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Influence of pump pulse structure on a transient collisionally pumped Ni-like Ag x-ray laser
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Results of numerical simulations on a Ni-like silver x-ray laser pumped by a single picosecond laser pulse
are presented. Since the mechanisms responsible for the significant reduction in the pump energy are not well
understood, the results of theoretical simulations with emphasis on the plasma kinetics and dynamics in a
Ni-like Ag x-ray laser are presented and referred to the experimental data. Special attention has been paid to
the influence of the pump pulse shape and length on the gain and its duration. It was found that a low-level
pulse pedestal being an integral part of the leading edge of the pump pulse is very beneficial to the pump
energy reduction. The thermal cooling process has been identified as the mechanism strongly contributing to
gain termination if a low-energy single-profile laser pulse with the width of a few picoseconds is used in the
pump process.
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I. INTRODUCTION processes in the plasma of the active medium. This facilitates

h effort i | devel has b . tailoring of the plasma heating onset to the required plasma
Much effort in x-ray laser development has been put into;,;, tion stage. Decomposition of the pump pulse into two
downsizing. As dimensions of the laser driver determine th

) e'separate, adjustable delayed pulses with different lengths,
size of the whole system, the compactness of the pump Sy?)'roposed and experimentally demonstrated in REtL4),

tems becomes a decisi\{e factor in achievi.ng laboratory SCalﬁas removed the temporal mismatch between both processes
x-ray laserdXRL). The first attempts to build such a system existing in the case of a single pump pulse. Two pump pulses

conc_entrateql on the _optical-field-ionized plas_ma as an aCt_iVﬁre applied in the pump scheme with the transient inversion.
medium. Using subpicosecond pulses of defined polarizatio

with an energy of a few hundred millijoules, lasing in H-like The fist, long nano- or subnanosecond pulse, creates the
' y | ith th ired ionizati he followi
lithium at 13.5 nm[1.2] and Pd-like xenon at 41.8 nig] plasma with the required ionization stage, and the following

: . high intensity pulse, usually with pico- or subpicosecond du-
was achieved. However, recent progress in the developme 9 yp y P p

f the OFI | 45 h itered th lativelv | Pzgtion, rapidly heats the medium and generates conditions
of the OF asers[ 9] has not altered the relatively low o eficig| to the collisonal excitation. However, it was found
practicability of this scheme in competition with high har-

; il I hs ab 30(6mD that a slight increase in the short pulse duration to a few
monics, especially at wavelengths above 30[BnDemon-  joocac0nds results in reduction in the pump enedg.

s_tration of the collisional pump sch(_ame with transient inver-l-he last result was the starting point for application of a
sion[7] and the progress observed in the devglopment of th ingle pump pulse formed in such a way that a low-level
pump laser technology have enabled large strides to be mag@ qyoround has created an underionized preplasma, and the
tﬁwards the anl of p}ractlgal tatt))Ietop XRLZ‘ Application of 5)5ving high-intensity part of the pulse has further ionized
the pump scheme referred to above to modeZaggements 5,4 rapidly heated if12]. Saturation of Ni-like Ag XRL at

(MO.’ Pd, Ag, Shionized to the stages of the N!—Iik_e isoglgc- 13.9 nm with only 3 J of the pump energy has been achieved
tromc; sequencg8-1Q has shown tha.‘t' In prlnqlplg, LIS \with this pump method. The most important aspect of this
possible to saturate the x-ray laser with the emission wavez,q 1 is the identification of a pump parameter set which
length between 10 and 20 nm with the energy significantly, o s for the utilization of commercial non-CP@&hirped-
lower than 10 J[8,10-13. Moreover, the application of a pulse-amplification lasers with high repetition rate as x-ray

longitudinal (along the axis of the plasma columpump  |ager drivers. With current technology it has proved possible
arrangement with a subpicosecond laser pulse has permitted . struct a laser driver with an energy of only 1 J in a

laser action in a Ni-like molybdenum system at 18.9 nm withpulse length of~6 ps at a repetition rate up to 1 kHz6.

a pump energy of only 150 m13]. Ni-like ions are espe- 1o hresent paper attempts to explain the basic physics

cially intere_stjng asllasants for efficient XRLs due to theresponsible for working of this pump scheme, and is orga-
more beneficial scaling of the pump energy towards shorteg;; o 5 follows. After a short introductory part, the model
wavelengths. The advantage of the transient inversio '

. 4 LT Ollsed in the simulations and the numerical code are briefly
scheme relies on the separation of the ionization and heat'n(g’escribed. Then, the results of simulations, starting with the

input data similar to those reported in the proof-of-principle
experimen{11,12, are presented. Some of the prospects for
*Electronic address: kaj@mbi-berlin.de further development are also discussed.
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Il. PLASMA KINETICS MODELING
Picosecond pulse

The complexity of the phenomena observed during the (rise time, FWHM, E, )
XRL experiments requires theoretical support, mostly in the
form of sophisticated and dedicated numerical codes. Nu-
merical modeling helps us to understand the physics behind
the measurable parameters of the active medium. Although
not all the effects observed are fully reproducible by the
simulations, the elucidation of the trends in the changes re-
sulting from the variation of the input parameters can help us
to understand and control the experimental results. This latter
position is adopted in respect to the results presented below.

There have been a few attempts to model transient Ni-like '

i
collisional x-ray lasers of moderai®elements such as pal- preforming pedestal © (onset moment)

ladium, silver, or molybdenum, but to date all have failed to 8t=0.5-3ns

accurately reproduce the experimental res[if 18 at the

level achieved for the Ne-like isoelectronic sequefta. FIG. 1. Sketch of the pump pulse structure with three different

forms of the background used in modeling—a Gaussian ramp, lin-
_ ear ramp, and flat-topped pulse. The picosecond laser pulse is de-
A. Theoretical model scribed according to the notation applied to characterize the pump

In the numerical simulations the 1.5-D hydrodynamics'@ser pulses.
and atomic physics codeHYBRID developed in York has
been applied20]. The EHYBRID code has been successfully part of the pump pulse used in the modeling includes option-
used to reproduce experimental results for ions from the Neally a background with a defined rise time, a flat-topped ped-
like isoelectronic sequence if the incident energy is reduce@stal with the same total length, and a linearly increasing
by a factor of 2 from that actually used in the experiment.ramp(Fig. 1). Unless an alternative is indicated, the energy
However, this factor depends on the particular laser chara®f the pump pulses was kept constant during the shape varia-
teristics, and also on the absorption nonlinearity. It maytions. The full width at half maximuniFWHM) of the pulse
therefore, be expected to be reduced at the low intensitiesompletes the pump pulse characteristics. The notation of the
which are present in our pump pulse parameters. Althougpulse description presented for the picosecond pulse in Fig. 1
the most appropriate value of this factor is unknown, weis valid also for any other pulse. The main, short part of the
have set the correction factor to 1 for the background puls@ump pulse(assumed to be always Gausgiavas usually
and 2 for the short intense pulse in the simulations presentegivitched on at the maximum of the background. Generally, it
here. With this proviso, all values are set equal to those fronwas accepted that the total pump energy was about 2.6 J and
the experiment demonstrating saturation in Ni-like Ag x-rayits part included in the low-level pedestal would be no larger
laser with a single picosecond laser pump pulse and ththan 20 mJ. These values were used during the parameter
pump energy of 3 J in a focal spot of width 8n over a  Vvariations as a reference, and corresponded reasonably accu-
length of 6 mm[11,12. rately to the typical experimental conditions.

An important uncertainty in this simulation is the nature = The output data froneHYBRID can be postprocessed with
of the ablation process during the low-intensity backgrounda 3D ray-tracing code, giving full characteristics of the out-
heating phase. The ablation process is determined by theut beam including its near- and far-field images as well as a
low-level background with the width between a few hundredset of ray-averaged parameters related to a uniform medium
picoseconds and a few nanoseconds, and is responsible faith corresponding output characteristics. The code can trace
the subsequent beam propagation and the laser output. Ho#pe short-wavelength output at a steady-state gain, i.e., it
ever, the dominant mechanism of an underdriven ablatiogorresponds rather to the case of matched traveling wave
process with a fluence of a few joules per square centimetggumping. However, it can give the output at different times
(in our case~4 J/cn®) is still unclear. At these intensities of the gain development. The collisional excitation rates by
the material should be described by the full equation of statéhe monopole collisions have been obtained by processing of
including solid-liquid-gas phase transitions for accurate rethe atomic data produced by Cowan’s atomic cfi2f.
sults. A preliminary calculation using a simplified ChartD
model was carried out, but was not satisfactory. The aim of
this work was exploratory and qualitative. Rather than seek-
ing to generate accurate quantitative data, it was decided to The question regarding the identification of the physics
use the common approximation of the ideal gas equation afesponsible for lasing in the transient Ni-like scheme
state(EOS with a full treatment of the ionization develop- pumped with only a single, low-enerd§, as low as 0.9 )]
ment, despite its limitations. picosecond pump laser pulse is the most important one

A combination of two separate pulses with regulated amwhich can be investigated by the simulation results. The an-
plitudes, lengths, and partly shapdatness of the low-level swer to this question can be facilitated by the analysis of the
pedestal has been used to model the single-profile picosecmost important parameters such as the local gain coefficient,
ond laser pulse applied in the experiment. The preforminglasma density, average ionization st@jeand the electron

B. Results
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Figure 2 presents the spatial profile of the local gain co- (b)
efficient in the direction normal to the target surfge&pan-
sion direction at different times delayed relative to the onset  FIG. 3. The time history of the local gain coefficient fca)
of the short part of the laser pump pulse. The plot presentedifferent background pulse parameters combined with an intense
in Fig. 2 corresponds to the pulse energy of 2.6 J and theomponent in the forni3 ps, 6 ps, 2.6)Jand (b) different intense
pump pulse structure described according to the conventiocomponents of the pump pulse preceded by the background pulse
presented in Fig. 1 a2 ns, 2 ns, 20 MJ(3 ps, 6 ps, 2.6)J  (2ns, 2ns, 20 mJ
This plot reveals the first important aspect of the specified
pump method. In contrast to typical experiments, where iing the gain duration. Additionally, the active medium vol-
was assumed that only overionization is responsible for gaimme increases as longer pedestals support a longer expan-
termination, we have noticed that plasma cooling by thermasion. Higher but shorter gain could be obtained with a shorter
conduction into the bulk material contributes strongly to thebackground in the form of a ramgamplitude increasing
reduction in gain and hence also affects the gain lifetime. Islowly with time). An increase in the background energy
is clearly seen that the gain spatial profile progressively atincreases the gain duration.
tenuates and flattens on the target side of the medium. A cold In contrast, increase in the energy of the short pulse short-
absorptive wave(in the x-ray domain canceling the gain ens the gain lifetime, as this accelerates the ionization pro-
spreads out over the active medium into the plasma plumesess and thus facilitates the overionization. Figure 3 shows
As a consequence, the reducgxhrtly also by overioniza- also that the time duration of the intense part of the pulse
tion) gain shifts its maximum in the same direction. The gainaffects the gain characteristics even more strongly. Decreas-
duration(FWHM) and the gain decay constant for the sameing the short pulse from 6 to 1 ggfWHM) accompanied by
pump pulse as in Fig. 2 have been estimated as equal tn increase in the energy of more than 65% results in a gain
12.5 ps and 9.8 p§, respectively. The first value suggests reduction of more than 50% under the same plasma preform-
that the output signal would propagate slightly more thaning conditions. Furthermore, maintaining the pump energy
4 mm during the gain lifetime and corresponds to the satuunchanged, while the intense part of the pump pulse was
ration length observed in the experiment. shortened, yet again halved the maximum ddash-dot line

The temporal history of the gain for different values of in Fig. 3(b)].
both the preforming and heating pump pulses is shown in The temperature of the electrons differs from that of the
Fig. 3. It can be concluded from the plots presented there thadns in the two-fluid model applied in the code. The radial
the long and flattened pulses are more beneficial for increaslistribution of the electron temperature in the plasma plume
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FIG. 4. Distribution of the electron temperature vs the distanc
to the target for different times delayed relative to the short pulse

distance from target [um]

onset. Pump puls€2 ns, 2 ns, 20 mJ (3 ps, 6 ps, 2.6)J

at the same pump conditions as in Fig. 2 is shown in Fig. 4
The temperature reaches the maximum of about 400 e
quite early, and then drops rapidly but within a significantly
larger volume of the active medium. The electron energy a
this temperature allows the plasma to efficiently excite the
upper laser level, as allowed by the atomic data for Ni-like
Mo, Pd, and Ag ions at temperatures above 250-300 e
The significant negative gaifabsorption observed as a re-
sult of cooling is dominantly caused by a very high plasm
density present in the regions with a reduced electron te
perature(Fig. 5). It is interesting that the electron density
distribution, despite its very high absolute value, does no
show extremely steep density gradients and, even mor
some sort of a temporally stable plateau exists at the hig

medium, and this effect compensates mainly a low initia
average ionization stage&’ <3) at the short pulse onset.
From these results, we observe two key features of this sy

tem.

5x10™

FIG. 6. The time history of the local and ray-averagedts
gain coefficients as well as that of the averaged gain-length product.
The pump pulse(2 ns, 2 ns, 20 mJ (6 ps, 6 ps, 2.4)J

(1) A plume of sufficient density to allow strong absorp-
tion, but low mass to permit high temperatures to be devel-
ped with relatively small energy inputs.

(2) The development of a stable, low gradient density
rofile capable of supporting the x-ray laser beam against
efractive loss.

In the standard double-pulse scheme the ionization was
ypically completed before the arrival of the main short and
intense pulse. This required significantly higher energy level
of a nanosecond preforming pulse. The requirement for a
arapid creation of the abundance of Ni-like ions and the fol-
rrTowing fast excitation process have caused a strong trend
towards shortening of the main part of the pump pulse. It has
fesulted in shortening of the gain lifetime due to fast over-
onization, but at the same time a significant part of the en-
rgy available in the pump process was directed to nonusable
ionic species. The low-level background input intensity ap-
f)lied in the single-pulse pump scheme delivers a dense, low-
ionized active plasma, and near completion of the ionization

rocess occurs parallel to collisional excitation during the
xtended picosecond part of the pump pulse. Cooling is a
relatively slow process and the excitation at high density is
very efficient. Thus, the gain achieves both a high value and

o

4x10™ H

3x10”

= T=— ..

2x10™

plasma density [ _— ]

1x10™ £

a reasonably long-lived character.

The density gradients strongly influence the XRL output
8 by refraction. The ray-averaged gajnsed in the uniform
active medium representatipis shown in Fig. 6, and repre-
sents the gain seen along a weightled its output intensity
ray path. The value of the averaged gain coefficient is about
50% of the spatial peak value. However, both the ray-
1 averaged gain and the averaged gain length product decrease
more slowly than the peak gain. This effect is caused by the
outward shift in time of the gain pedkig. 2) into regions of
lower density where refraction is weaker. At early times the
rays are more strongly refracted through a range of gain, and

6
distance from target [um]

9

therefore sample both the high and low gain parts of the
spatial distribution. In contrast, later in time the dominant
rays are refracted less, sample the peak gain more strongly,

18

FIG. 5. Distribution of the plasma density vs the distance to theand are expected to be more distinct at the inherent speed of

target for different delays respective to the short pulse onset mathe excitation wave. Thus, it would support the unusually
ment.(2 ns, 2 ns, 20 MJ (3 ps, 6 ps, 2.6)J

long output x-ray pulses measured in the experinjédj.
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FIG. 7. The time history of the energy deposition in the plasma
under two different irradiation conditions. The group of the curves  FIG. 8. The time history of the maximum ionization stage in the
on the left side of the plot within the time gap between 0 and 12 pglasma irradiated with the pulse of different temporal forms.

corresponds to the pulse in for¢@ ns, 2 ns, 20 mJ (1.5 ps, 1 ps, . .
3.2 ) and the other one to the pulse described (Byns, 2 ns, _the flat-toppedin Cont_rast to Gau_ss@np)ulse as the preformj
20 m; (6 ps, 6 ps, 2.6)) E, represents laser energy delivered ing pedestal. The differences in approaching the required

(solid): E, is total energy absorbedashegt Ey, is thermal energy ionization stage are clearly seen. The intense heating part of

(chain; andE; is ionization energydash+ double-do}. the pump pulse is decisive for the_iqnization process. Eygn if
energetically weaker, and in the initial phase less efficient,
We note, however, the apparent disagreement between thiee extended pulse accelerates the overionizasofid line
values of the gain and the gain-length prodgtasma length  in Fig. 8). On the other hand, the flat-topped pedestal pulse
6 mm), and also that the difference between these valuekeaves the preplasma in a lower ionization stage and the
increases with time. In fact, both effects are a consequence adentical short part of the pump pulse is no longer able to
the strong refraction, which will be more clearly illustrated ionize silver to the stage of Ni-like isoelectronic sequence
later, whereby the dominant rays have a strongly curved patfcompare the dashed and chain lines in FigT8is behavior
and sample a wide range of gain in the plasma. also helps to explain some points in the earlier discussion on
The advantage of the extended heating pulse is clearlthe gain termination mechanism.
seen in Fig. 7. Despite the reduction in the delivered pump Near-field images have been obtained in the experiment
energy of more than 30%, the total energy deposited in thesing the secon¢bpposite to the spectrograph inptece of
plasma is nearly unchangédashed lines Higher plasma the plasma column. This was possible as traveling wave
temperatures achieved on a shorter time scale cannot be bggumping was not implemented. The modeled near-field im-
eficial to gain, as the ionization level at the onset of theages are shown in Fig. 9 at the times corresponding to the
heating pulse component is too low and is only slightlygain maximum(14 ps after the onset of the heating pulse
changed within the interval until the maximum electron tem-and when the peak gain value had been reduced to less than
peratureTgna has been achieved. By applying longer pump50% of its maximum valu€22 pg. The experimental beam
pulses this relation becomes much more favorable for therofile seen in Fig. 10 is strongly dependent on the pump
energy deposition. It should be stressed again that increase parameters of the laser, and its curvature increased with in-
the energy of the longer pump pulse boosts the gain butreasing pump energy: indeed, the experiments show a
shortens its lifetime and reduces its volume. Shortening oftrong dependence of the beam shape in the near field on the
the gain duration is understandable in this case as the relatiyjgimp parameters of the laser. We see in Fig. 9 that with the
contribution of overionization to the gain termination processmoderately long-lived gain there is a noticeable movement
starts to dominate, and that of thermal cooling is correspondsf the most intense part of the beam in the expansion direc-
ingly reduced. When the intense part of the pump pulse ision. Since the time interval between both snapshots is only
lengthened to 6 ps, the absorption region resulting from thg ps, it must be expected that the experimental near-field
cold plasma does not appear after a few tens of picosecondgnages have been smeared and do not give reliable informa-
even though the cooling influence on the spatial gain distrition on the exact dimensions of the active volume. From the
bution is visible. simulation data we observe that this effect seems to be
Figure 8 shows the temporal history of the average ioncaused by a shift of the gain area in the medium rather than
ization stage in the cases of three different laser pump pulseany hydrodynamic movement. In fact, this is a result of the
The ionization level corresponding to Ni-like Ag\g*™® is  refraction occurring in the plasma which gives rise to deflec-
marked in the figure. The solid line illustrates the changegions of ~10 mrad. The dominant ragi.e., that with the
occurring during a strong pumping pulse with rise time ex-maximum gain lengthhas a curved path with its perihelion
tended to 6 ps. The other two curves correspond to pumpingpproximately at the midpoint of the plasma length. Since
with a more steeply rising short compon&Btps rise tim¢, ~ the position of the output rays is strongly determined by
and one of thenithe chain ling demonstrates influence of refraction and therefore by the density gradient, small errors
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i - FIG. 10. The near-field image of the beam registered in the
5 20 experiment with the pump pulse of5 ps width and energy of

1.45 J. The cross seen in the image center comes from the mesh
supporting the Al filter. The vertical axis corresponds to the position
of the target surface which was determined by separate shots with
crossed wires positioned 3—4 mm from the target edge.

10

0 . _ . . _
0 5 10 15 20 controlling the x-ray laser process. This occurs in the follow

(b) distance from target [um] ing _lmportant ways: ) )
(i) A low-mass, cold, and relatively dense plume is
FIG. 9. Near-field patterns obtained by ray traciigy 14 ps  €vaporated from the target surface. But, this plume with
(maximum gaii and (b) 22 ps after the onset of the short compo- small spatial extent strongly absorbs the main pulse.
nent. The plots show only the upper half of the symmetric image. (i) Due to the low plume mass a high electron tempera-
ture is generated which leads to rapid ionization and strong

in the latter will make a marked difference in both the posi-Collisional excitation of the upper laser level.

tion and the shape of the output pattern. The behavior of the (i) Due to the small spatial extent of the plasma and the
output signal in the presence of a refraction limited saturated€nsity gradient, the laser output is refraction limiten
output was investigated in R§R22]. In this case there will be these simulations over a distance-66 mm).

a family of similar rays traversing the plasma, each displaced However, the experimental results are poorly reproduced
along the axis and in the absence of absorption leaving th@uantitatively. This is not entirely surprising, since, as noted,
plasma with similar energy, but displaced upward. In particu-the !ow—mtensny ablation is poorly described. However, the
lar, depending on the position of the perihelia, the output carofile of the ablated plasma plume before the onset of the
be narrow in the direction perpendicular to the target surfac&@in heating pulse is a key determinant of the output process
(as seen in the simulatipr wide (as in the experimentA through refraction. _It is unlikely that the b_aS|c form _of this
shift of less than 1 mm is sufficient to account for the ex-Plasma has been incorrectly modeled, since that is deter-
perimental result. This effect is not normally observed as mmmed by the conservation laws inherent in the fluid descrip-

conventional systems the gain has a greater spatial extent atign- However, quantitative details such as, for example, the
lies further out. mass of the plasma will not be correct. The failure to accu-

rately model the near-field patterns observed experimentally
almost certainly originates from this approximation. Bearing
Il DISCUSSION these Iimitqtions _in mind, the experimental near-field spot of
=<50-um width displaced~30 um from the target surface
Modeling of the plasma created by a “shaped” low-energy(recorded 3.5 mm from the target edgeorresponds very

picosecond pulse has actually confirmed suitability of thiswell with the spot position(~35 um) determined with the
pump method for collisional x-ray lasers working with modeled value of a-10-mrad deflection angle. It is also in
Ni-like moderateZ elements. Thus, the simulation results reasonable agreement with the displacement of 8grh5at
presented support in many aspects of the qualitative interprehe end of the plasma column determined by ray tracing.
tation of the experimental results reported in R¢f4,12. It It was found that the scheme is extremely sensitive to the
is found that the low-intensity ablation process is critical inshape and energy of both components of the laser pump
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pulse. In many cases the background pulse can be provided The numerical modeling of the Ni-like Ag soft x-ray laser
by the pedestal normally present with CPA pulses by relaxemitting at 13.9 nm and pumped by a single picosecond laser
ing the normal stringent conditions used to ensure its repulse with energy lower than 3 J has been performed. In
moval. However, unless a sophisticated pulse shaping teclspite of some inconsistencies between the theoretical and ex-
nology is developed and installed, the background can onlperimental results discussed in the paper, the results obtained

be controlled over a limited range. are very helpful in understanding some of the basic phenom-
ena responsible for efficient lasing in this pump scheme. The
IV. CONCLUSIONS simulations have demonstrated essential suitability of this

pump method for elements from the Ni-like isoelectronic

~ The pump scheme described in the paper shows somgquence and have given useful support for the results of the
similarity to the prepulse technique combining low-energyproof-of-principle experimentl1].

prepulses with long mairithe width about 100 pspump

pulseg23]. The similarity relies on a low-level prepulse with ACKNOWLEDGMENTS
energy reduced to 0.1% —10% of the main pulse energy. In
the scheme described in the present paper the pedeati- We acknowledge R.D. Cowan from LANL for making his

ground energy was equal te-1% of the total energy. How- code available and help in getting it to work, as well as P.
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shorter and this dramatically affects the x-ray laser paramprehensive Ag data, generated witbLLAC, used as a refer-
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