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Determination of transient gain lifetime for a
1-ps driven nickellike palladium 14.7 nm x-ray laser
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We present measurements of the gain lifetime for a table-top 14nickeilike palladium
transient collisional x-ray laser irradiated by 800 ps, 1 TW cn? formation pulse and a

1.1 ps, 800 TW cm pump pulse. Iraccordance witlthe transient nature of the obtained
inversion, it is observed that the x-ray laser experiences continually decaying amplification
conditions with increasetdrget lengthwhich impliesthat the transient gain short-lived
relative to thepropagation time alonghe plasma column. A & effective transient gain

lifetime of approximately 7 to 8 ps is determined acmmpared with numerical

simulations.



Very recent advances in the transient collisional excitafibBE) x-ray laser scheme first
proposed by Afanasiev and Shlyaptskand demonstrated by Nickles al. for the Ne-like Ti
3p-3sJ=0- 1 transition at 32.6 nn3,indicate one way of achieving a high gain, high efficiency,
short pulse x-ray laser. The scheme has been reported to produce saturated oututdf@B el iat
19.6 nm3 while lasing has been repeated on the Ne-ljke 3sJ=0- 1 line of V at 30.4 nnt and
Fe at 25.5 nnk The demonstration of high gain, in excess of 35.can the Ni-like analog of the
transientscheme forthe Pd 4-4p J=0-1 line at14.7 nm hasbeen a further stepowards
attaining a shorter wavelength x-ray laser pumped by table-toplasals.5: 6 As a result of the
fast picosecond driving pulse used generate the populatiomversion, it iscalculatedfrom
numerical simulationghat transient collisional excitation canoduce very high gains above 100
cntl on Ne-like and Ni-like iorsystems!: 6-8 However, a combination afffects including fast
collisional redistribution, ionization anplasmacooling produce high gain conditions which are
predicted to last a very short period of time from femtoseconds to a few tens of picosbcébnds.

Experimentalcharacterization ofhis x-ray lasescheme is necessary hetterunderstand the
underlying atomic and plasma processes. A determinatitimeedfansient gain lifetimevould be
important for confirmingthe atomic kinetics andydrodynamics simulations awell as
determiningthe optimum laser driver conditionsor maximizing the x-ray laser output. In this
Letter we report the measurement of the effective gain lifetime Igpsadriven table-topl4.7 nm
Ni-like Pd transient x-ray laser pumped with less than 10 J of laser energy. This can be determined
in the experimental conditions described here because the transient gain timescale is significantly
shorter than the laser propagation time along the plasma column. The highest gain, in excess of 35
cnrl, is observed t@ontinually decrease byorethan one order of magnitude with increasing
target lengthl., from 0.1 cm to a maximum of 0.8 cifihe overall gain length product @R.5 is
not in the saturation regime. By using small, 0.05 - 0.1 cm, target length increments corresponding
to propagation time stepls/c, of 1.7 - 3.3 psrespectively, the evolution of the transient gain can
be diagnosed by this self-probing technique. A dffective gain lifetime ofessthan 8 ps is

determined and found to be in good agreement with numerical simulations.



The experiments were conductedtla¢ Lawrencd.ivermore National Laboratoryanuslaser
facilities. > 6 Two stages of laser irradiation were used to achieve the transient colksioitetion
x-ray laser. An 800 ps (FWHM) pulse at 1064 nm with up to 6 J erfesgy Janus was focused
to a peak intensity ol TW cm2 to produce thelong scalelengthplasma withthe correct
ionization. The transient excitatiomas generated by 4.1 ps (FWHM)pulse at 1053 nm with a
maximum of 6 J energy from the hybrid chirped pulse amplification Janus laser system focused to
800 TW cm? on target. The two pulses were synchronized and could be fired at a rate of 1 shot/ 3
minutes.The pulseshape and width dfie picosecondeam was measured using a single-shot
second order autocorrelator while @ptical streak camera monitoretie synchronization of the
two pulses.The linefocus waskept fixed at 7Qum wide (FWHM) by 1.25 cmlong and the
uniformity was monitored omachshot by a crossedlit x-ray charge-coupledievice (CCD)
camera. The two laser pulses were incident on the target surfacé pitage along the line focus,
shown in Figure 1(a). The target consisted of a 0.1 cm thick polished planar slab of palladium with
stepped lengthBom 0.1 to 0.8 cm in 0.05 to 0.1 cm increments, Figure Hib),was rotated
back 10 to25 mrad to compensate for plasmefraction of thex-rays. Aflat-field spectrometer,
with a 1200 line mni grating, was aligned on axis tdhe linefocus usinggold-coatedmirror
collection optics. The intensity of the Ni-like Pd 14.7 nm x-ray liserwas measured in second
diffraction order with a back-thinned 10241024 CCDdetector. Theshort pulse waslelayed by
1.3 nsrelative to the peak of tHeng pulse to optimiz¢he x-ray laser output. Laser irradiation,
focal andpulse synchronization conditions were then held constanthe gainmeasurements.
Figure 2 shows a typical axial spectrum of the 14.7 nm laser line from a 0.6 cm target.

The intensity of thel4.7 nmlaser linewas observed tincrease by 4rders of magnitude
whenthe target lengtivas changedrom 0.1 to 0.8 cm® The intensity as a function of length
could not be fitted by a function with a single exponential gain value. Instead the gain was extracted
by averaging the intensity of typically two to three shots at a particular length and then applying the
Linford formula for small signal gaifioverthe adjacent targééngths.The complete gain profile

was determined up to the maximum 0.8 cm Wil available target lengthcrements of 0.05 to



0.1 cm. Figure 3 shows gain as a function of time, where the measteetive gain (full circles)
is plottedfor a particular length converted into the equivalent propagaime, L/c. The inferred
gain starts high in excess of 35-émt 3 - 7 ps, corresponding tiee shortest Pd lengths of 0.1 -
0.2 cm,but smoothly decreases to minimum of 3 cm! by about 27ps. Thisbehavior is a
consequence of the entire target length bpimmped simultaneously ke short pulse and the
transient gain conditions rapidly decaying in timettasx-ray laserbeam propagatealong the
plasma column. The target increments chosen drereufficientlyshort togive asnapshot of the
effective gain with a few picoseconds resoluti®he error bars irgain represent the valué®m
the fit of the Linford formula to the data points. Overall, the decay in the meagiredalues can
be well represented empirically by an exponential fundiimshedine) with a 1é transient gain
lifetime of 8.1+ 1.0 ps.

The 1-dimensional numerical codeabex * ? with self-consistent transiefftydrodynamics,
atomic kinetics and radiation transportused to modethe experiment. An additional ray-tracing
package calculates thkeray laser intensity. It is importariat not only the hydrodynamics and
atomic kinetics but also the ray-tracing have tartale inthe transienaipproximation.The main
reason lies in the short gain rise-time of 1 to 3 ps and life-time of 5 to (& ps~ 1 - 3% 107
cm'3) compared tdhe propagatioime alongthe amplifiedmediumL/c ~ 30 ps. For alirect
comparison withthe experimentaineasurements oéffective gain, thesimulations model the
target length over a larger range of values with feteps.The experimental dependencexafay
laser intensityversus plasméength is well reproduced bRADEX modeling.6 The theoretical
effective gain versus length is then obtained by applying the Linford equation dal¢thiated x-
ray laser intensity emitted from each pladeragth. In a similamanner tahe experimental data,
the target length is converted into an equivalent propagétioa It should benoted that the
theoretical effective gain is distinguished from the plasma gain in space and time, since it includes
gain decreasing effectich as plasma inhomogeneity, propagation refactive medium and
gain decay during amplification. Also, it should be noted thastitmellationstake into account the

full evolution of the gain in theplasma medium frontransient to quasi-steady st&@SS). Both



have long-lasting tails, with the QSS substituting TCE inversion later in time up to d0dlpbe
plasma overionizes and coolBhe RADEX simulationsare shown (full curve) on Fig. 3. The
overall agreement witthe measureceffective gain datgoints lie within the error bars of the
experiment. The high effective gain at early time and the rapid fall with increasing teérpeisted
from the nature of the transieimversion befordhe x-ray laser intensity reaches saturation. The
simulations fromRADEX also suggest that two characteristic timescedesbe inferred anthis is
explained by therossovembetween the transient to tiy@asi-steady stategime with increasing
time. The faster #/effective gain decay of 7 psccursearly in time andcorresponds tthe high
gain transient regime. The second has a slower effective gain decayenithelbf 18 - 20 ps at
about 25 - 30 ps after the short pulse deposition when the gain is already close to quasiateeady
® value of 4 crit. The inferredmaximal values othe gain and its duratiooorrespond to the
optimal electron densities of 115 x 10° cm®. More detailed values can be obtained by
observation of the x-ray laser near and far-festd beam patterns as reported wipfsS schemes
in laser plasma¥ and capillary x-ray lasef.

In summary, we have determined the éffective gain lifetime to be 7 to 8 fier a 14.7 nm
Ni-like Pd x-ray laser driven by a 1 paptical laserpump. This is in good agreement with
modeling simulations ofhe experimentatonditions. The equivalent propagatiotime would
correspond to darget length of approximately.2 cm. It isclear thatone consequence of the
effective gain lifetime is significant reduction of thr@aximumgain observed in thisystem for
these pulse durations. Higheffective gains are expected byising traveling wave irradiation
geometry, see for exampRarty et al, 12 to synchronizehe phase othe pump pulsewith the
propagation of the-ray laser alondghe plasma column. With thitechnique atmore dense and
homogeneous plasma profiles, gains exceeding 1d0acenanticipated.
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Figure Captions

Figure 1

Figure 2

Figure 3

(a) Plan vieshowsdouble pulsencident on targetvith 0° phase orthe wave front
relative to the targetsurface, i.e.each laserpulse irradiates fulltarget length
simultaneously. (b) Schematic showiage piecestepped Pd targetith step lengths,
L in cm, indicated oreft hand sideLine focusirradiates target tranverselith x-ray

laser output observed by spectrometer from the end of the line focus axis.

Axial spectrum from 0.6 cm long palladium target showing strong lasing on Ni-like Pd

4d - 4p J=0-1 line at 14.7 nm.

Plot of experimental gain (full circles) as a function of propagation Ema. bars in

the gain measurement are from the local Linford fit to the intensity data. An exponential
fit to the experimental datpoints is shown (dashdahe) indicating a transient gain
lifetime of 8.1+ 1.0 ps. Simulations dhe effective gairirom the RADEX code (full
curve) infertwo slopes of 7 ps and 18 - 20 ps correspondingG@& and QSS

inversion, respectively.
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