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Saturated x-ray lasers at 196 and 73 A pumped by a picosecond traveling-wave excitation
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Traveling-wave irradiation with a laser pulse of duratierl picosecond has been shown to achieve satu-
rated operation of Ne- and Ni-like x-ray lasers. Gain at 196 A was confirmed by observation of both forward
and backward x-ray laser beams from a germanium plasma under ideal and nonideal traveling-wave conditions
at a small signal gain 0f40 cni 1. Saturation was observed for targetd mm long consistent with a model
of laser amplification along the plasma medium and with the output of a detailed ray-tracing post-processor
coupled to a hydrodynamic and atomic physics code. Ni-like samarium targets, pumped under ideal traveling-
wave conditions exhibited a small signal gainrel9 cmi ! at 73 A with saturation observed for targets 8 mm
long.
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[. INTRODUCTION time to approach thermal equilibrium with each other and

with adjacent higher levels through collisions. Increasing the
The efficiency of pumping soft x-ray lasef§RLs) based Pplasma temperature, by using higher irradiance, to increase
on a laser-produced plasma medium has increased by mof@llision pump rates, and hence, inversion density eventually
than three orders of magnitude in the last dedades]. Scal- fails as the plasma over ionizes and the fractional abundance

ing to shorter wavelength operation has been achieveaf the lasant ion becomes too low to sustain a useful gain

through the use of higher targets allowing the efficient Cogﬂg'ﬁ_ntmse umping decounles the two main bhases in
operation of nickellike, as well as neonlike x-ray lasers. P pumping P p

: enerating inversion and gaji8]. A long pulse is used to
Saturated lasing at wavelengths as short as 5.9 nm has begf) §.,ce and ionize a plasma of the desired ionic composi-

observed7,8]. Two developments have led to the enhancesjon a5 pefore, but it does not have to heat the plasma to high
ment of efficiency. First, performing plasmas using aiemperature. Ideally, the temperature reached should be just
prepulse incident before the main pumping pulse has reducegfficient to produce a large fractional abundance in the
refraction, enhanced the volume of gain reg[@h and in-  ground state of the neonlike or nickellike ionization stage,
creased the absorption of the laser puff]. Second, the put too low to cause significant excitation of the upper-laser
development of chirped pulse amplificatig6@PA) has en- |evels. The plasma is allowed to expand hydrodynamically to
abled small and moderately sized lasers to produce higha point where the correct ion stage is located in a
focused irradiances in short duration pulses. Such pulses efegion of optimum electron densitjusually in the range
ficiently pump x-ray laser gain as over ionization to the next(1—6)x 10?° cm %) and small density gradient. At this
higher ionization stagé--like or Co-like is reduced11,12.  time, the population inversion is pumped by injecting an
Gain in neonlike ions with short-pulse~(sec) pumping ultra-short pulse of picosecond duration at high irradiance
was first observed at the Max Born Institute in Befit8]  (€.g., up to 2 10*> Wem?) into the preprepared plasma.
and the first observations of lasing from nickellike igi@  This raises the electron temperature very rapidly to values in
and Sm were made at the Rutherford Appleton Laboratoryexcess of a kilovolt and leads to transient collisional excita-
(RAL) using a traveling wave pumjd4], at Lawrence Liv- tion and large values of gain coefficient. Typical simulations
ermore National Laborator§t LNL ) [15] and at Laboratoire for both Ne-like and Ni-like |ons_|ndlcate gain coefﬂments in
pour I'Utilisation des Lasers IntenggULI) [16,17]. Here, ©xcess of 100 cm' can be achieved on picosecond times-
we report application of a traveling wave-pumping techniquec@!eS before further ionization reduces the geif]. The
that enables us to achieve saturated x-ray laser output at ﬂpgnal(;y pa_ld n th'g schen(’;e 'ﬁ thar'[] the colr_wfgeqluent ﬁhort-hved
shortest wavelength to date usirgosec pulse irradiation. gg'?on;:a?t[[?\gzea’boir‘]ran Lsmtleaststairgr\?eﬁing;ez/v:\?gtpuﬁlgri]gt
> " G,

Collision-pumped soft x-ray lasers have traditionally us.edused to keep the excitation in phase with the amplifying

optical lasers with pulses of duration 0.1-1.0 nsec in a lin

3 4 ) - E‘group of photons. The advantage of the short-pulse pumping
focus at 16*-10* Wem™ to produce and ionize plasma is that saturation of output may be achieved with relatively

from a suitable solid target. Intrinsic to the heating procesghort (several mm amplifier lengths. This leads to bright
was a requirement to simultaneously generate both the hy: 14y |aser output with picosecond duration pulses and a
drodynamic structure and the population inversion on spe ump-energy requirement that is modest in terms of both the
cific transitions. This required a balance between collisionahanosecond and picosecond drive pulses.

(monopolg excitation and fast radiative decays. On the long  Saturated output from x-ray lasers pumped with short
(subnanosecondimescales required to allow the plasma hy- ~psec pulses has been reported for Ni-like[38] and Ni-
drodynamics to evolve, this approach leads to a pumpingike Mo, Pd, Ag, Cd, and Sf21] at wavelengths down to
regime with the upper-laser level state populations having 20 A. In this paper, we report the demonstration and mod-
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10 mm. The targets were centered in the line focus with the
target normal horizontal.

To achieve pumping with the picosecond pulse in an ex-
citation wave traveling at the speed of lighit is necessary
to tilt the wave front of this beam so that it intercepts the
target plane at 45f23—26. The method adopted at RAL for
traveling-wave(TW) pumping combines the intrinsic tilt in
the wave front inherent to the off-axis focusing optics used
with an additional component introduced using a diffraction
grating, as shown in Fig. [22]. The grating was situated
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a2 downstream of the pulse chirping system, which was located
2}% i at an early stage in the laser amplifier chain. As a result, it

2 ‘%9 was necessary to take into account the change in beam di-

ameter and hence wave-front tilt angle as the pulse propa-
gated through the main optical amplifier chain. Without the
diffraction grating, the intrinsic traveling-wave speed was
FIG. 1. Experimental setup for TW CPA experiments using the2.9c and we henceforth refer to this condition as the
Vulcan laser at RAL. The long-pulsépreplasma formationand ~ nontraveling-waveNTW) mode.
short-pulsgtransient inversion pumgeams are line focused using  The total path length for the CPA pump beam depended
off-axis spherical mirrors and the relative arrival time of the psecon whether or not the traveling wave was used, as the addi-
and nsec beams can be varied. The line-focus TW arrow point§onal grating introduced an optical delay. For optimum tun-
towards the North spectrometer, which receives the brightest XRling of the CPA pulse compression, the pulse stretcher grat-
signal. ings were adjusted to compensate for the change in
dispersion introduced by the traveling-wave grating. This in-
eling of traveling-wave operation of both Ne-like and Ni-like {roduced a change in path length common to all three pump-
x-ray lasers with saturated outputs at wavelengths as short 439 Peams, so that the relative timing was not affected. The
73 A. The picosecond-pump pulse with energy upt60 J  CPA pulse length, the speed of the traveling wave, and the
is generated in thevuLcan laser amplifier chain using relative timing of the long and short pulses were set and

chirped pulse amplificatiofCPA) technology[22]. verified at the target plane using a Hamama$du optical
streak camera with~300 fsec resolution. For full energy

shots on target, the optical streak camera could not be used
Il EXPERIMENTAL ARRANGEMENT and the CPA pulse Ieng_th was measured using a t_hird-order
autocorrelator cross calibrated against the fast optical streak
Guided by simulations, the basic pumping scheme usedamera. The relative timing of the CPA pulse and the long
three 1.06um laser pulses. For Ne-like Ge, the most effec-pulses was monitored on a shot-to-shot basis using kilovolt
tive pumping scheme investigated used three pulses. Twe-ray streak records. Relative beam timing was adjusted with
280 psec full width at half maximuntFWHM) Gaussian a mirror slide trombone in the long-pulse beam line. For the
pulses with average irradiance10'> Wem™? (first puls@  Ge target shots, the pulse length without traveling wave was
and~ 10 (second pulseand separated by 2 nsec were usedmeasured to be 1:00.2 psec using an autocorrelator. The
to prepare the preformed plasma. The third pulse wa&  pulse was stretched to 2£0.2 psec when the traveling wave
psec FWHM, at irradiance-10*> Wem™2 and arrived to  was introduced. For the Sm target shots, the pulse length was
interact with the preformed plasma during the trailing edge0.8+ 0.2 psec without traveling wave and *+0.2 psec with
of the second pulse. In contrast, we found that the travelinghe traveling wave. The difference in pulse length between
wave-pumped Ni-like Sm x-ray laser was improved by usingthe two sets of measurements was due to different degrees of
a single 280 psec heating beam and a single-short pulsgptimization of the pulse stretcher.
beam. All three pulses were derived from the same yttrium- To measure the soft x-ray signal from the plasma, two
lithium-fluoride (YLF) oscillator. The CPA pulse was grazing incidence, flat-field spectrometers were used. Each
stretched, amplified, and then compressed prior to enteringpmprised a variable pitch(mean groove density
the target chamber. The 280 psec heating pulses were spfit1200 mm 1), a concave gold grating& m radius, and a
from the CPA line after stretching, diverted to an alternativel6-bit, back-thinned charge-coupled devi@@CD) system
amplifier chain and then directed into the target area. Thi$27]. The spectrometers were mounted axially to observe the
mode of operation eliminated jitter in the arrival time of the x-ray laser signals emitted in both the preferred, traveling-
three laser pulses on target. wave direction(north) and in the opposite directiofsouth.
Each pulse was focused to a common line focus ofThe spectrometers sampled the XRL beams with angular ac-
~100 um width and~ 12 mm length. A tilted spherical mir- ceptance widthsA 6, andA 6,,, in the horizontal and verti-
ror imaged a spot focus of each beam created by an off-axisal planes, where the horizontal plane is defined by the target
parabolic mirror to the line focud=ig. 1). Targets were made normal and the TW pumping direction and the vertical plane
from either germanium or samarium evaporated on to polis parallel to the target surface. In these experimends,
ished glass substrates with length ranging from 1 mm up te-40 mrad and~28 mrad, and\ 6,,~7 mrad and~5 mrad
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FIG. 2. X-ray laser output dependence on the
arrival time of the short CPA pulse relative to the
peak of the long pulse for 5mm Ge targets. Re-
sults from two sets of experiments are shown
with different symbols. Simulations with differ-
ent values of the fraction of laser energy available
for absorptionF are shown as curves.
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for the North and South spectrometers respectively. Although Ill. EXPERIMENTAL RESULTS
horizontal angular profiles are effectively measured directly
(see Figure 6 latgrthe vertical intensity distribution is not.

For the purposes of estimating the total XRL beam energy i

All observed x-ray lasing action was initiated by the CPA
rPulse. This was confirmed by noting that in the absence of

each direction by integration over solid angle, we assume thg]e CPA p_ulse, the preplasma alone could not hger;ergte
vertical beam divergence is twice the measured horizonta‘?nough gain to produce a detectable output at the lasing
value and that we sample on the peak of a Gaussianlik@lavelength'
distribution; this is broadly consistent with previous near and
far-field measurements of non-CPA pumped cases, and also
with simulated far-field patterns obtained using the ceae A sequence of shots on 5 mm long Ge targets was taken to
TRACE discussed later. We estimate that this approachdetermine the optimum delay between the main long pulse
coupled with other uncertainties such as grating efficiencyand the short pulse with the traveling wave switchedFig.
filter transmissions and quantum efficiency of the CCD’s,2). The experiment was subsequently repeated with similar
leads to an overall factor o2 uncertainty in the south- results[28], which have also been included in this plot. A
beam energy measurements, with the north-beam estimateslatively short target length was chosen to optimize the sen-
more reliable and probably accurate to better than 50%. sitivity of the measurement by avoiding both very small and
Uniformity of the pump-laser heating along the target wasvery saturated signal strengths. The short-pulse irradiance
monitored by two space-resolving Bragg crystal spectromwas ~1.5x 10> Wem 2, the main long-pulse irradiance
eters. One observed the plasma frord5° above and the was~5x10" Wecm 2, and a 10% prepulse arrived 2 nsec
other observed the plasma in the horizontal plane. The disarly. The optimum x-ray laser output from both experiment
persion elements were convex potassium acid phthalatend simulation(discussed belowis when the short-laser
(KAP) crystals with 300 mm radius of curvature and the pulse is incident approximately 50 psec after the peak of the
time-integrating detectors for both of the spectrometers weréong pulse. These results also show the shot-to-shot repro-
16-bit CCD’s[27]. The spectral range for both spectrometersducibility of the experiment, and hence, give an indication of
was set to cover-7-10 A to record the resonance line emis- the sensitivity of pulse buildup to shot-to-shot variations in
sion from the Ne- and F-like Ge and Ni- and Co-like Smthe exact irradiance and target conditions as the variance is
ions. A third spectrometer with similar spectral range wasmuch larger than the precision of the energy measurement.
also mounted with line of sight 45° above the horizontal to The gain coefficient for the system was measured with a
obtain time-resolved spectral information. The detector insequence of shots taken with target length ranging from 2—-9
this was a Kentech x-ray streak camera with0 psec tem- mm as shown in Fig. 3. The long- and short-pulse separation
poral resolution of emissions from a1 mm space- for this length scan was 80 psec. To examine the effect of the
integrated length near the center of the target. A differentialljtraveling wave, a further sequence of shots was taken with
magnifying crossed-slits camera, filtered to detect emissiongarget length ranging from 2—9 mm but with the traveling
at >1 keV, was used with a time-integrating 16-bit CCD to wave switched off. The error bars in Fig. 3, and elsewhere,
monitor the line-focus width as a function of distance alongreflect the shot-to-shot variation where more than one mea-
the target. The system achievedlO um resolution across surement was made.
the target and-100 wm resolution along the target. All these ~ The two data sets in Fig. 3 represent the x-ray laser output
diagnostics provide useful data for detailed comparisons wittmeasured under TW and NTW conditions. The signal growth
simulations but, for now, we simply note that they ensuredcurves are similar for short target lengths, but diverge for
good reproducibility of experimental conditions for the las-lengths=3.5 mm. Since the x-ray transit time along a 3.5
ing signal data reported here. mm target is~10 psec we infer that this gives the charac-

A. Germanium Ne-like laser
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FIG. 3. Experimental data showing growth curve for 196 A Ge FIG. 4. _XRL output dependence on arrival time of short CPA
signal with SSG>40 cm ! leading to strongly saturated output of Pulse relative to peak of long pulse for 9 mm $78 A) targets.
~0.1 mJ when pumped with TWM=c). For NTW (V=2.9c),
outputs at each end of targetl andS) are consistent with a pulse line damaged the conditions for gain at 73 A, typically re-
duration of~10 psec. ducing the potential output by a factor ef3. Our data for
- . . o the traveling-wave pumped Ni-like Sm x-ray laser was pro-

teristic order of magnitude of the gain duration in the syste uced using a singple 2%0 psec heating b()a/am and a gingle
2nd tha; |t|prowr(]jes an elst|tmate %;he XRL EUIsedlengttu'short—pulse beam. The arrival time of the CPA pulse relative

lgure > also Shows analylic gro curves based on g, e peak of the long pulse was optimized as shown in Fig.
L]nford Torm“"."‘[zg] for a range of small S|gn.al gain qoeffl- .4, by taking a sequence of shots with different delays on the
cients, indicating that the peak gain coefficient achieved '?o’ng—pulse beam line. The optimum pulse separation was
>40 clrg)l JTZe tOt?I om:tpu; tinerg¥ frgfm the S()j.mm tgr%et found to be~130 psec. A further sequence of shots was
was pJ. AN estimate of e saturation Irradiance 1S de-ay o 1o measure the gain coefficient at the optimum pulse
rived from Figure 3, using a_fourth order polynomlal fit to separation as shown in Fig. 5. A gain coefficient of
the TW datg fo chate the point wh_ere the small signal gain_ 19 cm ! was measured for this transition. The maximum
(S.SG’ 'coefflment}s reduced tq half its peak value. The satu"mtegrated x-ray laser output energy for the 73 A Sm laser
ration irradiance is reachedOW|th a tgrget length-af.5 mm, was ~ 1.5 uJ and based on modeling parameters, this corre-
and has a value of2>§101 wem™”. These values are in ponds to an output irradiance 610 Wem™2. For com-
close agreeme_nt with §|mulat|on, where Fhe ray ayeraged V8harison, the ray-averaged parameters for the gain coefficient
ues for the gain coefficient and saturation irradiance at th nd saturation irradiance from simulation are 21.5 &mand

; : - 0
time ,%f maximum output are 50 cm and 1.6¢10° 3x 10 Wem™?, respectively. Saturation has been achieved
Wcem™ 4, respectively. Assuming a 10 psec x-ray laser-pulse

length and estimating an exit aperture of dimensiong&b

horizontal and 55«um vertical, the exit irradiance at 9 mm r ‘ P T
corresponds to an irradiance in the plasma ®©f7 r PR + ]
X 10' Wem™?, which is well into the saturated regirfi@0]. 051 il ]

Measurements made on the flat-field spectrometer in theg et 1
south (counter-propagating directipnwith the traveling & " jf/ 7]
wave switched off NTW) showed negligible output of the 5 .1s|- e _
x-ray laser line, as would be expected for a short durationg el
gain period, predicted to be 30 psec. The soutfS) spec- é 2 ‘/‘J; 7
trometer is less sensitive than the noffl) spectrometer, £ 2si el * i
partly due to being located farther from the target to avoid & il
the short-pulse beam. The only measurable signal in the 3 /,/' 7
south direction when the TW was switched off was froma 9  ss}:7 _
mm target; this is the data point marked NT3Vin Fig. 3. A . | . | . |

4 6 8 10
B. Samarium Ni-like laser Target Length (mm)

Having established the effectiveness of the TW pump, we F|G. 5. Growth curve for Sm at 73 A with small signal gain
shot samarium-coated targets with the same experimental ar-19 cni! shown by Linford fit. The gain-length product for
rangement, but at-2X higher pump irradiance. Although >8 mm is>15, indicating a roll over into saturation with an output
initially guided by modeling that also used a prepulse wepulse energy of~1.5 uJ at an estimated plasma exiting irradiance
found that, for Sm, a 10% prepulse on the long-pulse beamef ~10° Wem 2,
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012 , T ‘ | and are in good agreement, particularly in the long target TW
P T Ge (W) 1 case.

A - An analytic model has also been used to aid the interpre-

; . tation of the data. This has been developed from the standard

. model of steady-state amplified spontaneous emigA&E)

1 lasing, by modifying the unidirectional model, which consid-

_ ers the laser beam generated in each direction along the axis

i as independent, to include a time-varying gain and spontane-

ous emission ratg20,34,39. The values of these parameters

01—

<

1=

&
1

Intensity (arb. units)
f=
f=3
k=2
T

o | | can be specified quite generally, or as in this case, from the

bl - output of detailed simulation. The applicability and accuracy
’ of the model were examined in R¢85] by comparing val-

oo . ues yielded by the model to a simulation of the germanium

% s o I sna sl T\ experiment. The model can be simply used to treat both

Angular deviation (mrad) TW and NTW wave systems with arbitrary line profiles. We
_ S have recently extended the model to treat the time-dependent
FIG. 6. Horizontal angular distributions for outputs from_9 mm bidirectional ASE configuratiof36], where the saturation of
targets of Ge TW(dotted and NTW (dashed and Sm(solid),  the forward going laser radiation modifies the backward, and
indicating a relatively less refracted beam in the Sm case. vice versa
The model calculates the output from a laser rod of speci-
with the longest Sm targets, but the rolling over of the signafied spontaneous emission and saturation irradiances, gain
at approximately 9 mm is compounded by the reducing@nd area with prescribed time profiles. It is particularly use-
short-pulse irradiance at the end of the target, as the targél for treating bidirectional output in the NTW case, which
length is similar to that of the line focus. No signals werelS difficult to simulate with theRAYTRACE code. As the NTW
detected from Sm targets on the backward flat-field specdata is more scattered than the TW, we have tested the con-
trometer, again confirming the effectiveness of the matchedStency of the model against the experiments, rather than an
traveling-wave pump. accurate simulation. In this paper we have assumed a homo-
Figure 6 shows typical angle-resolved line outs from thegeneous line profile when using the model, for the reasons
north flat-field spectrometer for 9 mm Ge and Sm targetsdiscussed in Re{:35]. In order to apply the model it is nec-
The beam divergence for Ge is10 mrad and the beam- €SS&ry to have appropriate average values for the input pa-
pointing angle from the target axis 89 mrad. The angular rameters. Since the density profile is nearly constant over the
profiles of the germanium laser recorded under TW and@sing time, the ray paths at different times are nearly iden-
NTW conditions show that refraction condition must be tical. However, in the NTW case, only a limited length of the
similar in both TW and NTW pump conditions in agreement9in medium is effectively active. Suitable values of the nec-
with simulation. Compared to the Ge data, the Sm laser ha&SSary input parameters for the model are obtained from the
much-reduced divergence and pointing angle, measured §frresponding values generated RYYTRACE at the same
2.8 and 4.9 mrad, respectively. This is expected, due to th@utput energy(i.e., gain-length produgtin the TW case,

reduced refraction effects at the shorter wavelength, and thhich are in good agreement with the gain and saturation
narrower gain zone for this laser. irradiance measured experimentally. Although the model is

quite sensitive to the input values, most of these are slowly
varying throughout the pulse. However, the ray-averaged
spontaneous irradiatiofwhich is assumed constant in the
The experimental data have been compared to outputmode) does have significant variation both in time and over
from numerical simulations for both germanium and sa-different scale lengths, thereby introducing uncertainty into
marium experiments. The numerical simulations derive fronthe final model results.
a three-dimensiona(3D) ray-trace post-processing of the  The EHYBRID code using 100 cells has been successfully
space-time output from the 1.5-D fluid and collisional- used to simulate soft x-ray laser output with longer-laser-
radiative atomic codeeHYBRID [31]. The RAYTRACE code  pulse(75 psec - 1 nsegumping. In our earlier work, it was
[5], which includes saturation effects, simulates the TW caséound necessary to use a scale fadter0.5 to multiply the
by following the amplified spontaneous emission signalsactual incident-laser energy to account for unmodeled
from a set of intervals through the gain pulse and time inteenergy-loss channels in the absorption prod&ds. In the
grating the resultant outputs. The germanium calculationpresent experiments, this value is no longer appropriate. As a
used a modified data set, which did not include the empiricatesult of extensive simulation we find that in all cases a
adjustment to thd=0-J=0 monopole collisional-excitation lower valueF~0.3 gives better agreeme(see, for example,
rate, to the upper-laser state, applied eaf&t]. The sa- Figs. 2 and Y. Since this empirical term is included to take
marium set was generated from the gadolinium data used iimto account a number of poorly enumerated factors, such as
Ref.[12] adapted with values fromrAsP[32] and Ref[33].  focus defects and plasma reflectivity, which vary from ex-
The absolute energy values from the numerical model angerimental system to system, it is not surprising that in these
from experimental measurements are derived independentxperiments, we find that a different factor gives an im-

IV. MODELING OF EXPERIMENTAL RESULTS
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FIG. 7. Comparison of experimental output energies for the ger196 A line at the location of peak gain as functions of time after
manium laser in the traveling wave mo@BW) with those gener- main pulse onset, generated d&ayvBrID modeling the experimental
ated by direct simulatiorifull lines) and modeling. The analytic parameters given in the text.
model (dotted uses values taken fromHYBRID at 3.5 mm to cal-
culate output energies for the TW system in the forward directionoutput signal, especially before saturation is established.
Two values of the pump energy coupling facterare shown for  These effects are more marked in the NTW case, where satu-
simulations withF=0.3 giving the best match. ration is weak, as observed experimentally.

As noted above, it is predicted that the ionization at the

proved fit to the experimental data obtained for the outpugnd of the long pulse is significantly less than the ideal in
scaling vs the pulse deldfig. 2 and the lengttiFig. 7). On  which the lasant is prepared in the closed-shell Ne-like con-
the other hand, if either or both are given the standard valuéiguration before the onset of strong heating. This result is
0.5, poor agreement is obtained. We also examined the ougonsistent with experimental observations from the streaked
put calculated when the absorption factor was sét+c0.5,  X-ray spectrograph, which records the resonance spectra of
and the monopole excitation rate reduced by 1/2 as in earlidhe Ne- and F-like ionization stages. These lines are observed
work [31]. In this case the calculated output is too high atonly after the commencement of the CPA pulse: a typical
short lengths, when the laser is unsaturated, but closer to tfxample of this behavior having been reported eaféy.
measured values at long lengths. However, the overall agre#? that case, the measured x-ray signal from these lines was
ment to experiments with these characteristics is markedighown to be in good agreement with the computational simu-
poorer than our new standarfl=0.3 and unmodified exci- lation.
tation rate.
1. Traveling wave operation

We now turn to a detailed consideration of the length
scaling of the TW germanium laser. These simulations will

Figure 2 shows the variation of the laser output from a 5refer only to the case discussed above, for which the tempo-
mm target for different time delays between the backgroundal pulse structure has been optimized. Some aspects of this
and CPA pulses, compared with the values obtained by simwnalysis have already been presented in an earlier paper
lation. It can be seen that the best agreement is obtaingdom which we draw a number of results.
when both pulses are assigned an absorption fa€t00.3. Figure 7 shows the simulated output signal as a function
However, it can be seen that the simulation is much moref the length of the laser under the optimum condition with a
sensitive to the value assigned to the long pulse. This resuttelay of 50 psec for the CPA pulse. Agreement between
may be understood by examining the ionization history ofsimulation withF~0.3 and the TW experimental results is
the lasant under the optimum conditio(lSg. 8). It can be good except at small gain lengths. The difference between
seen that prior to the CPA heating pulse, the ionization isimulation and experiment at short lengtt®&mm) can be
only 19.5, and further ionization is required before peak gairaccounted by late-time quasi-isotropic emission associated
is achieved. Increasing thE value of the long pulse in- with recombination pumping of the upper-laser ley8b],
creases the initial temperature and ionization and substamauch of which lies outside the angular acceptance range of
tially increases the gain, as observed in Fig. 2. The sensitithe detector. We may eliminate the contribution from these
ity of the predicted output to the value of this parameter als@purious signals, by truncating the output fremyTRACE by
probably explains the large shot-to-shot variation seen iriollowing the natural decay of the signal. With this correc-
many of the experimental resultBigs.2 and Bin that rela-  tion, the agreement is satisfactory.
tively small shot-to-shot variations in the magnitude and spa- The analytic mode[35] can be used to create values of
tial distribution of the focal spot, particularly from the back- the output irradiance, from parameters generated with
ground pulse, lead to marked differences in the overalRAYTRACE data at peak output from a target of length 3.5

A. Germanium Ne-like laser
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Target Length (mm) FIG. 10. Horizontal angular distributions for TW outputs from 9
FIG. 9. Output pulse duratiofiull 1/e width) of the 196 A line MM targets of Ge obtained experimentaliplid) and by simulation
as a function of target length, as predicted B3yvBRID/RAYTRACE (dotted.
for the standard caséull line) and by the modeldotted. Also e . . .
shown is the area of the output XRL beam as calculated b)guently, differing pulse shortening, which f"“e averaged |_n the
EHYBRIDIRAYTRACE (dot dashej final signal. In contrast, the model considers only a single
trajectory, albeit with ray-averaged parameters, and therefore
. . ; h ¢ . h | exhibits the maximal shortening effect. A similar effect can
mm, i.e., just be ore the onset of saturation. The valueg, s, he seen in the area broadening noted above.
of gain (5(12 cm ) and saturation irradiance (1.6 The experiments also measured the beam far-field angular
x 10t W cm™2) are in good agreement with the experimen-

) ; , deflection and spread, which can be compared with simula-
tal estimates obtained earlier. However, the area and spontgs ., \with TW. the width and centroid of the beam are accu-

neous emission rates vary depending on the target lengifie|y predicted. The profiles differ slightly in fortfig. 10),
considered. Figure 7 indicates that at short lengths the modgla simulation indicating slightly more rays traversing a

closely matches both experiment amAYTRACE values. |gnger path in the plasma, i.e., originating near the rear end

However, the model seriously underestimates the output &t the |aser. However, the results show that the density pro-
long target lengths, where saturation is strong,

ure _ by about gi¢ in the region of gain is modeled reasonably accurately.

factor ~3.5 at length 9 mm. This is ascribed to the effect of

saturation increasing the effective cross section of the lasing
plasma(Fig. 9. This behavior, together with related pulse- . : .
length shortening and subsequent rebroadening, is due to tkf Figure 11 Sh.OWS values of the output signal obtained from
fact that once saturation sets in at the peak of the gain, ra)} e NTW experiment, when the traveling wave was removed
still unsaturated make a proportionately greater contribution.
These effects, associated with strong saturation, are ac
counted for by the temporal integration used for ther-
TRACE data. Calculation of the are@WHM) of the near-
field exit beam(Fig. 9 shows that increase in the effective
area is~10X. Taking this into account, the model overesti-
mates the output by a factor ef3X. This additional factor

is ascribed both to the failure of some of the assumption
implicit in the model[36], in particular, the requirement of
constant spontaneous emission irradiance, and also the urf
certainty in the assignment of the exit area from the near- -6
field pattern inRAYTRACE.

Pulse shortening is clearly seen in the simulation and ana:

lytic results(Fig. 9). However, the pulse shortening predicted sl s | s | < w s

by the model is greater than that obtained from the simula- g ¢ ¥ ’ 10
tion. The resultant laser pulse is predicted to have a mini- Torget length (o)

mum value of the ¥ duration 11.5 psec frorRAYTRACE at FIG. 11. Comparison of experimental output energies for the
4 mm and 10 psec at 3.25 mm from the model, as saturatiogermanium laser at 196 A in the nontraveling matr'w) with
sets in, compared to the gain lifetime of 35 psec. When thenose modeled for the full gain pulse and group velocity equal to the
output is strongly saturated at 9 mm the laser-pulse length igelocity of light in vacuo. The models use values taken fresm-
increased to 24 psec. The simulation includes contributionsrip at 3.5 mm to calculate output energies for the NTW systems in
from many rays, which have differing histories, and conse-both the forward NTW(N)] and backwardNTW(S)] directions.

2. Nontraveling wave operation

O

w[Tot(a? energy (mJ)]

X NTW(N) Experiment
® NTW(S) Experiment
— NTW(N) Unidirectional model

- NTW(S) Unidirectional model | —
-—— NTW(S) Bidirectional model
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and replaced by the natural progressive gain wave movinga o
2.9 associated with the line-focusing optics. We have mod-
eled this case using the gain temporal profile fremyYBRID,

and ray-averaged parametefspontaneous emission rate, 2
gain, saturation irradiance, and beam a@aained from the
RAYTRACE, for a 1 psec CPA pulse duration and 3.5 mm
target length, i.e., before saturation sets in. These result§ 4
show that the lasing plasma has almost identical properties irg
both the TW and NTW cases despite the change in the CP/E.?
pulse duration. Since the output is now only weakly satu-"~ P
rated at the longest lengths used, the strong saturation effec
noted above are expected to be weak, and the model shoul
give reasonable accuracy. For the forwéndrth) beam the N , | , | , | ,
unidirectional model is expected to be valid, but at lengths 2 4 6 8 10
greater than about 7 mm the bidirectional should be used fo Target length (mm)

the backward (south beam. For the forward beam
[NTW(N)] the unidirectional propagation mod¢R0,35
shows reasonable agreement with the measured values . - ) 1
lengths up to 5 mm, but it overestimates the output by a
factor of ~2.5 at 9 mm. At these long lengths, the output has _
become weakly saturated, as may be seen by comparisdz |
with the TW results. The magnitude of this error is compa-
rable to that found in the TW results, where an overestimat
of ~2.5 is found when the area effect is taken into account.
In the NTW case, thigarea effect is negligible as may be
seen by noting that at a target length of 9 mm, the NTW
output is equal to that at 4 mm with TW. The corresponding
area increase at this level of saturation is negligiBlig. 9).

We have also modeled the limited experimental results , | , | , | ,
(one data pointfrom the backward wavENTW(S)]. In this 2 4 6 8 10
case, it is necessary to include the effect of the saturation o Target length (mm)
the forward beam on the backwartbidirectional effects . . .

The results are shown in Fig. INTW(S)] using the same FIG._12. Comparison );)f_ experimental o_utput energies _for the
values as above. Although the bidirectional calculation giveferm"’Inlum laser at 196 A in the nontraveling matErW) with

hose modeled for a reduced gain pulse duration of 20 (®end

a marked improvement on that generated by the unldlrec-or reduced group velocity 0c5(b). The models use values taken

tional model, the result Sti.” overesti_mates the experiment rom EHYBRID at 3.5 mm to calculate output energies for the NTW
value by a factor~ 10_' Wh'Ch may, in part, be due to the systems in both the forwafdNTW(N)] and backward NTW(S)]
large shot-to-shot variation of the NTW x-ray laser output. girections.

In earlier work, the knee in the NTW results at3 mm
was identified with the point at which the gain-pulse length show that the density profile is nearly stationary over the
became less that the transit time, i.e., the pulse duration wasperiod of strongest gain. Since the gain lifetifkeg. 9) is
0.3t~ 10 psec. In fact, this interpretation is only valid if the nearly equal to the transit time, the ray paths generating the
pulse has a square profile. When the pulse has a smoothlyoutput signal do not differ greatly between the TW and
varying form (as in Fig. 8, the pulse sharpening phenom- NTW cases. We notéFig. 6) that the profiles are essen-
enon discussed earlier plays a role, reducing the gain-pulsetially the same, but that the deflection angle is less in the
length. In order to explore this effect, we have modeled the Tw case, probably due to rays from lower denstgnce,
NTW case USing theHYBRID generated ValueS, and retained smaller deﬂectio)‘] which also give rise to the area in-

the same gain-pulse profile, but with a reduceel\idth. In crease noted earlier. On the other hand, the output gener-
contrast to the TW case, the NTW output is very sensitive 0 4teq py a short gain-life laser would consist of a continu-
variations of the gain-pulse lifetime from the value of 35 ;5 sequence of short pulses, uniformly generated along
psec obtained fronEHYBRID. As can be seen from Fig. 12, 0 aser: those from near the exit would suffer only small
the NTW results are well accounted if the gaie furation deflections. The NTW beam would in consequence be ex-
IS reducgd to 20 psec. . L pected to be broad with a flat top starting near the axis.

Despite these results, this short-pulse duration is not con; If the gain-pulse length were reduced, the output from the
sistent with the experiments: ' .

TW system would be reduced proportionately, thereby in-

« If this hypothesis were correct, the angular profile of the troducing a discrepancy with the experimental output of

NTW would be broader and closer to the axis than the TW: about a factor two into th&kAYTRACE modeling at all

in fact, the opposite is the cas$Eig. 6). The simulations lengths.

Tgy (ml)]

X NTW(N) Experiment
v @ NTW(S) Experiment
— NTW(N) Unidirectional model

-« NTW(S) Unidirectional model | —
--- NTW(S) Bidirectional model

x  NTW(N) Experiment
- @ NTW(S) Experiment
—— NTW(N) Unidirectional model

- NTW(S) Unidirectional model | —
——- NTW(S) Bidirectional model

log,  [Total energy
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Similar gain-pulse lengths were deduced by Nicldesl. [ ' ' ' T
[13] as a result of their experiments with Ti under similar ol —— F=03 /g:’ T
conditions. L — F=031 e o

o5k —— F=032 -

-+ Experiment

It has recently been proposg87] that the observed satu-
ration effects in short-pulse-pumped x-ray lasers can be ex
plained by the reduction in the group velocity of the x-ray
laser beam resulting from gaf8]. In order to explore this
possibility, we have modeled the NTW data, which is more
sensitive to timing mismatch, using the model with an ad- &
justable group velocity for the x-ray laser beam. As can bes -2
seen from Fig. 12, a reduction of 0.5 from the velocity of ~
light in vacuois required to directly match the results, a -5
value that implies a peak gain of 150 cM[38]. From both - P 1
the experimental andHYBRID data, we find that the gain is 3 1’ t ‘ 5 ' 5
50 cmi !, and the line width has a Doppler component
8.9x10"" Hz and Lorentz 4.910'" Hz. Adjusting
the Casperson-VYariv resyl89] for the corresponding Voigt FIG. 13. Comparison of the output energy for the Ni-like Sm
profile, yields a group velocity 0.85 which is too large to laser at 73 A measured experimentalpoints with that obtained
have a significant effect. from simulation for different values of the absorption fackor

An interesting observation can be made from Figs. 7 an(ellvhen the CPA pulse is incident at the peak of the background

e o -ty PSe, oy 1, and hence,produces e wesk ouput. A
: . ; ‘relatively small increase in the absorptiénfactor for the
although the_ conditions are the same in each case. The stro 1ain pulse would increase the simulated x-ray laser output to
gest output in the TW case follows the peak gain along thgne experimental value. Figure 13 shows the values of Ni-
axis, whereas that in t_he NTW is an average across_the teMike Sm output at 73 A generated by simulation compared
poral profile of the gain due to the lack of synchronism be-yith those found experimentally. It can be seen that rela-
tWeen. the pulseS: Some eV|dean for this behavior can %e'y sma” Changes in the absorption facﬁ)produce Sig_
seen in the experimental dafsee Fig. 3 nificant changes in the output, the experimental values span-
ning the range ofF modeled. At large gain-lengtiiGL)
products into saturation, the agreement is good. However, at
B. Samarium Ni-like laser low GlI, the same behavior is found as for germanium. Ex-

We have used the same approach to model the samariufiPolation of the signal at 6 mm. using the analytic model,
laser. However, in this case the active volume occupies ¥ith the EHYBRID-generated laser parameters at peak gain,

smaller space, and 400 cells were needed to give an accurdi@in improves the modeling. At large Gl the analytic model
representation fronEHYBRID. The other marked difference underestimates both experimental and simulation outputs due
from the Ge is the shorter.duration of the predicted outpufo the increase in effective cross section resulting from satu-

signal, which again demands a time resolution of at least 0_5at||on r:mscuisedh e::tjrller _for g(;\minlufmh The S|mula|1t|or_1 re-
sec over the output to obtain accurate values. The samariugh. ts show that the _uratmn_@_ lat ).O the output pulse Is
P ' M7s psec showing little variation with gain length.

plasma has a gain profile with a relat_lvely ang lifetime The far-field beam profile in the radial direction is shown
(~22 pseg. However, the laser output is dominated by aj, Fig 14, The simulation accurately calculates the angular
short duration ¢-4 pse¢ of high gain, which is superim-  peam width 3 mrad, but underestimates the deflection by
posed on the long decaffig. 15. Analysis of the simulated 1 5 mrad. However, as the experimental alignment accu-
ionization history again shows that the plasma is under ionraCy of these short10 mm) targets is probably not better
ized at the start of the CPA pulse. The short high-gain lifethan +~1 mrad (i.e., 10 um in 10 mm), this error may be
time results from the rapidly cooled high-electron- accounted for by experimental uncertainty. Otherwise, the
temperature pulse generated by the pump. The slow overaligin of any discrepancy is poorly understood, but would
gain decay results from the compensation of the declining,ropably result from an underestimate of the density gradient
eXCIFatlon rate by an lonization increase. ) in the region of h|ghest gain_

Figure 4 compares the measured output signal at 9 mm The characteristic gain profile noted earliEig. 15 gives
target length with thgt obtained fr_om the_ si_mulation as th_erise to very short-laser pulses of duratierl.7 psec. At large
pulse delay was varied. The optimum timing sequence igain lengths, the output is dominated by the high-gain spike
correctly predicted, together with the fall off at longer delay. gnq the long-lived background makes only a small contribu-
However, when the CPA pulse is incident near the peak ofion, 1o the signal, when the gain is less thaa af the peak
the long pulse, the code gives negligible output in contrast tQ5|e.
that found experimentally. Examination of the code output
shows that at this time the ionization is incomplete and the V. CONCLUSIONS
plasma-density structure poorly developed. These two fac- '
tors lead to low gain and enhanced refraction loss, with the A traveling wave pump has been unequivocally demon-
result that the peak overall ray averaged gain-length producstrated to achieve saturated operation of both Ne-like and

.
~
I

Total output energy ()]
&
I

I
\.

Target Length (mm)
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mm targets of the Sm laser obtained experiment@tfid) and by

simulation(dotted. FIG. 15. Electron temperature, ionization and peak gain of the
73 A line at the location of peak gain as functions of time after main
pulse onset, generated mAYBRID modeling the experimental pa-

Ni-like x-ray lasers pumped with- psec pulses. A high irra- r@meters given in the text.

diance transient pump pulse;1 psec in duration, was fo-

cused into a preformed plasma columnl0 mm in length,

in such a way that the propagation speed of the plasma exenger than would otherwise be predicted. In the germanium

citation region along the line column could be controlled andcase, the laser is strongly saturated, and the characteristic

adjusted to match the speed of light. A gain coefficient ofeffects of saturation on traveling-wave behavior, modifying

>40 cm ' at 196 A was produced in a Nelike Ge plasma,the pulse length and near-field beam af88] are clearly

sufficient to saturate the,3p;/, J=0 to 2p3/,351,J=1  demonstrated in the simulation. It was found that as a result,

transition in a targe=5 mm long. Observations of both the the minimum pulse length from the Ge laser at 196 A is

forward and backward propagating x-ray laser beams undefstimated to be about 13 psec., although the gain duration is

ideal and nonideal traveling-wave pump conditions havepout 35 psec. In contrast, the markedly different temporal

been made. Overall behavior has been shown to be consigain profile of the Sm laser at 73 A generates an output pulse
tent with numerical and semianalytical modeling. When N"just prior to saturation of only about 1.7 psec.

like Sm targets were pumped under fully optimized traveling We have used semianalytical models to investigate the

wave conditions, a small signal gain coefficient of behavior of NTW lasers using the results obtained in these

~ 1 = . . P
199 cm- was observed at 73 A on thai§Ad;, =0 to experiments. The fit between the predictions and measure-
3d5,4p32 J=1 line and saturation effects were observed forments s not entirely satisfactory, but any conclusions drawn

targets=8 mm long. This lasing is at approximately double ., this are limited by the inadequacies of the model and

the photon energy previously observed-psec pumping 4 apility of the data. Two alternative hypotheses were in-

and is a direct consequence of a true TW pump. : ; .
The TW experiments at both 196 A and 73 A have beenvesugated to see whether better agreement with experiment

. . : . . -~ could be obtained. In the first, we reduced the effective gain
modeled in detail to determine their underlying behavior. . . .
Good agreement is found with the simulations using thecli_urat!on togvalue shorter than that cons_5|stently given by the
codes for ionization/hydrodynami@{yBrID and the beam W simulations. In th.e second, we conSI.de.red the effect of a
propagatiorRAYTRACE. In these calculations we have used a'€duced-group velocity on the laser radiation. In each case,
modified atomic data set, which has enabled us to remove tHY & suitable choice of appropriate parameters, the results
empirical correction to thd=0-J=0 excitation rate intro- could be adjusted to fit the experimental data. However, the
duced in earlier work to obtain good agreement with experi/nodified values required were not consistent with those de-
ment. A second empirical fact@ defined by the ratio of the 'ived directly from the experiments or from tiimore reli-
energy absorpted in the plasma to the incident laser ener@Pl® TW experiments.
needs to be reduced frof+0.5 toF=0.3. These corrections
have also been found to be applicable when comparing simu-
lations to experiments with longer pulse durations and will ACKNOWLEDGMENTS
be reported elsewhere.

The simulations, consistent with experiment, show that We acknowledge all the efforts of thasLcan laser and
the initial state of ionization, before the CPA pulse starts, isarget area staff. The work is grant supported in the United
less than ideal. In consequence, the optimal gain condition&ingdom by EPSRC and by the European Union TMR pro-
are not achieved, and the effective gain lifetimee(tihe) is  gramme.
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