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Abstract. We present recent results of x-ray lasamplification of spontaneous
emission in Ne-like and Ni-like transient collisional excitation schemes. plagma
formation, ionization and collisional excitation can be optimized uswg laser
pulses of 1 ns and 1 ps duration at table-top energies of 5 J in each Higargain

of 35 cni* has been measured on the 147 A.4ih J=0- 1 transition of Ni-like Pd

and is a direct consequence of the nonstationary population inversion produced by
the high intensity picosecond pulse. We report the dependence of the x-rajirlaser
intensity on the laser plasma conditions and compare @éxperimental
measurements with hydrodynamic and atomic kinetics simulation®Ne-like and
Ni-like lasing.

1. INTRODUCTION

Thefirst laboratory demonstration of x-ray laser amplification of spontaneous
emission waschieved inl984 by pumping with high poweéaser driverg1, 2).
Since thattime different x-ray laseschemes working on eange ofions, as
described in recenproceedings (3, 4)have been investigated. In particular,
progress has been rapid in small scale table-top x-ray lastes l@st three téour
years. In the work by Roce al, the fast capillary discharge collisional x-ray laser
was produced on thg3. 3s J=0- 1 transition of Ne-like Ar at 469 A (5) arater
the outputwasincreased to the saturation linj@). The development of compact,
high power subpicosecond lasers basedlorped pulse amplificatio(CPA) (7)
has alsobeen very importantor extending x-ray lasers to shorter wavelengths.
This is becaus¢he pumping powerrequired to produce thplasma formation,
ionization and excitationfor shorter wavelength collisional x-raylasers has
traditionally scaled approximately A%, whereA is the x-ray laser wavelength.

Short pulse, high powdaser drivers athe Terawatt level ohigher with high
repetition rates can provide tmecessary pump for a new class of x-fager
(XRL). A novel scheme wageported in 1995 for a Pd-like Xe x-rdgser



operating atl0 Hz with again length product ofjL ~11 at 418 A for 40 fs
irradiation of a xenon gas cell (8). This scheme used a combination of field induced
tunneling ionization followed by collisional excitation. ABhorter wavelength
schemeoperating atl35 A with again length product ofL ~6 has alsdbeen
demonstrated for an H-like Li Lg-inversion pumped by a 300 fs laser pulse (9) in

a micro-capillary. The transient collisional excitatiosing a picosecond pulse has
been reported recently by Nicklesal.for the - 3sJ=0- 1 transition of Ne-like

Ti which lases at 326 A with gain of 19 crit and a gain length product gL

~9.5 (10). This scheme has also been reported to work gith>d. 4 for Tiand at

255 A for Ne-like Fe (11, 12), and to achieve saturated output on Ne-like Ti and Ge
at 196 A (13).

The Ni-like ion has thaimilar benefits othe closed shell configuration as the
Ne-like ion and therefore it is eobust XRL plasma medium. It also has the
advantage of a larger x-ray photon energyexoitation energy ratio: the ratio is
~0.19 for Ni-like palladium. Therefore, while the Ne-like transient collisional
scheme isinteresting, the extension to the Ni-like ion sequence yields higher
efficiency, higher output anshorter wavelength x-ray lasers. Previoudlylike
collisional x-raylasers for 394da3d94p transitions in highg ions have required
large energy laser drivers (14, 18sing the NOVA laser, shortvavelength lasing
hasbeen extended t85 A for the 41— 4p J=0-1 transition of Ni-like Au(16).
Lasing on Ni-likeions has alsdbeenmeasured orthe Lanthanideseries for
example Neodymium and Lanthanum for x-ray lasgrsrating at wavelengths of
79 A and 89 A (17). Saturated outpufor the Ni-like scheme hasbeen
demonstrated very recently at 140 A for Ag and at 73 A for Sm by using 150 J of
energy in a 70 ps pulse and pre-pulse combination (18).

We haverecentlyobserved lasing othe transient collisional excitation Ni-like
Pd scheme pumped with ledgan 10 J of laser enerd{9). This is a further
reduction in thepumpingenergy bymore than one order of magnitude. Gain in
excess o35 cmi' and agL product of~12.5have beemmeasured oithe 4 - 4p
J=0-.1 transition at 147 A for this scheme. The next section desdtibesansient
gain scheme andthe experimentalimplementation. Section 3summarizes
experimental results ame transient Ni-like Pdgcheme.Section 4.compares the
Ni-like Pd results to simulations while Sectiondiscusseshe important issue of
Ne-like Ti output as a function afhort pulsedelay. The final part of the paper,
Section 6., discusses some future trends including a brief description of the purpose
built table-topcOMET laser driver for the next phase of experiments.

2. TRANSIENT GAIN SCHEME DESCRIPTION
AND EXPERIMENTAL IMPLEMENTATION

The transient collisional excitation (TCE) or transient gaheme as proposed
by Afanasiev and Shlyaptsev (20, 21) describes creation of a short-lived
inversion onthe timescale ofemtoseconds to a few tens of picoseconds. This is



characterized by plasmalifetime dictated by thdast pumping source which in
turn should be comparable with the relaxation timescales of the excited Musts.
collisional x-ray lasers reported in the last decade have been variationsqottiie
steady stat¢QSS)inversion scheme wherte pumping source is muclonger
than the lifetime of the excited levels. TREE scheme differs fronthe QSS
inversion in a number of importaareas but mainly becaudiee risetime of the
level excitationrates is shorter thathe collisional excitationtimescales. This
produces a short-lived transient population invergpomped directly from the
ground state until collisions redistribute thepulations amongll levels achieving
finally the quasi-steady statéuring the time of population redistribution the
inversion is not defined bghe small difference in populations of upper and lower
level as in the case of QSS but in fact solely by the the upperlidasépopulation.
Besides, sinceahe plasma can be made sufficiently hot for maximal level
population during this short transient time it is predicted that TCE will produce very
high gains above 100 ¢hand therefore very high efficiency x-ray lasers.

One proposed method for demonstratiing transienscheme x-rayaser is to
use twosequential stages of laseradiation (10, 21). A formation pulse of 1 ns
heats a solid planar target atdw cm?to produce a long scalelength plasma with
a high fraction ofions inthe Ni-like stage. It is essentitdr a delay before the
second pulse to optimizéhe conditions within theplasma for maximum
amplification. Theshort 1 ps pump pulse at' 20N cm? produces rapiglasma
heating with an increase the electron temperaturk, = AE., whereAE, is the
upper lasetevel excitationenergy. This generatdle transieninversion and the
scheme works mofficiently when the plasma formation conditionare at the
correct ionization, witHow initial electrontemperature and lowlectron density
gradients. Thérigh gain conditions ladbor a few picosecondthen will quickly
decay after ~10 ps as a result of collisional redistributicthefelectron population
amongall excitedlevels, ionization angblasma coolingTherefore, high gain is
expected for short 0.1 to 0.3 cm targets with decreasing gain for longer lengths.

The Ni-like Pd experiments were performed #te Lawrencelivermore
National LaboratoryANus laser facilities. One arm of tlaNuUs laser provided an
800 ps (FWHM) pulse at 1064 nm wavelength with 5 - 6 Jacget at a repetition
rate of 1 shot/ 3 minutes. This produced the plasma forming beenshort pulse
needed tgoump the inversion was provided bthe 5 - 6 Jhybrid chirped pulse
amplification JANUS 500 fs system. This is based ofigSapphire oscillator and
regenerative amplifiefront end tuned td053 nmwavelength with Nd:phosphate
glass power amplifiers. The pulse duratieas lengthened td..1 ps (FWHM) by
de-tuning thecompressor gratingd.he regenerativamplifiers ofthe two lasers
were synchronized usirthe 80Mhz radio-frequency outpudtom the short pulse
oscillator resulting in aelativetiming jitter of 80 psrms. The arrival of theshort
pulse waglelayed by 1 to 2 ns relative to the peak ofltmg pulse to minimize
refraction effects and to allow for sufficient plasma cooling. After amplification, the
beams were enlarged to 8.4 cm diameter, aligned and co-propagated under vacuum



to the targethamber.The combination of a long focusylindrical lens and a
paraboloid weraised to produce lne focus of dimensions 7fm x 12.5 mm.
Slab palladium targets wereised in the experiment. A flat-field grating
spectrometer with a back-thinnedCD detector measuredthe axial spectral
emission. Further experimental details are described in (11, 19).
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FIGURE 1. Axial spectra for various target lengths of Pd, from 0.1 to 0.8 cm,
showing the exponential increase in the Ni-like Pd 4d- 4p J=0- 1 x-ray laser
line at 146.6 A measured in second order. The transition, weak but visible, is
arrowed in the 1 mm target length, bottom panel. The laser line experiences
4 orders of magnitude increase for a 0.8 cm target. Note the change in the
intensity scale for each panel: there is a factor of 500 difference in the
intensity scale between the bottom panel and top panel.

3. EXPERIMENTAL RESULTS

Figure 1 showsthe axial spectrum fordifferent targetlengths. The strong
exponential increase in thel 4 4p J=0-, 1 transition is observed unambiguously in



second order. Incident laser energytargetwas approximately 4 J of long pulse
and 5 J of short pulse. The lasing wavelengtmésasured to be 146360.9 A by
fitting a high order polynomial function to the spectrum using Ne-like transient gain
3- 3 x-ray laser lines of Ti anBle, observed in first order, a&alibration lines.
These Ne-like lasing lines have been previously reported in long pollsgonal
excitationschemes usinthe pre-pulse techniqué?2). The Ni-like Pd wavelength

is in good agreement with the calculated wavelength of 148 A (23). (Moteate
wavelengths have been recently measured and extended to other ions on the Ni-like
isoelectronic sequence (24) using the tablectoET laser driver.) Aan be seen
from Fig. 1 the output aofhe lineincreases rapidly witkmall increments ofarget
length. The lasedominatesthe spectrumabove 0.3 cm targets.The largest
increases in x-ray laser outpate observed for 0.05 and 0.1 cm steps in the
shortest targets.
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FIGURE 2. Intensity of 146.6 A laser line, measured in second order, for 0.1
to 0.8 cm Pd target lengths. Full circles are experimental data. Dashed curve
is Linford fit to experimental data. Solid curve is RADEX simulations with
transient gain ray-tracing.

Figure 2 plotdhe measuredaser line intensity as function of target length.
More than four orders of magnituderease in the laser outputabserved when
the target is lengthendcom 0.1 to 0.8 cmAll laser driver conditions, including
the short pulse energy, long pulse enerfyye focus anddelay between the two
pulses,are kept constanflso shownare the localLinford fit to the experimental
points (25) andhe RADEX simulations with transient ray-tracin@he latter is
discussed in more detail in the next section. The shape of the intensity versus length
output of thex-ray laser indicates continually changing gain conditions with the



highest gain of 35 cthobserved at the shortest target lengths of 0.1 to 0.2 cm. The
gain drops at intermediate and longengetlengths. Althougtthe shape is similar

to saturation, this effect is explained by the transient gain timescale lastiigo

15 ps. This issignificantly shorter thathe x-ray laser propagation time along the

line focus (26) and so the laser experiences continually decaying gain conditions as
it travels along the gain medium. The ovegdllproduct is determined to bel2.5

by integrating theneasuredyain along the full target length. Thedrodynamics,
atomic kinetics modeling and ray-tracing are described in the next section.

4. COMPARISON OF NI-LIKE PALLADIUM
RESULTS WITH SIMULATIONS

Very high gains in excess of 300 ¢mavebeen predictedor transient gain in
Ni-like Xe at 96 A(21) and forNi-like Mo 189 A (27) atlaser irradiances and
pulse durations close tbhe work described in (19). High valudsave alsobeen
predicted for transient gain Ne-like schemes (28). The experimental gaincof
measured for Pd is high in comparison with previously reported gamyresults
but still significantly lower than the predictions. The main reasonthéwobserved
lower gain are the combined effects of refraction deflecting the x-ray laser out of the
gain region of the plasma, short-lived high gain and collisional line broadening. We
used the 1-dimensional numerical codrRADEX (10, 20, 21) whichtreats the
transienthydrodynamics, atomikinetics and radiation transport self-consistently.
An additional ray-tracing package, aspast-processor, is used to model the
propagation of the-ray laser alonghe gainmediumandcalculate thex-ray laser
intensity. It is important to notiat thehydrodynamics, atomikinetics and ray-
tracing have to bemade using atransient approximation to simulate the
experimental conditions. In particular, calculatish®w that if thex-ray laserine
ray-tracing ismade in a quasi-steadytate approximatiorfor gain described as
transient this produces results inconsistent witle observed x-ray laser
characteristics including the lasing intenspylse durationdeflection angle and
effective gain. This can be explained mainly by the fast gain risetime 8p4 and
short lifetime of 5 - 15 ps (for plasma densitigs- 1 - 3x 10°° cmi®) compared to
the propagation time/c ~ 30 ps along the amplified mediuffhe major observed
XRL characteristics are consistent with the experiment only when the effects of fast
temporal evolution othe gain andohoton transit timere included and properly
described.

Figure 3. showsoutput from RADEX for simulations ofthe experimental
conditions used tgenerate the Ni-like Pd-ray laser mainly during oafter the
laser short pulse which produces the transient excitation. A general oventiew is
during the short pulse laser, the electron temperature exhibits dramatic changes near
the criticaldensity wherdocally most of the absorbed laser energy is deposited.
The transient gain here reaches ultra-high vatigghg the short pulse but also



vanishes very rapidly. Two other regions, the over- and under-critical, also produce
high gain: the former is on the front of the strdveat conductionvave. The latter,

where much othe observed XRLgain is measured, is ithe region of inverse
bremsstrahlung absorption where the increase in the temperature is sufficiently high
for efficient transient excitatiol, ~ AE., whereAE; is the excitation energy.
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FIGURE 3. Simulations from the one-dimensional numerical code RADEX of
the experimental lasing conditions for the Ni-like Pd 4d- 4p J=0- 1 transition
at 147 A. The plasma formation pulse of 850 ps (FWHM) duration arrives
1.34 ns before the peak of the 1.1 ps short pulse. The conditions above are
relative to the peak of the short pulse. The shaded area between 50 and 125
um is region where strongest lasing is observed but is not confined to this
region only. (a) Electron density profile at 2 ps after the peak of the short
pulse laser. Horizontal line indicates 0.1 n. position,1020 cm-3. (b) Ray-tracing
of x-ray laser beam for target lengths up to 1 cm at 2 ps after peak of short
pulse laser. (c) Electron temperature profile for -2 ps (-2 ps curve), +2 ps (+2
ps curve) and +10 ps relative to peak of short pulse. (d) Gain profile observed
at +2 ps and +10 ps.

Looking at Fig. 3 in moraletail, it is observedthat refraction iscaused by
density gradients normal to the target surface, as shown in Fig. 3 (a) foraft2rps
the peak of the picosecond pulse. These deflect the laser outroflthdensity and
high gain region as it propagates aldhg plasma columnCritical density is
~15um in front ofthe targetThis is clearly shown forthe XRL trajectory plot of



Fig. 3 (b) at +2 ps, where refraction stops amplification in the high gain regmgn at
~ 10"* cm® for plasma lengthk< 0.1 - 0.3 cm. This indicates that refractiorstid
very important for the shorter 147 avelength here than in the transient Ne-like
Ti x-ray laser aB26 A [10]. It is alsoapplicable to theshortertarget lengths of
0.8 cmthan in thefew centimeter long geometrieQSS schemes. However,
refraction ismuch less pronounced at lonadgnsitiesn, ~ 1 - 3 x 10%° cm? for
147 A photons of Ni-like Pd compared to 326 A Ne-like Ti x-ray laser.

Secondly, the conjunction of tfest transient nature dfie atomic kinetics and

the finite photon transit timé./c is significant. This transit time effeayhen the
XRL experiences gradually decreasing gain during propagation evident in Fig. 2, is
basically notobserved in most QSS lasefsis is illustrated irFig. 3 (c) for the
predicted temperature distribution in space at three different times. The long plasma
formation pulse heatthe plasma to gpeak temperature of, ~ 150 - 200 eV
sufficient to ionize Pd to the Ni-like charge stage. At the end olotig pulse, the
plasma expands and cools to I#ésan~90 eV as shown byhe -2 ps curve,
representing 2 ps prior the short pulsearrival, without significant change in the
Ni-like abundance. The absorption of the picosecond pulse energy occurs mostly at
the critical density surface at = 16 em® rapidly heating the electron temperature
there to ~2 keV in the first few picoseconds, curve +2 ps. There is partial heating in
the under-dense corona to an optimal of 350 - 500 eV. As a result of dteag
flux, close to the free streaming limike high temperature region cools to 400 eV
after 10 ps (curve +10 ps), atiten continues téall slowly. The transient=0- 1
gain, Fig. 3 (d), reaches high values of 200" atringthe first 1 - 3 ps and 50 -
80 cmi® during a further 10 psThe former occur near theritical density in the
thin ablative layer, the isolatexpike in Fig. 3 (d) at 15im, while thelatter are in
areas of relatively flaiower density profile, shaded region. Aslicated byFig. 3
(b) and (d),the short inversionlifetime near thehigh density critical region
decreases thphoton transit path irthe high gain region to armaxial length of
~500pum.

The third important phenomenon ishe dominance of collisionalline
broadening over Doppler broadening tbe excited levels at electron densities
above 0.3 critical. As a consequence of all these effects, the gain-length product at
high density and gain region is substantially decreased. The outer plasma regions at
lower densityns ~ 0.9 - 2x 10°° cmi® aremore optimal foramplification resulting
in larger localgL. Hence, thainusual properties dhe TCE scheme such as the
high gain and saturation-like behaviour find consistent explanation by a
combination ofthe abovemain plasma andransient kinetics effectsThus,
returning to Fig. 2 the saturation-like behavior the intensity of Ni-like Pdk-ray
laser with length obtained itihe experiment, is well reproduced ihe RADEX
calculations. Thedashed curve on this figure represetits Linford fit to the
experimental points at highest intendity a given length. These estimations and
numerical investigationmdicate thaix-ray laser intensity saturation is fact very
close and can be achieved by sevarathodsincluding justsimply increasing the



plasmalength. Calculations alssuggestthat thehigh efficiency obtained in this
work can be furthermproved withthe use of a pre-pulse, low densitgrgets or
traveling wave irradiation [21].

5. NE-LIKE TI LASING FOR DELAYED SHORT PULSE

An explanation of the long pulse-to-short pudséaywas one of theimportant
guestions to be answered feffective laser operation in the transieagjime. This
was resolved in the current experiments. It was found experimentally for Ne-like Ti
x-ray lasemplasmasghatlasing action had maximumintensity if thetwo pulses
were separated by between one and two nanoseconds (12). Thiwasskeown
but not investigated systematically in the experiments of gpfmerpsand required
betterunderstanding. Therefore, numerical modeling of this Ne-like lsseeme
represented a way &xplaining theoptimum lasing, thestrong lasing at-1.6 ns
delay and the role of the underlying key processes.
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FIGURE 4. Experimental measurements of the 326 A Ne-like Ti 3p-3s
J=0- 1 x-ray laser intensity (full circles) as a function of delayed arrival of the
short pulse relative to the peak long pulse. Strong lasing is observed at a

delay of 1.6 ns. Full curve shows comparison from the one-dimensional
numerical code RADEX for the experimental lasing conditions.

There exists a similarity here with previous experiments for pre-pulse formed x-
ray laserplasmas inthe quasi-steady stateéegime. It was found inmany
experiments mostlgonducted by Nilsen ando-workers, see for example (22),
that theQSSlasing could be maximized with differekinds of low density pre-
pulses, multiple pulses of different duration, with optimal energies and delays. The
main conclusion waghat enhanced laser actiomas a result of substantial



suppression ofefraction. With the transient excitatioschemethere are several

new aspects in the fundamental operation and hence the optimized parameters for it
are differentfrom the previous QSSapproach. Anumber of comparisonkave

been made fothe experimental dat@nd the cod®ADEX simulations athe same
conditions for different atomic elements.

Fig. 4 showsthe intensity of Ne-like Ti B 3s J=0-1 laser at326 A as a
function of delay introducetbr the short pulserelative to the peak of th800 ps
plasma forming pulse. ttan beseenthatlasing does nobccur if the picosecond
pulse arrives earlier than 1.0 - 1.2 ns after the long pulse. Themiiglaw where
good lasing is observed, centered at ~1.6 ns, followed by a fast ddoredskays
of more than 2.2 ns. This non-lasiegrly delay behavior isorethan juststrong
refraction effects at the beginning @&Xxpansion. This is confirmed in the
simulations byartificially reducing the effects of refraction by asrder of
magnitude: the time of optimal delay and width of lasingdow remainrelatively
unchanged. The additionaason whyasing does noappear prior to a&pecific
momentlies in thephysics of the transientinversion. Toachieve substantial
transient gain, thénitial plasma temperature befotbe picosecond temperature
jump must be low enough to emplyl excited levebpopulations. Afteithe 800 ps
pulse has finishedhe laserplasma isallowed to cooldown by expansion and
radiation to reach less than 80 &\ Ti and lesghan 90 eVfor Pd. Unlesghese
conditions are achieved the transient gaisnsall. The fall in XRL intensity for
large delays is due to substanig@sma expansion arttie resultandrop in the
density. This causes in turn a decrease in the short pulse laser absorptiencnd
reduced plasma temperatures during the short pulse. At these late delays the density
and corresponding gradients are reduced by moreS@#nwhich isbeneficial for
refraction effects but is not sufficient to compensate for the lower gain coefficient.

6. DISCUSSION AND FUTURE DIRECTIONS

The transient gaix-ray laserscheme opens ujich and diverse opportunities
for atomic physics and plasma physics researctpalticular, there arglans to
study energyevel measurements, short pulBser plasmainteractions andub-
picosecond non-stationary atomic kineticsplasmas.There aremany possible
applications whiclcan bepursued withtable-top x-raylasers but have previously
required larger laser facilities tpump the inversion. Theseinclude x-ray
microscopy (29), interferometry of plasmas (30), radiography of plasmas (31), and
interferometry of materials (32). X-rdgiser applications are enhanced by the high
repetition shot rate and inherentshort pulse duratioravailable with table-top
transient gain x-ray lasaystems. Howevehigh output ofthe x-ray laserine is
essential. Gains as high as 50 - 100" enay be achieved with careful optimization
of the target and plasma conditions.



The original CPA short pulselaser has been re-designed witlsome
enhancements not previoushyvailable in thefirst experiments to meet these
objectives. The ne®@OMET (CompactM ulti-pulsE Terawatt) lasesystem isbased
aroundthe 15 TWshort pulse lasemaximum of 7.5 J in 500 f&ut has a long
pulse arm sharing the same oscillator. The laser is a tablstepmand occupies
two standard optical tables with area lésn 10 . Thelong pulse of 500 - 800
ps duration has 12 - 15 J energyailable on targeaind replaces thelasma
forming beam previously provided liye JANUS laser. A pre-pulse network has
also been installed to produce a pre-formed plasma in frahiedfvo main pulses
to improvethe coupling of laser energy into the gamedium. Wehave recently
looked at lower Z Ni-like materials studied previoudly; example Nb and Mo
(33), and observed very strong lasing Milike Y through Mo from 240 A to
189 A (34).The COMET laser is a versatileystem whichwill allow the further
detailed study of the transient gain scheme.
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