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Gain saturation of nickel-like silver and tin x-ray lasers by use of a tabletop pumping laser system
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Silver and tin slab targets were irradiated by line-focused chirped pulse amplification glass laser light. In this
experiment, the laser pulses consisted of two pulses with 4 ps duration, separated by 1.2 ns. Strong amplifi-
cation in the nickel-like silver and tin x-ray lasers at the wavelengths of 13.9 and 12.0 nm was demonstrated
with pumping energy of 12 and 14 J, respectively, and gain-saturation behavior could be seen. A hydrodynam-
ics simulation coupled with a collisional-radiative model was performed under the present experimental con-
ditions, and the calculated result was compared with the experimental results.
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I. INTRODUCTION

Since the demonstration of soft x-ray amplification@1,2#,
x-ray laser research has been intensively pursued experim
tally and theoretically. The development of highly efficie
and intense output in the short-wavelength region usin
compact pumping system is one of the most important
jectives. Recently, using small-size CPA Nd:glass lasers w
an energy of around 15 J, strong amplifications of x ra
have been reported in transient collisional excitation~TCE!
lasers for the wavelength region up to 13.9 nm@3–8#. In
neonlike ion lasers, Kalachnikovet al. observed gain satura
tion in a neonlike titanium laser at a wavelength of 32.6 n
@3#. In the nickel-like ion lasers, gain saturation has be
reported by Dunnet al. for severalz elements, e.g., molyb
denum, palladium, and silver@4–6#, and by Klisnicket al.
for a silver laser@7,8#. In the shorter-wavelength region, t
the author’s knowledge, MacPheeet al. demonstrated gain
saturation of a nickel-like tin laser at a wavelength of 12
nm with a pumping energy greater than 60 J@9#. However,
this pumping energy may be beyond the performance o
tabletop laser system at the present time. Demonstratio
gain saturation in this wavelength region using a sm
pumping system is valuable for the development of hig
efficient compact x-ray lasers, and comparison of the exp
ments with a detailed theoretical model is important to re
ize the pumping mechanism of TCE lasers and to optim
the lasing condition.

Another important point for development of highly effi
cient compact x-ray lasers is the employment of traveli
wave pumping, by which substantial improvement in outp
energy of the x-ray beam is expected. In addition, since
observed gain coefficients and the output x-ray beam in
sity under conditions without traveling-wave pumping m
be affected by the gain duration of the lasing medium, co
parison of the experimental result with theoretical mod
may become indirect. This difficulty can be removed
adopting traveling-wave pumping.

From a technical point of view, traveling-wave pumpin
has been generated by tilting a grating of the grating pai
1050-2947/2002/66~3!/033815~7!/$20.00 66 0338
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the pulse compressor@10# or by an additional grating with a
small number of grooves~;50 lines/mm! after the final am-
plifier @11#. However, tilting a grating or installation of a
additional grating may induce diffraction of the laser bea
and the spectral bandwidth in the left- or right-hand side
the laser beam is reduced. This leads to elongation of
pulse duration in these portions and inhomogeneous inten
along the line focus, which is unfavorable for x-ray las
experiments. Furthermore, the low diffraction efficiency
the additional grating with a small number of grooves~typi-
cally ;50%! requires much larger pumping energy, whic
goes against development of compact x-ray laser system
order to avoid it, a step mirror can be used to generat
quasitraveling wave. In a transient collisional excitati
scheme, e.g., in the nickel-like palladium laser at a wa
length of 14.7 nm, the gain duration has been estimated t
;7 ps@12#, and from the scaling law of the temporal beha
ior of ions in ionizing plasmas, i.e.,t}zeff

24, the gain duration
becomes shorter for higher-z elements@13#. Since the time
step of the quasitraveling wave has to be shorter than
comparable with the gain duration, we have to take the
pected gain duration into account when we design the t
step of the quasitraveling wave.

Recently, we demonstrated substantial amplification a
wavelength of 12.0 nm with a pumping energy of;14 J
@14#. In this experiment, the target is irradiated by doub
pulses with a few picoseconds duration, separated by 1.2
whereas almost all the other experiments employ a prep
with long ~;500 ps! duration and a main pulse with a few
picoseconds duration. In order to compare our experime
result with a theoretical code and to realize the pump
mechanism, we conduct an experiment using quasitravel
wave pumping. We have nickel-like silver~13.9 nm! and tin
~12.0 nm! x-ray lasers as our objectives, using a step mir
with 4 ps step to generate a quasitraveling wave. The m
sured gains in the x-ray laser lines are compared with
result without traveling-wave pumping, and the experimen
output intensity of the x-ray beam is compared with the th
oretical intensity. By use of our hydrodynamics code coup
with a collisional-radiative~CR! model, we discuss the
mechanism of generation of the gain under the present
perimental conditions.
©2002 The American Physical Society15-1
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II. EXPERIMENT AND RESULT

Our chirped pulse amplification~CPA! Nd:glass laser sys
tem consists of a mode-locked Ti:sapphire oscillator~Spectra
Physics, Tsunami!, a four-pass pulse expander, a Ti:sapph
regenerated amplifier~Positive Light, TSA-10!, two ampli-
fier chains of phosphate glass rods, and two pulse comp
sors. The central wavelength is 1053 nm and the spec
bandwidth after the amplifier chain is 3.5 nm. Each beam
provides a prepulse and a main pulse with variable pu
separation. The maximum output energy is 20 J for e
beamline after the compressors, and the pulse duratio
variable from 1 to 30 ps. The details of the pumping la
system are given in Ref.@15#.

In the present experiment, one beam of the Nd:glass C
laser was used to irradiate a silver or a tin slab target
schematic figure of our line-focusing system is shown in F
1. The line-focusing system was based on an off-axis p
bolic mirror ~focal length of 772 mm! and an off-axis spheri-
cal mirror ~curvature of 1000 mm!, which made a line focus
with 5.6 mm length and 20mm width at the target position
@16#. We installed a six-step mirror~Optical Surface Inc.! just
before the off-axis parabolic mirror to generate a quasitr
eling wave. This step mirror consisted of six blocks and e
was connected to a base plate by optical contact. The blo
were parallel to each other with an accuracy of 0.05 mrad
the vertical direction and of 0.1 mrad in the horizontal dire
tion. The size of the blocks was 25 mm width, 150 m
height, and the difference of thickness between the neigh
ing blocks was 600mm. The angle of incidence was 11° wit
respect to the surface normal, which led to an optical de
of 4.07 ps between the laser beams reflected from neigh

FIG. 1. A schematic of our line-focusing system.M1 andM2
are steering planar mirrors, and OAP and SM represent an off-
parabolic mirror and a spherical mirror, respectively. The six-s
mirror is installed just before the OAP.
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ing blocks. The reflection from each block corresponded t
length of 1.2 mm in the line focus. The velocity of the tra
eling wave at the target position was measured to be 0.c
60.08c by use of a visible streak camera with a time res
lution of 2 ps~Hamamatsu-Photonics Model C4302!, where
c is the speed of the light. Since our streak camera w
insensitive to the fundamental laser light~1.053mm!, a po-
tassium dihydrate phosphate crystal was put just before
target position, and the second harmonic was used.
speed of amplified x rays in high-density plasmas might
different from that in vacuum; however, for the 13.9 and 12
nm lines, under a plasma density of 1021 cm23, the differ-
ence from the speed in vacuum is negligibly small. The qu
ity of the width of the line focus was measured using
1-mm-thick titanium target, which was irradiated by a sing
pulse with 4 ps duration and 10 J energy. From the trace
the laser irradiation on the titanium target, the width of t
line focus was around 20mm, and we are assured that n
interference pattern can be seen.

A silver or tin slab target was put at the focus positi
with an accuracy of 20mm in thex direction and an accurac
of 2 mrad along thez axis, wherex and z directions are
referred to Fig. 1. The laser pulses consisted of two puls
and the duration of each pulse was 4 ps with a pulse-to-p
separation of 1.2 ns. The total pumping energy was set to
J for the silver laser and 14 J for the tin laser. The ene
ratio of the prepulse to that of the main pulse was 1:7. O
previous experiment showed that this pulse pattern was
vorable for generating an amplified x ray@14#. The irradiance
of the prepulse and the main pulse on target were
31014 and 2.331015 W/cm2, respectively, for the silver la-
ser and 3.631014 and 2.731015 W/cm2, respectively, for the
tin laser. The contrast ratio of the ASE level to the pe
intensity was measured to be (3 – 5)31024, i.e., the pedesta
level of the main pulse was around (
31011) – 1012 W/cm2, which affected the plasma condition
The role of the pedestal level will be discussed later. Sh
to-shot fluctuation in the pumping energy was less than
for the silver case and less than 10% for the tine case.
output x-ray laser line, which correspond to the transiti
4p-4d, was observed by use of a grazing-incidence sp
trometer in they direction. The spectrometer consisted of
spherical mirror with a curvature of 3520 mm, an entran
slit of 50 mm width, and an uneven-spacing holograph
laminar grating~average number of grooves is 1200 line
mm!, fabricated with Shimadzu@17# as a collaborator. The
absolute diffraction efficiency of the grating was calibrat
using the synchrotron radiation source of Ritsumeikan U
versity ~AURORA!. The detector was a back-illuminate
x-ray charge-coupled device~CCD! ~Princeton Instruments
Model SX1024!, whose sensitivity is proportional to the in
cident photon number for photoelectron counts less t
60 000 counts/pixel. The resolution in wavelength was 0
nm at a wavelength of 15 nm. The acceptance angle of
spectrometer was610 mrad in the horizontal direction an
62.5 mrad in the vertical direction. In the spectrum taken
this spectrometer, the horizontal length of the spectrum
the CCD represented the horizontal beam divergence of
spectral line from the plasma.
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FIG. 2. ~a! Typical spectrum of
the 13.9 nm line on the CCD. The
target length is 5 mm. The hori
zontal beam profile is also shown
The dip in the horizontal beam
profile is a shadow of the frame o
the Y1Si3N4 filter. ~b! The output
of the 13.9 nm line for various tar-
get lengths. The gain coefficien
was estimated to be;35 cm21,
and gain-saturation behavior ca
be seen for targets longer than 3
mm.
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Figure 2~a! shows a typical spectrum of the nickel-lik
silver laser at 13.9 nm. In order to avoid saturation of
sensitivity of the CCD, the x-ray laser light was attenua
using a 0.3-mm-thick yttrium filter fabricated on a 0.2-mm-
thick Si3N4 filter. The transmittance of this filter was me
sured to be 9% at 13.1 nm using an aluminum plasma g
erated by a neodymium-doped yttrium aluminum gar
~Nd:YAG! laser with a duration of 8 ns. We averaged ov
the photoelectron counts of the 30 pixels around the p
@see the dotted area in Fig. 2~a!# in the horizontal direction,
and the spectral profile was fitted by a Gaussian curve
derive the relative outputs of the x-ray laser light. We me
sured the output x-ray laser light for various plasma leng
and plotted them in Fig. 2~b!. The gain coefficientg derived
from the Linford fitting formula@18# was 3563 cm21, and a
gain-length productgl of 13.661.2 was achieved for the
3.9-mm-length target.g andgl are improved compared with
our previous result without traveling-wave pumping:g
524 cm21 and gl;10 for a 4-mm-length target. In Fig
2~b!, a gain-saturation-like behavior can be seen for tar
lengths longer than 3.9 mm. In this region, shot-by-shot fl
tuation of the output x ray was around640%, which might
be due to the shot-by-shot fluctuation of the pumping ene
and the horizontal beam profile of the output x ray.

A similar experiment was performed for the tin laser.
order to avoid saturation of the sensitivity of the CCD for t
12.0 nm line, we used the second-order light of the x-
laser at 24.0 nm. The detection efficiency for the seco
order light was measured to be 1/9.5 of that for the first-or
light. A typical spectrum is shown in Fig. 3~a!. We measured
the output of the second-order x-ray laser light for vario
target lengths, and plot them in the same way as in the si
case in Fig. 3~b!. The gain coefficient derived from fitting b
use of Linford formula was 3061.5 cm21, and the achieved
gain-length product was 13.2. The result is improved co
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pared with our previous results without traveling-wa
pumping @14#, in which the gain and gain-length produ
wereg514 cm21 andgl;8, respectively.

III. DISCUSSION

A. Discussion of the gain-saturation behavior

In Fig. 2~a!, gain-saturation-like behavior can be seen
target lengths longer than 3.9 mm. In order to be sure tha
is gain saturation, we estimated the output intensity of
x-ray laser light at the edge of the gain medium. The size
the gain region and the output energy were measured usi
combination of a spherical and two planar Mo/Si multilay
mirrors and a back-illuminated CCD, and they were 7
3103 mm2 and around 25610mJ, respectively. The detail
of the measurement will be published elsewhere@19#. In or-
der to estimate the gain duration, we constructed a o
dimensional ray-tracing code including x-ray amplificatio
We assumed a flat-top temporal gain profile with a peak g
of 35 cm21 and assumed that the length of the plasma w
3.9 mm. The plasma column was divided into cells of 3mm
length, and in each cell amplification of the x ray was calc
lated. The effects of diffraction of the x ray and gain satu
tion in the gain medium were not included. We changed
gain duration, and in each case the x-ray outputs were ca
lated for the cases with pure traveling-wave pumping,I TW ,
and without it, I NTW . The intensity ratiosI NTW /I TW are
shown in Fig. 4. The ratio given by the experiment is a
plotted, resulting in a gain duration of;8 ps, which is con-
sistent with the calculation in Ref.@12#. This together with
the experimental results~output energy of the lasing line an
the size of the gain region! leads to the experimental outpu
intensity of (2.7– 6.3)31010 W/cm2.

The experimental output intensity was compared with
theoretical saturation intensity. Under the assumption that
5-3



-
-

n
e

ts

TETSUYA KAWACHI et al. PHYSICAL REVIEW A 66, 033815 ~2002!
FIG. 3. ~a! Typical spectrum of
the 12.0 nm line on the CCD. The
target length is 4.3 mm. The hori
zontal beam profile of the second
order light is also shown.~b! The
output of the 12.0 nm line for
various target lengths. The gai
coefficient was estimated to b
;30 cm21, and gain-saturation
behavior can be seen for targe
longer than 4.4 mm.
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spectral line profile is determined by homogeneous~collision
and natural! broadening, the saturation intensityI sat at the
center frequency of the line profile can be expressed as@20#

I sat5
hn

sset2
5

hn

@l2~t11t2!/4p2tspont#t2
, ~1!

wherehn is the photon energy of the x ray,sse is the stimu-
lated emission cross section,t1 and t2 are the collisional-
radiative destruction times of the lower and upper lasing l
els, respectively,l is the wavelength of the lasing line, an
tspont is the decay time of the spontaneous transition of
lasing line. However, in the present case, as mentioned
low, the intrinsic spectral profile of the laser line is dete
mined by convolution of the homogeneous and inhomo
neous~Doppler! broadening. Under these conditions it m
be better to treat the effect of the spectral profile in the c
culation, and the amplification gain averaged over freque
is expressed as follows@21#:

g5DNsse

5DN0
l2

8ptspont
E

2`

` E
2`

` p~nj!dnj

@1/L~n!j#1~fl2I n/8phn!
dn,

~2!

where DN and DN0 are the population inversion densitie
with and without the laser field, respectively,I n is the inten-
sity of the amplified x ray, andf5(t2 /tspont)@11(1
2t2 /tspont)t1 /t2#. It is noted that, sincet2!tspont in the
typical gain region,f can be expressed as (t11t2)/tspont.
P(nj) is a Gaussian profile corresponding to the ion te
03381
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peratureTi , and L(n)j is a Lorentzian profile of the en
semble of ions in a homogeneous packetj,

L~n!j5
Dn/2p

~n2nj!
21~Dn/2!2 . ~3!

With the typical plasma parameters of the gain region,Te
5500 eV, Ti5150 eV, andne5531020 cm23, which are

FIG. 4. Calculated ratio of the x-ray laser output witho
traveling-wave pumping to that with traveling-wave pumping f
various gain durations. Experimental ratios are also plotted.
thick and thin solid curves are calculated results for the silver
tin lasers, respectively. The dotted and thin solid lines are exp
mental ratios for the silver laser at a target length of 3.9 mm and
tin laser at 4.4 mm, respectively. The peak gain is assumed to b
cm21 for the silver laser and 30 cm21 for the tin laser. The derived
gain duration is about 8 ps for the silver laser and 5 ps for the
laser.
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GAIN SATURATION OF NICKEL-LIKE SILVER AND . . . PHYSICAL REVIEW A 66, 033815 ~2002!
determined by theHYADES one-dimensional~1D! hydrody-
namics code@22#, we derive t250.153 ps, t150.150 ps,
andtspont54.7 ps by use of theHULLAC code@23#. This leads
to an inhomogeneous width@full width at half maximum
~FWHM!# of 13 mÅ and a homogeneous width~FWHM! of
14 mÅ.

The saturation intensityI sat is assumed to be the intensi
at which the gain coefficient becomes half its final value.
take the numerical integral of Eq.~2! for given I n values, and
the saturation intensity of 9.331010 W/cm2 is obtained for
the typical gain region. The calculated value is higher b
factor of 1.5–3.5 than the present experimental re
@(2.7– 6.3)31010 W/cm2#. This discrepancy may be due t
the uncertainty of the electron density of the gain regi
Indeed, under the assumption ofne5431020 cm23, the cal-
culated saturation intensity isI sat56.231010 W/cm2, which
is consistent with the experimental value including the er
bar. It is noted that another result by Zhanget al. @24# shows
that the experimental and theoretical saturation intensities
is 6.931010 and 2.831010 W/cm2, respectively, for ne
55.731020 cm23. Under the same electron density, our c
culated result is 1.131011 W/cm2, which is almost consis-
tent with the experimental value, differing by a factor of 1
However, the theoretical estimation in Ref.@24# is smaller by
a factor of;4 than our estimation; rather it is consistent w
an estimation by use of Eq.~1!, which is 3.031010 W/cm2 in
the present gain region. The conversion efficiency of the o
put x-ray laser in the present case, which is defined as
ratio of the output energy to the input energy, is 2
31026.

The output intensity of the 12.0 nm line was also es
mated. The output energy was derived from a compariso
the CCD counts of the 12.0 nm line with those of the silv
laser, where we used the diffraction efficiency of the grat
of our spectrometer@17# and the sensitivity of the CCD. Th
reflectivity of the spherical mirror in the spectrometer is
most constant for 12.0–13.9 nm under the grazing condi
~the angle of incidence was 87° with respect to the surf
normal!. The estimated output energy was 1767 mJ and the
conversion efficiency was 1.231026. The gain duration of 5
ps is derived in the same way as in the silver case~see Fig.
4!, and the size of the gain region was assumed to be
same as that of the silver laser, which led to the output
tensity of (2.9– 6.8)31010 W/cm2. This value is almost con
sistent with the calculated saturation intensity using
plasma parameters of the typical gain region, an elec
temperature of 500 eV and electron density of
31020 cm23. It should be noted that the present result w
obtained by use of a tabletop pumping system and that
presentg and gl are almost equivalent to the result b
MacPheeet al. obtained with a pumping energy of 60 J@9#.

B. Theoretical calculation under the present experimental
conditions

In the present experiment, we employed double-pulse
radiation with a pulse duration of a few picoseconds. Sin
the intensity of the main pulse exceeds 1015 W/cm2, the ped-
estal level becomes around 1012 W/cm2 under the contras
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ratio of (3 – 5)31024, and the plasma condition may be a
fected by the presence of the pedestal. We include this e
in our calculation and calculate the plasma parameters
the gain coefficient of the x-ray laser under laser irradiat
conditions that are similar to the present experimental c
ditions. We take the nickel-like tin x-ray laser as an examp

The plasma parameters and level populations of the i
are investigated theoretically using theHYADES 1D hydrody-
namics code@22# and theWHIAM ~web oriented hierarchica
atomic model! code@25#. We treat the detailed level structur
of the nickel-like ion and the averaged level structure
other charge states in our atomic model. For instance,
have a total number of approximately 300 levels from pa
diumlike to argonlike ions, including 150 fine-structure su
levels in the copper-, nickel-, and cobaltlike ions. For t
nickel-like ions, the level energies, the probabilities of rad
tive decay and autoionization, and the rate coefficients
electron impact ionization, excitation-deexcitation, thre
body recombination, and radiative recombination are cal
lated using theHULLAC code @23#. For other charge states
we employed the screened hydrogenic approximation@26#.
The ion abundance, level populations, and soft x-ray gain
calculated by postprocessing the temporal evolution of
Te andne calculated byHYADES.

Figure 5 shows the calculated electron temperatureTe and
densityne of a tin plasma produced by the irradiation of tw
short laser pulses with a duration of 1.5 ps, separated by
ns. The intensities of the prepulse and main pulse are
31014 and 831014 W/cm3, respectively. A pedestal level o
1012 W/cm2 is assumed between two pulses to reproduce
present experimental conditions. The solid lines 1, 2, 3, an
areTe andne at the peak of the main pulse, at 20 ps befo
the main pulse, at 40 ps after the main pulse, and at 10
after the main pulse, respectively, in the presence of the p
estal. In Fig. 5~b!, traces 3 and 4 are almost the same as tr
1. This means that the electron density profile, which is
termined by hydrodynamics motion, does not change s
stantially in 100 ps. The dashed lines are theTe andne at 20
ps before the main pulse without the pedestal. It is found t
the pedestal of the laser pulses sustains an electron tem
ture of the preplasma of nearly 200 eV during the expans
otherwise it goes down below 50 eV before the arrival of t
main pulse.

Figure 6 shows the tin soft x-ray gain and the avera
charge (z* ) of the plasma in the presence of the pedes
where z* 522 means that the average ionic stage is
nickel-like ions. The time is measured from the peak of t
main pulse. The gain is calculated by use of Eq.~2! under the
condition I n50, i.e., a Voigt profile is assumed for the las
line. The Doppler broadening and the collision and natu
broadening are determined by theHYADES andWHIAM codes.
Substantial gain is generated at around 40 ps with the p
estal effect. This calculated delay~40 ps! is longer compared
with an experiment@27# and another theoretical model@28#.
This is partly because the present case treats a high-z element
(z550) compared with the above two references (z547 for
Ref. @27# and 22 for Ref.@28#!. Furthermore, in our calcula
tion, the averaged charge of the ions just before the m
pulse is;15, and the ionization time to the nickel-like io
5-5
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TETSUYA KAWACHI et al. PHYSICAL REVIEW A 66, 033815 ~2002!
FIG. 5. The plasma parameter
@electron temperature~a! and den-
sity ~b!# of a plasma irradiated by
two 1.5 ps laser pulses. The soli
curves 1, 2, 3, and 4 areTe andne

at the peak of the main pulse~1!,
at 20 ps before the main pulse~2!,
at 40 ps after the main pulse~3!,
and at 100 ps after the main puls
~4!, respectively, with pedesta
level of 1012W/cm2. Dashed
curve: Te and ne at the peak of
the main pulse without pedesta
level. The arrow shows the loca
tion of the initial target surface.
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may induce this delay. It is noted that at around 40–100
after the main pulse, the calculated electron temperature
density of the gain region are;500 eV and 531020 cm23,
which are sufficient to generate substantial population inv
sion. The peak gain value is consistent with the experime
result. It is noted that if we assume only inhomogeneo
broadening for the lasing line the peak gain becomes m
higher than in the experiment.

In the case without the pedestal pulse, calculation sh
that no substantial gain is generated. This is because
recombination takes place substantially in the preform
plasma, and most of the energy of the main pulse is c
sumed before the ions in lower ionic states are reionized
nickel-like ions.

In Fig. 6~b!, from a comparison of the solid line at10 ps
with the dashed line, it is obvious that the pedestal pu
plays a decisive role in retaining the nickel-like ion abu
dance in the plasma. This result together with the temp
profiles ofTe andne suggests that the present experimen
condition is suitable for generating gains at these wa
lengths, i.e., a pulse separation of;1 ns can generate a long
scale-length plasma in the critical density region, and
pedestal level sustains the electron temperature until the
rival of the main pulse. It is noted that our calculation sho
that below the pedestal level of 1011 W/cm2 no substantial
gain is generated; thus the lasing condition is sensitive to
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pedestal level. In order to optimize the lasing condition, it
necessary to control the pedestal level, or use an additi
long pulse with an irradiance of;1012 W/cm2 to control the
ion abundance of the plasma. This is our objective in the n
future.

IV. SUMMARY

We demonstrated gain saturation of nickel-like ion x-r
lasers at wavelengths of 13.9 and 12.0 nm using a com
CPA Nd:glass laser with an input energy of;14 J. In this
experiment, we employed quasitraveling-wave pumping
ing a six-step mirror, and the pumping energy to achieve g
saturation could be reduced to 2.5 J/mm. This result sh
the possibility of a compact pumping system for x-ray las
in the shorter-wavelength region. A theoretical calculati
shows that the present experimental conditions are desir
for generating substantial gain.
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FIG. 6. Soft x-ray gain~a! and
average charge (z* ) of the plasma
~b! calculated using the tempora
evolution of the density and tem
perature shown in Fig. 6. 0 p
corresponds to the peak of th
main pulse. Dashed line showsz*
at 0 ps without the pedestal pulse
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