coherence
that were fully polarized [7] and had a diffraction-limited
wave front [13]. However, the pulse duration was estimated
to be long at around 5 ps. The energy was measured to be
around 1 wJ per pulse [7]. Since amplifiers based on solid
targets are denser than those generated from gas, higher-
energy and shorter pulse durations were expected. However,
experiments demonstrated lower energies of around 90 nJ
and slightly shorter pulse durations down to 1 ps [12]. Our
recent theoretical study explained the reason why the pulse
duration was still in the picosecond range and provides a
method for achieving 100 fs and shorter pulses [14]. We thus
concentrated this study on the understanding of the mismatch
between expected and measured energies for solid targets
with the goal of finding a way to produce a seeded plasma-
based soft-x-ray laser emitting energies of tens of micro-
joules per pulse, as required by many applications.

We would like to emphasize that in this paper, we con-
sider only the case of seeded soft-x-ray lasers [7,8] since
only this type of laser demonstrates a highly coherent, polar-
ized, diffraction-limited beam. Therefore, we assume that
only one train of soft-x-ray lasers has been amplified, which
allows us to directly estimate the output energy from the
plasma parameters (gain and saturation fluence). Following
the studies in [15,16], the plasma parameters were calculated
using a sophisticated hydrodynamic code called ARWEN [17].
To our knowledge, ARWEN is the only code used for model-
ing soft-x-ray lasers in two-dimensional (2D) geometry with
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radiation transfer based on the recent technique of adaptive
mesh refinement (AMR). It allows for a very realistic plasma
description but, thanks to the AMR technique, the computing
time is quite low compared to that of non-AMR 2D codes.
The hydrodynamic parameters are postprocessed with a
simple three-level atomic model [15] to obtain 2D maps of
several data, such as peak gain and saturation fluence among
others. The layout of this paper is as follows. In Sec. IT A, we
present the computational tools (ARWEN code is presented in
Sec. IT A and the postprocessor is presented in Sec. II B). In
Sec. III, we describe the initial parameters of the model (tar-
get and laser shapes and laser time structure). In Sec. IV, we
present the results for plasmas created by lasers focused into
lines with widths ranging from 20 um to 1 mm. We discuss
how the plasma evolution over time impacts gain (peak value
and shape). In Sec. V, we estimate, based on a simple propa-
gation model, the output energy of a seeded soft-x-ray laser.
Finally, consequent to the emergence of large-scale short
pulse lasers (Colorado State University laser, LASERIX
[18,19], ILE in France, and ELI in Europe), we consider it
important to investigate the 100 wuJ frontier for seeded soft-
x-ray lasers. In Sec. VI, we show a preliminary study of
amplification in very large plasmas. We demonstrate that
transverse lasing is a deleterious competing effect and
present a solution to overcome it. Finally, in Sec. VII, we
present our major conclusions and propose directions for
building very high energy (tenths of millijoules between A
~3 nm and A =60 nm) soft-x-ray lasers in the future.

II. COMPUTATIONAL TOOLS

Our major tool for this study is the ARWEN code [17]. This
code has been used in several fields, such as those involving
inertial confinement fusion [20], laboratory astrophysics
[21], and plasma-based seeded soft-x-ray lasers [15,16], and
thus has been thoroughly benchmarked. The simple atomic
level code was originally written for [15] and has been modi-
fied in studies presented in [15,16] to facilitate postprocess-
ing of the ARWEN data.

A. ARWEN code

The ARWEN code is a 2D hydrodynamic code incorporat-
ing radiation transport that was developed at the Instituto de
Fusion Nuclear of the Universidad Politécnica de Madrid,
Spain. The equations solved are those of radiation hydrody-
namics with thermal conduction,

%+V-(pu)=0, (1)

%u +V - (puu) = - V(P +P,), 2)
af;—fm+V-[pEmu+(Pm+Pr)u]:SE+V,qC+V.q“
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V-q.=-V -k VT, (5)
v.qr=J(K.1-e)dv, (6)
E,=% f 1dQdv, (7)
P,=1E, (8)

where p is the density, u is the velocity vector, P,, and P, are,
respectively, the matter and radiation pressure tensors, E,, is
the energy of the matter, Sy is the laser energy source, q. and
q, are, respectively, the heat fluxes due to conduction and
radiation, c is the light celerity, [ is the radiation intensity,
is the solid angle, « and € are, respectively, the opacity and
the emissivity of the medium, k, is the thermal conductivity,
v is the frequency of the radiation, and E, is the energy of the
radiation field.

The Navier-Stokes equations [Egs. (1)-(3)], including ra-
diation pressure P, and radiation heat transfer q,., are solved
with an Eulerian scheme using a high-order Godunov type
method with an approximate Riemann solver based on [22].
Flux-limited thermal electron conduction (5) and radiation
transport (4) and (6) are treated with multigrid [23] and S,
multigroup methods [24,25], respectively. Matrix-free solv-
ers for thermal conduction are available in the new version of
the code.

Laser energy deposition is treated with a simple model as
explained later in this paper. The laser energy is treated as a
source term for Eq. (5). Planar and cylindrical geometries are
available.

Equations of state data are obtained from the QEOS [26]
equation of state, and the multipliers are adjusted to fit ex-
perimental data as the Hugoniot curves. Opacities are com-
puted with JIMENA [27] code, also developed at the Instituto
de Fusién Nuclear.

The ARWEN code (and thus all its packages) is based on
the adaptive mesh refinement technique [28,29]. It is com-
mon in plasma hydrodynamics simulations to have small
zones where high resolution is needed (i.e., shockwaves or
high-energy zones), whereas the majority of the computa-
tional domain is well resolved with coarser grids. The AMR
technique consists of putting patches of finer grids where
they are needed, producing a uniform numerical error and
saving computational time. The structure of levels and grids
is created and controlled by the C++ library BoxLib [30].

The output of the code is in both our native format (rwm)
and also the standard HDF format to facilitate postprocessing
with other codes, such as our atomic model or codes that
model the injection and amplification of radiation in the
plasma, such as SHADOX [31].

B. Atomic model

The hydrodynamic parameters obtained from ARWEN
were postprocessed to obtain 2D maps of atomic data as
small-signal gain (which we will call “gain” in the rest of the
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paper) and saturation fluence among others. This postpro-
cessing is done with a simple three-level atomic model that
computes the gain and saturation fluence on the Zp? 123512,
J=1— 2p? 123P12, /=0 neonlike Fe!®* transition occurring at
A=25.5 nm. This calculation slightly overestimates the gain
[32]. In our model, we follow the classical assumption that
assumes that the fundamental level 0 is much more popu-
lated than the other two levels. There is a forbidden transi-
tion between the fundamental level and the upper lasing level
2. The lower lasing level 1 depopulates quickly toward the
fundamental level 0, creating a population inversion between
the two lasing levels 1 and 2 by collisional excitation, as
shown in [33]. This phenomenon was confirmed later in [34],
demonstrating that for the high temperatures that typically
exist in transient collisional excitation [35], collisional exci-
tation is the dominant process populating the laser levels.

The objective of the model is to compute the small-signal
gain coefficient go(v=1v,) and saturation fluence F,,(v=1,)
at the lasing line central frequency v,. For simplicity of no-
tation, we will later use g((0) and F,,(0),

go(v=1p) = (Nz - %N1>0}-zim(7’= Vo), 9)
1

hVO

O-Stim(y= VO) ‘ (10)

Fmt(V= VO) =

In these formulas, N; and v; are, respectively, the population
and degeneracy of the ith level of the transition and o, is
the stimulated emission cross-section. These last four values
are computed at the line center. The populations of the levels
are computed by solving the stationary rate equations of our
three-level model,

dN;,
—= > Cyn N+ 2 AN, (11)
dt - -
J J
dN;
— =0, 12
" (12)

where the C;; are the collisional excitation rates between lev-
els i and j, the A;; are the spontaneous emission and absorp-
tion coefficients, the N; are the populations of the corre-
sponding level i, and n, is the electron density. The plus or
minus sign is included in the coefficients depending on the
effect of the transition (populating or depopulating level i).

The upper (numbered 2) and lower (numbered 1) lasing
levels are 2p%23p1,2 J=0 and Zp?/23s1/2 J=1, respectively.
The fundamental level (numbered 0) is 2p® J=0. The mecha-
nisms taken into account in our model are collisional excita-
tion between the fundamental and the two lasing levels (0
—2, 0—1), collisional de-excitation, and radiative transi-
tions (2—1, 1—0). Electron collisional rates are Van
Regemorter’s rates [38], which depend on the electron tem-
perature (computed as explained above) and electron density
(also given by our code). The rates are calculated assuming
that the electrons have a Maxwellian distribution of veloci-
ties,
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C;~ 16X 10-5—]2@%5“:'/"%, (13)
AEU . \"kTe
Cji = LCU . eAEU/kTe, (14)
Yi

where f;; is the oscillator strength, (g) is the Gaunt factor
(assumed to be (g)=0.2), AE;; is the difference of energy
between levels i and j, k is Boltzmann’s constant, and 7, is
the electron temperature.

The stimulated emission cross section is computed as fol-
lows:

)\2
Uxtim(v):q)(v)S A21, (15)
w

where A, is Einstein’s coefficient of the 2— 1 transition and
®(v) is the spectral line profile. We assume only a Doppler
profile. Neglecting collisional broadening reduces the profile
width, artificially augmenting the gain and underestimating
the saturation fluence [14], as shown in [37].

The Doppler effect is the principal mechanism of line
broadening. In addition to this, we computed the value of the
gain at the center of the line profile. Then, the peak Doppler
value is

m |12
®p(0) _>\<27TkTi) , (16)
where m is the atomic mass of the lasing ions, k is Boltz-
mann’s constant, and 7; is the ion temperature.

These simulations of transient collisional excitation
pumping, using a combination of a long nanosecond pulse
and a short picosecond pulse, were performed with a one-
temperature hydrodynamic version of the ARWEN code. Dur-
ing the interaction of the long pulse with the plasma, both
electron and ion fluids have enough time to thermalize
through collisions. This assumption has been validated in
several experiments and modeling of plasmas heated with
nanosecond pulses. However, the peak gain appears only af-
ter interaction with the picosecond pulse when the electron
temperature has been dramatically increased, while the ion
temperature still remained nearly unchanged. Consequently,
we calculated the gain at the instant of the peak value using
the ion temperature before the interaction with the short
pulse and the electron temperature as the value given by
ARWEN at the moment of the pulse interaction.

III. PARAMETERS OF THE SIMULATIONS

Recently, modeling efforts aimed at optimizing the ampli-
fication region have been published [15] and have led to the
conclusion that 2D effects, driven by the transverse spatial
laser profile, have a strong impact on plasma hydrodynamics.
Compared to a classical Gaussian profile, a super-Gaussian
profile enlarges the gain zone surface and reduces the trans-
verse refraction as energy deposition along the transverse
direction (X axis) enhances laser coupling to the plasma and
reduces energy loss due to lateral plasma cooling.

Having optimized the laser profile, we conducted simula-
tions to study the influence of the focal width on plasma
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FIG. 1. Simplified Grotrian scheme and transitions obtained
from [36,37] for Ne-like Fe.

hydrodynamics. We simulated amplifiers pumped by a tran-
sient collisional excitation scheme [35] (Fig. 1). The simula-
tions consisted of three laser pulses, whose maxima arrived
at 1.5, 2, and 2.51 ns from the start of the simulation, as
depicted in Fig. 2. The temporal full width at half maximum
(FWHM) values are, respectively, 1000, 100, and 0.5 ps.
Both the timing and the pulse duration result from numerical
optimization that aims to produce high gains during the best
conditions for amplification (such as low electron-density
gradients) [15]. The first pulse is used to create small weakly
ionized plasma that facilitates the strong absorption of the
energy of the second pulse, which is used to ionize the
plasma. The last pulse instantaneously heats up the free elec-
trons, dramatically increasing their kinetic energy and, there-
fore, the pumping rate.

All lasers had a super-Gaussian I=1, exp[—y*/(20°)]"
spatial profile, with n=10, as suggested in [15]. The FWHM
varied from 20 wm to 1 mm. In addition, an extreme case of
a 2 mm width was studied and is presented separately in Sec.
VI. For the sake of comparison, we kept the intensities con-
stant for every plasma width at these values: 1.2
X 10" W/cm? for the 1 ns pulse and 1.2X10'? and 1.1
X 10> W/cm? for the 100 and 0.5 ps pulses, respectively.
The laser wavelength was A=800 nm. The target was an
iron slab because the atomic properties and equations of state
of iron are well known.

The results of the simulations and the postprocessing were
2D color maps (X-Y as shown in Fig. 3) of the different
parameters of interest.

IV. COMPUTATIONAL RESULTS: HYDRODYNAMICS

As explained in Sec. III, simulations with different focal
widths ranging from 20 um to 1 mm were performed. Be-
cause we are interested in the energy extracted from the am-
plifier, the key parameters are gain and saturation fluence.

In Figs. 4, 2D false color maps of gain for different widths
are shown. Figures 4(A) and 4(B) are magnified in Fig. 5
because gain zones are much smaller than the simulation
window.

For a 20 um width [Fig. 4(A)], we obtained a maximum
gain of only 13 cm™'. When we increased the FWHM of the
laser from 20 to 30 wm (the width is multiplied by a factor
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FIG. 2. Scheme of the simulations and the coordinate system
used in the paper. HHG stands for high harmonic generation and
indicates where the harmonics will be seeded in our scheme.

of 1.5), the gain surprisingly increased to a maximum value
of g,=60 cm™!, which is four times larger than the previous
value of 13 cm™!. For the 50 wm width plasma (now the
width has been multiplied by a factor of 1.67), the gain was
only 1.33 times larger than in the previous case (gq
=80 cm™!). The next plasma used had a width of 75 um
and a maximum gain of gy=110 cm™' (width is multiplied
by 1.5 and gain by 1.4). Finally, the gain achieved its maxi-
mum value of 126 cm™' for a width of 100 um [Fig. 4(E)].
Further increments of focal width did not increase the maxi-
mum gain value. In summary, a comparison of Figs.
4(A)-4(H) reveals a dramatic influence of the focal width on
the peak gain value. Focal width also has a strong impact on
the shape of the gain zone itself. We have observed that, in
narrow plasmas (20 and 30 wm), there is a strong nonlinear
correlation between the plasma width and the gain. On the
other hand, in wider plasmas (100 um, 150 wm, 200 wm,
and 1 mm) the maximum gain is independent of the width.
There are some transition plasmas (50 and 75 wm) where
correlations appear between width and gain, but they are not
as strong as in the narrowest cases.

In the Y direction there are also striking differences: the
narrower plasmas (20 and 30 wm) present a much lower
vertical (Y) extension of the gain zone (16 and 11 wm, re-
spectively) that increases until 32, 42, and 51 um for the 50,
75, and 100 wm, respectively, whereas the widest plasmas
(150 pm, 200 wm, and 1 mm) have greater values com-

FIG. 3. (Color online) Scheme of the three laser pulses used in
our simulations. The first pulse creates weakly ionized plasma. The
second pulse is the main pulse, which creates the Ne-like ions. The
third one is used to quickly increase the electron temperature. The X
and Y axes represent the time and intensity in a logarithmic scale.
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FIG. 4. (Color online) Gain maps in false colors for all simu-
lated cases: 20 um (A), 30 um (B), 50 um (C), 75 wum (D),
100 um (E), 150 wm (F), 200 um (G), and 1 mm (H) focal
widths. All figures have the same vertical scale for convenience of
comparison. The dashed red line indicates the initial position of the
target. The pump lasers come from the bottom to the top (see Fig.
2).

pared with the narrower plasmas. Among the widest plasmas,
similar values for vertical extension, around 70 um at the
center of the plasma (X=0 um), are found.

In addition, it can be observed in Fig. 5 that the gain zone
has a horizontal extension of about 34 wm in both cases,

175 A

Gain (cm™1)

%0 -15 15 30
um
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which is 1.7 times wider than the laser focal width in the
20 wm case. This is a surprising effect, keeping in mind that
we use a super-Gaussian laser profile, which should reduce
the lateral expansion, as explained in [15]. In Fig. 4, we can
observe the same effect (gain zone being wider than the laser
focal width) for 50, 75, and 100 wm plasmas, which have
gain zones of 1.52, 1.33, and 1.2 times wider than the laser
width, respectively. For 150 and 200 wm plasmas [Figs.
4(F) and 4(G)], the gain zone width almost matches the laser
focal width (1.13 and 1.1 times wider), thus indicating that
this effect is less pronounced in wider plasmas. Finally, in
Fig. 4(H) the effect is not observed at all. In conclusion, we
observe that not only the expansion in the Y axis but also the
lateral expansion in the X axis play a role in focal width gain
evolution, widening the gain zone in the cases where these
2D effects are strong (i.e., in narrower plasmas). For wider
plasmas, these 2D effects do not affect the majority of the
gain zone because their behavior is one dimension. All of
these values are summarized in Table I.

According to the changes in the behavior of gain with the
plasma width, three different regimes have been identified.
The first relates to the narrowest plasmas (focal width
=30 wm), with low gain, a small extension in the Y direc-
tion, and a gain zone that is much wider than the laser focal
width (20 and 30 um). The second regime relates to the
widest plasmas (focal width =150 um), with high gain, a
large and similar extension in the Y direction, and a gain
zone that tends to be as wide as the laser focal width. The
third regime is intermediate between the first two.

These differences in lateral and vertical extension confirm
that hydrodynamic processes have some importance in the
development of gain. Creation of gain (an atomic process) is
linked with the expansion of the plasma (a hydrodynamic
process) via 9. Indeed, gain is proportional to the populations
of the levels involved in the transition, as shown in Eq. (11),
which depend on the electron-density squared (ion density
varies with electron density). Then an increase of 1.4 in elec-
tron density (which is the density observed in plasmas with
widths between 20 and 30 wm) will lead to a gain that is
twice as larger. Nevertheless, the gain increases four times in
this case. In conclusion, not only the changes in electron
density but also the electron temperature via collisional ex-
citation rates are important. Electron density and temperature
are hydrodynamic parameters and, therefore, are strongly af-
fected by evolution of the plasma.

In Fig. 6, 2D maps of electron temperature and electron-
density isocontours at the moment of peak gain are shown.

175

.60

FIG. 5. (Color online) 2D false color gain maps for the 20 (left) and 30 wm (right) plasma cases, magnified from Figs. 4(A) and 4(B),

respectively.
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TABLE 1. Gain zone parameters for the eight cases studied.

Width (pm) 20 30 50
Gain (cm™) 13 60 80
X length (um) 34 36 76
Y length (um) 16 11 32
N, (X10% cm™) 0.63 0.9 1.3
T, (eV) 311 531 491

75 100 150 200 1000
110 124 126 126 126
100 120 170 220 1000

42 51 70 80 76

1.9 2.2 22 24 24
524 531 531 529 536

We observe that the narrower the plasma, the lower the elec-
tron density in the gain region, being 6.7 X 10'° ¢cm™ for the
20 um case and 0.9 X 10%° c¢cm™ for the 30 wm case, which
represents an increment of 1.4 times the value of the 20 um
case. The electron density continues to increase very rapidly
with focal width (1.3x10%, 1.9%x10%, and 22
X 10%° cm™ for 50, 75, and 100 pm widths), whereas wider
plasmas have the same values of electron density (around
2.3X10% cm™). In addition, the same effect appears for

250

1\

0 \\\\& "’

200 -100

FIG. 6. (Color online) Electron temperature maps in false colors
and electron-density isocontours for all simulated cases: 20 um
(A), 30 um (B), 50 um (C), 75 pm (D), 100 wm (E), 150 um
(F), 200 pum (G), and 1 mm (H) focal widths. The values of elec-
tron density are shown in white (X10'” c¢cm™3). The pump lasers
come from the bottom to the top.

electron temperature, starting with 311 eV for the 20 um
case and increasing to 531 and 524 eV for the 30, 50, and
75 wpm widths, respectively. Finally, it stabilizes around 530
eV for the widest plasma widths. Consequently, for the nar-
rowest plasmas, gain cannot take place except in the small
zone of relatively high density (N,>5X10" cm™) and
high temperature (7,=~500 eV). For larger plasmas, condi-
tions suitable for gain exist in larger areas (as seen in Figs. 4
and 6).

In addition, we observed that, for Figs. 6(A)-6(D), den-
sity isocontours are approximately parallel to the X axis. In
Fig. 6(E), curvature appears, which is clearly visible in Figs.
6(F) and 6(G), indicating that lateral electron-density gradi-
ents are present. This effect is enhanced in Fig. 6(H), where
these lateral electron-density gradients (X direction) are
clearly visible. These gradients confine a one-dimensional
(ID) zone, which only expands in the Y direction and re-
duces the lateral thermal conduction. This explains the con-
finement of the gain in the width of the laser for the 1 mm
plasma.

The differences observed in electron density, temperature,
and behavior are very striking, as the intensities of the lasers
are the same for all cases and, thus, have self-similar behav-
iors. As expected, this is observed at the center of the wider
plasmas. The differences in temperature might be explained
by taking into account two mechanisms: thermal conduction
and laser absorption. Thermal conduction depends on
electron-density gradients. In Fig. 6, it can be observed that
there are no lateral gradients for the 20 and 30 wm width
plasmas [Figs. 6(A) and 6(B)]. These lateral gradients start to
develop in Figs. 6(C), 6(D), and 6(F) and are clearly ob-
served in the rest of the figures, especially in Fig. 6(H).

The second effect directly linked with electron density is
laser absorption via the inverse bremsstrahlung process [Eq.

(171,

(n/n.)*ZIn A
VL= n A2 (RT3,

Ky(cm™) = 3.4 (17)

In this formula, n, is the critical density of the plasma, Z is
the ionization, \ is the laser wavelength, and In A is the
Coulomb logarithm.

The low electron-density values (7, <1.0X 10* ¢cm™) of
the narrowest plasmas (20 and 30 wm widths) prevent depo-
sition of laser energy in regions of the plasma away from the
critical density, reducing both the temperature and therefore
the gain extension in the Y direction. Thus, the differences in
observed behavior are driven by the electron density. How-
ever, electron density is not affected by the short pumping
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FIG. 7. (Color online) False color vertical velocity maps at /=1.5 ns for all eight plasma cases. The dashed blue line indicates the initial

position of the target. The plasma expands downward.

pulse, which only increases the energy of the plasma free
electrons. The departure from similarity observed in
electron-density profiles in the narrowest plasmas must have
started at earlier stages in the evolution of the plasmas.

The plasma expands mainly in the Y direction. This ex-
pansion usually determines electron-density gradients. In
Fig. 7, 2D maps of vertical velocity at £=1.5 ns are shown.
At first glance, we cannot appreciate the three different re-
gimes already identified in Fig. 4. A more detailed study of
the vertical velocities gives an average vertical velocity of
v,~(23%0.1) X 10° m/s. In addition, these maximum val-

ues are attained in the low-density zones shown in blue in
Fig. 7, which cover similar areas in all cases.

Then, this departure from similarity should be linked with
lateral expansion in the plasma, which is suggested by the
lateral wings in the gain regions for smaller plasmas (Fig. 4)
and the curvature of density isocontours (Fig. 6).

In Fig. 8, the plasma’s horizontal velocities at t=1.5 ns
(i.e., the moment when the peak of the prepulse arrives) are
shown. It is clearly seen in Figs. 8(A) and 8(B) that the fluid
around the center of the plasma starts or has already started
to expand laterally (the velocity around the center is non-
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FIG. 8. (Color online) False color plasma velocity maps in the X
direction at t=1.5 ns for all eight simulated cases. The horizontal
scales are different in the 20 pum, 200 um, and 1 mm cases.

zero). This lateral expansion lowers the electron density from
the moment it reaches the center of the plasma until gain is
produced (Ar=1 ns in this case), which explains the low
density of the narrower plasmas and the horizontal homoge-
neity we found. The maximum velocity for these cases is
1.1X10° m/s.

On the other hand, for the 150 um, 200 um, and 1 mm
cases at r=1.5 ns [Figs. 8(F)-8(H)], the fluid at the center of
the plasma only expands vertically (i.e., horizontal velocity
is zero). The central region has a 1D behavior because the
horizontal expansion can be approximated as an adiabatic
rarefaction wave (see [39]). The horizontal extension of the
rarefaction wave is determined by the position of the so-
called head and tail of the rarefaction. The position of these
points depends on the properties (horizontal velocity and
sound speed) of the two states between when the expansion
takes place. In our case, while self-similar behavior is still
happening, the horizontal velocities of the two states in-
volved are zero (the two states are the plasma center, which
only expands vertically, and the surrounding vacuum). The
sound speeds during the self-similar stage are the same for
each case. Then the size of the region expanding horizontally
is the same for all cases at the same time. For example, at
t=1.5 ns, the size is about 85 um, as shown in Fig. 8. The
expanding region will increment as explained above until the
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tail of the rarefaction reaches the center of the plasma, as
shown in Figs. 8(A) and 8(B). Then the parameter of interest
is the sound speed at the center of the plasma because it will
define the time when the rarefaction wave arrives at the cen-
ter or the amount of plasma that has been accelerated hori-
zontally when the pumping pulse arrives. In these cases, the
maximum velocities found are 1.3 X 10, 1.3 X 103, and 0.9
X 10° m/s.

These two cases are the extremes, i.e., the cases where the
adiabatic rarefaction wave has arrived at the center of the
plasma at early stages [Figs. 8(A) and 8(B)] and the widest
cases, where there is a wide unaffected region at the center of
the plasma, which expands vertically until gain is created
[Figs. 8(F)-8(H)]. The intermediate cases, shown in Figs.
8(C)-8(E), present a central zone that is not affected by the
rarefaction at r=1.5 ns. Nevertheless, this zone is small and
will be affected by the lateral expansion before gain is pro-
duced, explaining the differences in Fig. 4. The maximum
value of velocity found in these intermediate cases is 1.1
X 10° m/s.

Now, we can explain the effects observed in Figs. 4 and 6.
The prepulse accelerates the plasma in all cases. The plasma
starts to expand laterally, independently of the plasma focal
width. At r=1.5 ns, the lateral expansion arrives at the center
of the 30 wm plasma, as shown in Fig. 8 (for the 20 um
plasma, the expansion arrives earlier, and for wider plasmas
it will arrive later). Its behavior will no longer be similar to
that of the wider cases, as the density at the center starts to
decrease not only from the Y expansion but also from this X
expansion. Thermal conduction is enhanced, transporting en-
ergy from the center to the rest of the plasma, reducing the
temperature in the gain zone. When the pumping laser pulse
arrives, the electron density is very low, reducing collisional
pumping. Therefore, gain can only be created in a small re-
gion near the target’s surface. In addition to this, the laser
energy will be absorbed in a very small region near the criti-
cal density because inverse bremsstrahlung depends strongly
on electron density (17), explaining the small extension in
the Y direction of the gain zone in the narrowest cases. This
same effect appears in the 50, 75, and 100 wm cases, but it
occurs later than in the 30 um case and is therefore less
pronounced.

The 150 pm, 200 wm, and 1 mm widths evolve simi-
larly at the center of the plasma because the horizontal ac-
celeration has not arrived there yet when gain is created. This
is why these three cases have the same electron-density pro-
files (Fig. 6) and the gains have the same extension in the Y
direction [Figs. 4(F)—-4(H)]. However, at t=2.54 ns, when
the gain is created, the region with U, # 0 (plasma velocity in
the X direction) is not negligible for the 150 wm and the
200 um cases. Then electron densities and gain isocontours
are curved. This is not the case with the 1 mm width plasma.
The region horizontally accelerated is still negligible at the
moment when population inversion takes place. We observe
a large, hot, dense, 1D zone that is confined by the horizontal
electron-density gradient where gain takes place. All these
hydrodynamic data are summarized in Table I.

V. COMPUTATIONAL RESULTS: AMPLIFICATION

Now we consider the processes of seeding and amplifying
the high harmonics inside the plasma. Modeling the amplifi-
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FIG. 9. (Color online) Electron density profiles in the Y direc-
tion at the center of the plasma (X=0 um) for the eight cases
studied. The plasmas expand from right to left. The initial position
of the target is Y=200 um. The extensions of the gain regions are
indicated by colored arrows. Note that there is only one set of
arrows (the longest one) for the three widest cases (1 mm, 200 wm,
and 150 wm plasmas).

cation of the seeded beam is a difficult task as the amplified
beam may suffer a strong refraction [6] in addition to the
well-known issue of spectral coupling with the lasing line
[7,8,14]. This last point will be discussed later in this section.
We will first consider the question of beam propagation in
plasmas having different degrees of homogeneity, depending
on the focal width (Fig. 4). Prior to any calculation of beam
propagation, it is interesting to estimate, as a zeroth step, the
energy available to be extracted in a single pass by the high
harmonics seeded inside the plasma. Equation (18) repre-
sents an upper limit of the energy that can be extracted,
although less energy will be obtained experimentally. This
parameter E,,,; (see [40,41]) is useful for comparing the
efficiencies of the different amplifiers,

Eavail = (ln GO)Esat =80 l- Emn (18)
Gy=exp gol, (19)
E;ral = Fsal ~Ax- Ay’ (20)

where F,, the saturation fluence, is obtained by solving Eq.
(10) with our simple atomic physics calculation. Ax and Ay
are the spatial extensions of the gain zone along the X and Y
directions.

A rough calculation of the maximum distance that a
seeded beam could propagate without exiting the gain region
due to refraction was performed. We will use this estimation
as the length, [, needed to calculate E,,,; in Eq. (18). The
lateral deflection of a beam propagating in an inhomoge-
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neous plasma of length [ is given by Eq. (21) (see [42]),
assuming linear transverse electron-density gradients

AY(um) = 2.24 X 10721 (cm)Aguy V e, (21)

where Ayyy is the wavelength (in A) of the seeded ray and
V,n, is the vertical electron-density gradient in cm™. We use
as AY the length of the gain zone in the Y direction and the
average electron-density gradient in the gain region indicated
in Fig. 9. We can compute the maximum length until the
beam is refracted out of the gain zone. The results for
Axyy=25.5 nm are summarized in Table II. We observe an
important variation in the propagation length versus the
plasma width. For the narrowest plasma (20 wm focal
width), the propagation length is about 13 mm, although it
drops to 6.3 mm for a plasma with a 30 wum focal width.
This might be understood by looking at Fig. 6, which shows
a strong lateral flow for 20 wm that trends to smooth out the
lateral gradient. This flow diminishes for the plasma with a
30 wm focal width, leading to an enhanced density gradient.
For larger focii, the density gradients stay nearly constant
around values of (1.5-2.4) X 10?> cm™. However, the en-
largement of the focal width enables the propagation of the
beam for longer distances (from 10.9 to 16.7 mm).

Similar calculations have been done using the horizontal
electron-density gradient V,N,. Nevertheless, refraction in
the X direction is less important than in the Y direction in
most cases, as it is shown in Table II. The narrowest plasmas
(with 20 and 30 wm widths) are homogeneous in the X di-
rection due to the lateral expansion. The widest plasmas
(with 200 wm and 1 mm widths) present a large plateau of
the electron density because the refraction in the X direction
is negligible. For the rest of the cases, refraction in the Y
direction is more restrictive. This is logical as we are using
super-Gaussian focusing, so lateral electron-density gradients
are expected to diminish, as explained in [15].

We then computed the saturation energy by multiplying
the saturation fluence (10), given by our atomic model, by
the area of the gain region. In the 30 um case, the gain zone
surface is about 36 X8 um? along the X and Y directions,
respectively. Our atomic model gives a saturation fluence of
about F,,,=2.3 mJ/cm? As the gain zone has a surface of
about 2.9 X 1078 cm?, we can estimate the saturation energy
as E,,~6.6 n]. The maximum energy available in the
plasma is given by Eq. (18). Any energy in the range
(Esat» Eqpain) can be extracted by increasing the plasma length
after saturation has been reached. In Table III, we summa-

TABLE II. Electron density gradients and maximum lengths until refraction pushes the beam out of the
gain zone. The subindex in the length indicates which derivative has been used to compute it. The 20 and
30 wm plasma cases does not present any lateral gradients, and the 200 wm and 1 mm plasmas present a

plateau of the electron density.

Width (um) 20 30 50

(V,N,)=o(X10% cm™) 0.65 1.9

Length Y (mm) 13 6.3 10.9

(ViN)yeen( X 1072 cm™)

Length X (mm) 14.1

75 100 150 200 1000
1.6 24 1.8 2.0 2.1

13.6 12 16.5 16.7 15.8
1.9 1.7 1.4

11.5 14.1 19
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TABLE III. Energy of the long and short pulse lasers, maximum length the injected seed can travel through the plasma, gain, saturation
fluence, saturation energy, extracted energy, maximum energy available for extraction, and pumping efficiency.

Width E ES L, Gain Fio E,, Eopait E,. Eff
(pm) ©) ©) (mm) (em™) (mJ/cm?) (uJ) (ud) (ud) (I /7)
20 0.75 1.75 13 13 22 1x1073 0.017 0.01 41073
30 0.24 0.56 6 60 2.3 6Xx1073 0.25 0.06 8x 1072
50 0.3 0.7 11 80 2.4 6x1072 6 0.6 0.6
75 0.33 0.77 13 110 2.5 0.11 16 1.1 1.0
100 0.39 0.91 12 124 2.5 0.15 22 1.5 1.1
150 0.57 1.33 16 126 2.6 0.31 65 3.1 1.6
200 0.78 1.82 17 126 2.6 0.46 97 4.6 1.8
1000 4.0 9.2 16 126 2.6 2.2 447 22 1.7

rized the saturation fluencies and thus the energies for every
cases studied in this paper. It is interesting to note that the
saturation fluence evolves very slowly with the laser focal
widths. An increase of only 20% exists between the narrow-
est case of 2 20 wm plasma (2.2 mJ/cm?) to the largest case
of a 1 mm plasma (2.61 mJ/cm?). This is logical because
saturation fluence depends only on the stimulated emission
cross section, o [Eq. (15)]. In our calculations, this has as its
only varying parameter the ion temperature (16), which does
not change significantly from one line focus to another.
However, our model takes into account only Doppler broad-
ening while collisional broadening should also be treated.
Collisional broadening will not induce any major changes,
but it will slightly reduce the gain. Consequently, longer
plasmas are required to achieve the same amplification level
and, therefore, a more energetic pump laser is needed. How-
ever, increasing the spectral width induces an enhancement
in saturation fluence (9) and (10) that will lead to a higher
output energy. Finally, these two effects would probably
counterbalance each other, making our calculation valid for a
general understanding and estimate of the energy that may be
extracted from different plasmas. A new version of the
atomic model will take into account collisional broadening
and introduce some dependency with the electron density.
Figure 4 was derived from the extraction of the surface of
the different gain regions and shows the resulting estimated
saturation energies. The different values are reported in Table
III. We observed a strong relationship between E,,, and the
focal width that comes from the variation of the amplifying
region surface. For the narrowest plasma (20 wm), the satu-
ration energy is as low as 1 nJ, but it rises quickly to 6.6 nJ
for a plasma with a 30 um focal width, 64 nJ for a plasma
with a 50 wm width (i.e., a ten times enhancement for only
a 50% enlargement of the focal width), and up to 0.1 uJ for
a 75 pum width plasma. This rise in saturation energy is
nearly linear with the plasma width since the plasma starts to
have a dominantly 1D expansion. For a 1 mm plasma width,
a saturation energy as high as 2.2 wJ has been estimated.
With our estimations of maximum amplification lengths
and saturation energies, we can compute the available ener-
gies as shown in Table III. From these values, it is observed
that increasing the plasma width from 30 to 50 wm induces
a change in the available energy from E,,,;=0.25 uJ to

E ,.;=5.6 uJ, which is more than 20 times the value of the
30 um plasma. Increasing this energy by 75 and 100 um
increments increases it to E, ;=165 uJ and E, .
=22.3 ulJ, which is an increase proportional to the increase
in width (both width and E, ,; are multiplied by 1.25). A
new unexpected increment appears in the 150 um case. The
width is multiplied by 1.5, but the available energy increases
by three times that (E,,,;=65.1 uJ). Then the energy is pro-
portional to the width in the rest of the cases. E, .
=97.4 wJ for a plasma with a 200 wm width (width and
energy are multiplied by 1.33) and E,, ;=447 wJ for a
plasma with a 1 mm width (a factor of 5). The 1 mm plasma
represents a strikingly interesting amplifier for achieving out-
put energy near or above 100 wlJ, i.e., above any subpico-
second soft-x-ray sources currently available in laboratories.

The three different regimes, where energy increases pro-
portionally with the plasma width are separated by sudden
increases in the available energy. The 20 wm case is particu-
larly interesting because, despite the high amplification
length, the product g,-/=16.9 does not reach the saturation
value (g,-/=~ 18, as stated in [43]) due to the very low small-
signal gain. Consequently, it seems that very narrow plasmas
are not good amplifiers.

As mentioned above, the available energy has an
asymptotic limit. Experimentally, increasing the plasma
length far above saturation is interesting for extracting the
stored energy but requires higher energy pump lasers. Since
any energy between E, and E, ,; is reachable, we bench-
marked our results according to recent seeding experiments.
In [7], the measured total output energy was 38 times higher
than the saturation energy. In this paper, we will assume a
more conservative value for the output energy equal to ten
times the saturation energy, as observed in [43].

Then, for a 20 um focal width, the output energy is about
10 nJ, reaching 66 nJ for a 30 um width, which is in very
good agreement with the maximum energy of 50—60 nJ mea-
sured in [8]. Our modeling (75 wm focal width) also agrees
very well with experiments performed by Lindau et al. [44]
and Cassou et al. [45] but with an unseeded soft-x-ray laser.
A direct comparison of energy and fluence is still valid since
it has been demonstrated by Guilbaud et al. [46] that this
soft-x-ray laser emits only a few trains of pulse.

Again, we observed three regimes: 20—30 um focal
widths with output energies below 100 nJ; 50-100 wm
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FIG. 10. (Color online) False color Gain map for a 2 mm wide
plasma. The laser comes from the bottom to the top of the picture.

widths with quickly increasing energies from 0.6 to 1.5 uJ,
and then from 150 um to 1 mm widths the energy follows
the focal width; and from 3 up to 22 wJ. The amount of
energy that can be easily extracted is comparable to the en-
ergy achieved in FLASH free-electron lasers [47], which is
to date the most intense coherent soft-x-ray laser source.

To evaluate the pumping efficiency, we estimated the
plasma length necessary to achieve an amplification factor of
1000 with respect to the seed beam energy. This value cor-
responds to a strong but still realistic amplification [8,10].
Since the high harmonic generation (HHG) spectral width is
assumed to be 100 times larger than the soft-x-ray laser focal
width, the amplification at the line center has to be 10°. For
a 20 pm width, the length for achieving this amplification is
nearly 9 mm, but it drops to 2 mm for the 30 um width
plasma, with the consequence of a huge decrease in pumping
energy. It increases gradually again for larger plasmas due to
the higher amount of matter that is needed to heat up. Thus,
the net pumping energies are 2.5 J for a 20 wm plasma and
2 and 13 J for 150 pm and 1 mm plasmas, respectively. The
pumping efficiency rises strikingly from 4 nJ/J for the nar-
rower plasma up to 1590 and 1710 nJ/J for the 150 um and
1 mm plasmas, respectively.

VI. COMPUTATIONAL RESULTS: TOWARD WIDER
PLASMAS

We have demonstrated that wider plasmas enhance the
properties of the gain zone and optimize the energy that can
be extracted from the amplifier. Then a question arises: with
sufficient pumping energy (up to hundreths of joules), how
much energy can we extract from wider and wider plasmas?
As explained, the evolution of the plasma will be self-similar
at least until the lateral expansion arrives at the center of the
plasma. For the timing used in this paper, this is ensured for
plasmas wider than 150 wm. In Fig. 10, the gain region for
a 2 mm wide plasma, using the same laser intensities as in
the other cases, is shown. As expected, we obtain a smooth
1D gain region with a maximum value of about 130 cm™' in
a 2 mm wide plasma. The saturation energy is 4.45 uJ and,
therefore, the extracted energy is 44 wJ (the available energy
is E,,;=821 wJ). With a density gradient of VNe,=2.8
X 10?2 cm™, the length until refraction deviates the seed
beam out of the gain region is 14.2 mm. The energy used to
create and pump the plasma is £=26 J. Nevertheless, there
is a substantial difference between this case and the former
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FIG. 11. (Color online) False color gain map for a 2 mm wide
plasma created by using a pumping pulse with half the intensity of
the ones used in the rest of simulations.

ones. Now, the transverse length (the plasma width) is not
negligible, and the transverse gain-length product is gg-!/
=26 (not taking into account saturation effects), which is
above the common saturation values (g,-/=~ 18 [43]). Satu-
rated transverse lasing will appear, depopulating the lasing
levels and reducing the extracted energy. In conclusion, there
exists a limit to the increase of the plasma width that is
independent of the available pumping energy. In this prelimi-
nary study, we considered the limit to be given by keeping
the ASE at a level that is 100th below the saturation energy,
i.e., for a gy-/ value of 1415.

As gain is proportional to the intensity of the pumping
pulse, one way to overcome this problem is to reduce the
intensity of the picosecond pulse. In Fig. 11, we show the
gain map of a 2 mm plasma that has been pumped with a
pulse that has half the intensity of the former case (i.e., I
=5.8X 10" W/cm?). The prepulse and the main pulse are
the same as for the rest of the cases.

The reduction of the gain to gy=70 cm™! at the maximum
leads to a transverse gain length of g,-/=14. The intensity
for go-I=14 is 55 times below the saturation intensity and,
therefore, transverse lasing is extracting only a negligible
part of the energy stored in the plasma. Although the satura-
tion fluence in both cases is the same (as it depends only on
ion temperature), the reduction of the gain surface also re-
duces the saturation energy (E,,,=3.2 uJ) and extracted en-
ergy (E,,=32 wJ). In addition, the reduction of gain will
result in an increase in the amplifier length to saturate and
extract the maximum energy possible, going from 0.8 mm in
the former case to 1.6 mm. This is not a problem because the
energy used to create the plasma will be E,;=13.18 J in the
prepulse and main pulse and E,=16 J in the short pulse,
with a total energy of £=29.18 J. This is not so different
from the former case, which had an efficiency of 1096 nJ/J,
which is less than that in the 1 mm case but still above that
in the narrower cases. The length until refraction is, in this
case, 1.95 cm.

In conclusion, reducing the intensity of the main pulse
inhibits transverse lasing at the cost of increasing the length
of the plasma needed to obtain the same E,,, and lowering
the efficiency but still at achievable values. The conditions of
the gain zone are still very good for seeding and amplifying.

VII. CONCLUSIONS

We have performed a full numerical study of different
transient collisional excitation (TCE) plasmas using 2D hy-
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drodynamic simulations, continuing the work of earlier stud-
ies [15,48]. We confirmed the crucial role of using 2D hy-
drodynamic codes for ensuring the correct description of the
physical parameters of the plasma amplifier. We used the 2D
hydrodynamic code with radiation transport in AMR ARWEN
[17] and postprocessed the data obtained with a three-level
atomic model to study the 2p?/23s1,2 J=1 —>2pf/23p1/2 J=0
neonlike Fe!®* transition at 25.5 nm.

Our results have been validated with experiments from
Wang et al. [8,9] and Cassou er al. [45], obtaining values of
gain, saturation fluence, and electron density where popula-
tion inversion takes place in good agreement with experi-
mental values. Our model suggests that, for Wang’s experi-
ment, the gain zone is very small because of deleterious
hydrodynamical effects and, therefore, the output energy is
intrinsically limited to values below 100 nJ. Simulations per-
formed with wider plasmas corroborate this assumption. The
lateral expansion at early stages of plasma evolution can be
treated as a rarefaction between two states (the center of the
plasma and the surrounding vacuum). Consequently, all plas-
mas will present self-similar behavior. This statement is valid
until the rarefaction arrives at the center of the plasma, which
happens early on in the narrowest plasmas (the arrival time
depends on the sound velocity at the center of the plasma,
which is the same for all the cases during self-similar behav-
ior). At that moment, the electron density at the center is
reduced by the lateral expansion, inhibiting the mechanism

PHYSICAL REVIEW E 82, 056408 (2010)

that creates the population inversion (electron collisional ex-
citation) and thus reducing the gain coefficient and the ex-
tension of the gain region. For wider plasmas, the lateral
expansion cannot reach the central region before gain occurs.
Thus, a geometry is proposed, requiring an increase in the
width and a decrease in the length of the plasma so as to
extract more energy and to dramatically increase the pump-
ing efficiency. With this geometry, energies as high as 22 uJ
can be obtained with a 1 mm wide plasma.

Transverse lasing will appear when the product gain width
approximates the saturation value because this is the limit
(and not the driving laser energy) of the widths that can be
used. Nevertheless, reducing the intensity of the pumping
pulse will inhibit transverse lasing while conserving the good
amplification properties of the wider plasmas.

Energies up to 100 wJ could be obtained with this
scheme. Lasers with enough energy to create these wide
plasmas will be available in a few years, so this would be a
huge step forward for seeded soft-x-ray lasers.
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