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Through the use of time-integrated space-resolved keV spectroscopy, we investigate line plasmas showing
gain in Ne-like nickel, copper, and zinc for irradiation using the prepulse technique. The experiments were
conducted at 1.0am with the prepulse to main pulse intensity contrast ranging fronf 10 10~ 2. The effect
of the prepulses on the plasma conditions is inferred through spectroscopic line ratio diagnostics for the
electron temperature, the Ne-like ground-state density, and the lateral size of the Ne-like region. It is observed
that neither the value of the electronic temperature nor its spatially resolved profile along the linear focus axis
varies significantly with the prepulse level, contrary to the lateral width and the density of the Ne-like region
in the plasma, which are seen to increase. These results explain, at least in part, why prepulsed x-ray lasers
show such high gain and brightne§S$1063-651X96)10009-X]

PACS numbgs): 52.25-b, 07.85-m, 42.55.Vc, 32.30:r

I. INTRODUCTION to the addition of a prepulgel1,12. This difference in be-
havior between thd=0-1 andJ=2-1 lines and the fact
Much attention has been given recently to prepulsed x-rayhat they are observed to be emitted at different distances
lasers[1]. It has been shown in the past few years that low-from the target and with different time histori¢4,16,17
level prepulses added to the plasma-creating pump lasauggest that the prepulse changes conditions in the plasma
pulse significantly enhance the performance of a wide rangéor which theJ=0-1 line is more sensitive. In particularly,
of collisionally excited Ne-like x-ray lasefd—12]. Whereas the neonlike ion density and the electron temperature directly
the early investigations required small but still multijoule- control the main populating mechanism of the upperO
level prepulse$2—5], more recent studies have successfullystate: the monopole collisional excitation from the ground
used subjoule-level prepulses at smaller laser facilities tgtate 2 J=0 [15]. Also, because the population inversion
critically improve the output intensity of their x-ray lasers occurs nearer the target, a key factor in the0—1 laser is
[6—-12. Itis believed that a prepulse creates a weakly ionizedhe propagation of the amplified radiation, which is highly
preplasma in front of the target before the arrival of the maindependent on the size of the gain region, the density gradi-
pulse and that this preplasma plays an essential role in thents, and the homogeneity of the plasfh8—22.
laser-matter interactiof8,10—13. One interesting feature of Most investigations of prepulsed x-ray lasers have been
these results is that it is the §32s°2p°) 3p J=0 to 3s  |imited to the phenomenological observation of their perfor-
J=1 transition(simply labeled hereaftel=0-1) that shows mances under different prepulse conditions and to computer
the most impressive improvement when prepulses are ensimulations[3,10,22—24 In order to increase our under-
ployed. One could argue that these recent developments hageanding of prepulsed x-ray lasers, it is crucial to characterize
explained away the infamousJ=0-1 anomaly”[14]: the  the plasma and exhibit the dependence of the main hydrody-
line finally displays the largest gain and becomes the dominamical parameters on the prepulse level. Some efforts are
nant feature in the extreme-ultraviole{UV) spectra, as it now being directed to the study of the formation of the pre-
was predicted in the early days of collisional pumping x-rayplasmg 25,26 and the lasing plasma its¢27], while others
lasers[14,15. Meanwhile, the two successfulp3J=2 to  concentrate on identifying the location of the gain region and
3s J=1 lines(hereafter designatel=2-1) react very little  its shift with the prepulse lev¢lL0]. We present here a com-
prehensive and quantitative experimental characterization of
x-ray laser plasmas created with prepulsed irradiation. In this
*Author to whom all correspondence should be sent. Present agsaper we will present spectroscopic diagnostics for the elec-
dress: Center for Ultrafast Optical Science, University of Michigan,tron temperature, the Ne-like ground-state density, and the
Apn Arbor, Michigan 48109-2099. Ne-like region lateral size, for zinc, copper, and nickel x-ray
Present address: Laboratoire de Spectroscopie Atomique et lotaser plasmas created with the Ecole Polytechnique
ique, Bdaiment 350, Universitele Paris—Sud, 91405 Orsay, France. LULI laser; we also compare these with preliminary
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results of cCHIVAS-hydrodynamicstasix detailed kinetics— convex crystal
SPECTRAradiative-transfer simulation23,24]. keV spectrometer

flat crystal keV
spectrometers

Il. EXPERIMENTAL SETUP

The experiments were performed at the Laboratoire pour
I'Utilisation des Lasers Intensed.ULI) facility located at
the Ecole Polytechnique in Palaiseau, France. The LULI la-
ser is a Nd:glass laser operating at 108 with six beams
delivering for our experiments a total of 3225 J on target,

Cu, NiorZn D
slab target

6-beam

in 800 50-ps full width at half maximun{fFWHM) Gauss- LULI laser
ian pulses. The prepulses were obtained in two different
ways. First, the main pulse can be preceded by a prepulse CCD muli-hole

train, composed of about fivg20-60-mJ successive X-ray camera

prepulses, separated by 10 (&s illustrated in Ref[11]).
This temporal structure results from a normal leakage in the
Pockel cell, which selects from the oscillator the main pulse
to be amplified in the LULI chain. The ratio of the last /
prepulse to main pulse intensity is then of abowt B) *
after the amplification. It is with this prepulse train that the
saturated Ne-like Zd=0-1 x-ray laser at 212 A was ob-
tained at LULI[7,16,17. Alternatively, the prepulse train
being eliminated by the addition of a second Pockel cell, a
single controlled prepulse of variable intensity could be ob-
tained by extracting a small portion of the laser intensity FIG. 1. Schematics of the experimental chamber showing the
before full amplification and having the main pulse passgeometry of the different diagnostics. The flat-field XUV spectrom-
through a delay lind11,12. The prepulse to main pulse eter could be coupled to either a time-integrated CCD camera or an
intensity ratio ranged between 19and 102 the time dif-  x-ray streak camera. The data presented in the present paper come
ference between the prepulse and the main pulse was 2 or 45m the flat crystal spectromet¢KAP crystal, 21=26.632 A
ns. Since the main pulse laser intensity on the target wakositioned in the horizontal plane, at 45° from the LULI laser axis.
(1-2)x 10" W/cm?, a prepulse to main pulse intensity ratio
of 10" ® was considered equivalent to a “no prepulse” case
as the prepulse intensity was likely then to be below the It would be useful to summarize here the XUV results
threshold for preplasma formation. obtained during these experimeffisl,12. The intensity of
Figure 1 gives a schematic view of the experimentalthe J=0-1 andJ=2-1 lines of all three x-ray lasers was
chamber. The 2-cm long and 120n-wide line focus im- measured for different single-prepulse intensitiesnging
pinged on 2-cm-long solid slab targets of either nickelfrom a prepulse to main pulse ratio of 10to 10 2) with
(Z=28), copper Z=29), or zinc £=30), with an average Vvariable timing(prepulse arriving 2.0 or 4.5 ns before the
intensity on target of1—2)x 10" W/cm?. The lasing lines main puls¢ and with the prepulse train. The=0-1 line of
were monitored using an axial XUV flat field grazing spec-the Zn x-ray lasefat 212 A appeared to be the most sensi-
trometer[28] coupled to a time-integrated charge coupledtive to prepulse conditioningin comparison to the Zn
device (CCD) camera or to a streak camera for temporaldJ=2-1 line at 267 A or to the Ni and Cli=0-1 lines at
dispersion. We used a time-integrated x-ray CCD multipin-232 and 221 A, respectivelyThis line showed a large in-
hole camera to image the spectrally integrated keV emissioarease in intensity when a prepulse was used and even
along the plasma line and a potassium acid phtaléfeP) peaked in intensity for a prepulse of about #Grriving 4.5
convex crystal spectrometer coupled to a CCD camera tas before the main pulse; this peak was reproduced in two
monitor the ionization of the plasma. experimental runs several months apart. The intensities of
This paper presents results derived from spectra takethe J=0-1 lines of Ni and Cu did not feature such a peak
with a flat crystal spectrometéKAP crystal, 2=26.632 A and increased roughly logarithmically with the prepulse level
aimed at the expanding plasma in the horizontal plane of thér the whole range covered. Single prepulses 2.0 ns before
line focus, 45 ° from its axis. These data are time and spacthe main pulse also increased the output intensity of the la-
integrated along the density gradient perpendicular to theers but less so than with the 4.5-ns timing. In all cases, the
target plane, but a 5g.m vertical imaging slit provided a 75- prepulse train gave highdr=0-1 x-ray laser intensities than
mum spatial resolution along the amplification axis. A 25-single prepulses. Thd=2-1 lines in general reacted very
um Be filter was positioned in front of the spectrometer slit.little to the addition of prepulses.
The spectra were recorded on Kodak SB-392 film and the Figure 2 shows typical nickelFig. 2(a)], copper[Fig.
conversion from optical density to intensity was done ac-2(b)], and zinc[Fig. 2(c)] keV spectra taken with the small-
cording to Henkeet al.[29]. More details on the experimen- est prepulse available (16); corresponding records were
tal setup have been previously publisiéd,12. obtained for all prepulse levels and timing studied. A visual

flat{ield grazingincidence
XUV spectrometer

AN

X-ray streak time-integrated
camera CCD detector

IIl. DIAGNOSTICS AND ANALYSIS
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< . Fr rally, the keV emission is weighted towards the higher tem-
2 3000 Plike  Nelike peratures at the maximum of the main laser p{&, at the
% 2000 i end of theJ=0-1 lasing time, and at the peak of the
= ] J=2-1 gain[4,16,17. Using line ratios of F-like to Ne-like
= 1000 ] optically thin emissions we deduce the electron temperature
o 3 T, of the plasma; with line ratios of optically thin to optically
UL thick Ne-like emissions we obtain values for the Ne-like
8 &5 9 85 10 105 11 115 ground-state density,; from the spectral resolution of the
Wavelength (A) g X :
spectrometer we derive the latefaértical) width of the Ne-
7000 - like emission zoneAy. All three of these diagnostics are
so00 €) Zn, 10° prepulse Nerike _closely related to _the]:0—1 x-ray laser \_/ia the pop_u_latio_n
m ] I inversion mechanisms and the propagation of amplified light
Z 5000 3 through the gain region.
= 3 . ) F-like As pointed out earlier, we were able to record spatially
8 4000 Gase  hasy idind resolved spectra along the amplification axis. Figure 3 shows
= ] (N . . . o
et 3 1 M the corresponding Zn Ne-likedd2p line intensities and re-
2 3000 ke Nedike veals a high degree of inhomogeneity along the axis. The
% 2000 _ 4s2p  4s2p emission is brighter on one side of the line plasma and regu-
- 3 r r larly decreases to the other, this general trend being seen for
— 1000 all the considered Ne-like and F-like lines. We can quantify
0 ; e N M e the homogeneity of the keV emission, closely linked with the

75 8.0 8.5 9.0 o5 10.0 performance of collisionally excited x-ray las¢29,30—33,
Wavelength (A) using its con_trasC=(| max— I_min)ll max: whe_re_l max and Imin
are, respectively, the maximum and minimum intensities
FIG. 2. keV spectra of Ne-like and F-like lines i) nickel,(b) ~ found along the line plasm{@1]. From the lineout shown in
copper, andc) zinc plasmas obtained with the flat crystal spectrom-Fig- 3, we measure a contrast of about 0.75, typical of plas-
eter for the smallest available prepulse and an intensity on target dnas produced by lens paif81-33. Such large-scale emis-
1x 10" W/cm?2. Results are time integrated and space integratedion inhomogeneities are in fact the imprint of noticeable
along the direction perpendicular to the target plane. variations in the plasma hydrodynamics, mainly due to non-
uniformities in the laser energy depositi#0,33. Hence we
inspection of the three spectra indicates a similar ionizatiortan expect to observe corresponding spatial profiles for the
balance, with a predominance of 3-2 and 4-2 Ne-like andlasma parameters of electron temperature and Ne-like ion
F-like lines. The spectral resolution 46150—220 at 8.34 A density.
and is mostly limited by the source broadening. It was made
to be this low purposefully as we wanted first the spectrom-
eter to be close to the source for reasons of sensitivity and
dispersion and second a large source broadening for the Ne- The electron temperature plays a crucial role in the kinet-
like emission region size diagnostics. Although the spectracs of the excited levels contributing to tlile=0-1 inver-
are time integrated and averaged over the line of sight, wsion, notably theJ=0 level, which is largely populated
estimate that these emissions are representative of conditiottsrough direct collisional excitation from the Ne-like ground

A. Electron temperature diagnostics
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state. It is therefore important to see how, if at all, the plasma 1.0 [T T T T T T
electron temperature is affected by the addition of a prepulse [ a) Niatn_ = 10% em* ]
to the main driving pulse of the x-ray laser. 0.80 ° ]
The temperature diagnostic is based on the intensity ratio i ]
of the optically thin 4-2p lines in the Ne-like and F-like - .
ionization stages. These lines were chosen over the more 0.60 ]
intense 41-2p lines because the latter are optically thick and [ ]
could skew theT, evaluation from their reabsorption by the 0.40 - ]
plasma[20]. The diagnostics assumes that tire 4 excited - 1
levels of the Ne-like and F-like species are at local thermo- 0.20 .
dynamic equilibrium with the ground state of their next ion- [ ]
ization stage the F-like and O-like stages, respectively. 00 L :
Simulations with the hydro—collisional-radiative code T F 1
EHYBRID [34] and the kinetic codeAsix [35] confirm the [ ]
validity of this basic hypothesis for line ratio diagnostics. 2 °-80 [ R ]
. . uXX
This enables us to use Saha-Boltzmann equations to relate .2 [ ]
the populatioN~* of an excited leveh of an ion of charge g o.60 [ .
Z—-1 to the ground-state populatiodf of the next ioniza- = i 1
tion stage: S 40 [ CuxiX k
z Z 3/2 g . “.PUXX" ]
N;Ni 6.0X 02191 e o—EZ(MITe cm3, 1) <_§ 0.20 N
n gn [ ]
0.0 :H‘:IH..,:..:I::..l..‘.}li...,HH

whereg? ™! andg? are the corresponding statistical weights
and EZ(n) the energy ionization gap between the two in-
volved levels(in eV). For optically thin lines, we can equate 0.80
the intensityl to the emissivityE:

¢) Zn at n, = 102 ¢m*®

ZnXXI

METEEE S B U HE T R W

0.60 |
I~E=NAyhvy, 2 [
L xx ZnXXIl
where N, is the upper level population and th&,, the o.40 - 0 _ZnXXIr]
spontaneous-emission coefficient for the transition of energy [ ]
hv, . Combining Egs.(1) and (2) and substituting in the 0.20 [ ; .
relevant symbols for the s42p F-like and 4-2p Ne-like - ! .
emissions, we get an expression for the expected line ratio as 0.0 Liws APE i USSP
a function of the ground-state populations of the F-like and 0 100 200 300 400 500 600 700
O-like ions and the electron temperature: Electronic Temperature (eV)
|ZSI'§E NJ-fike gf"ke gis"ke (Ahv )E;'"é% FIG. 4. DCA simulations showing the ionization fractions(a
|r\1_e-|Tk—e=Fﬁk— gOTke GNeTike (a1, yNeike nickel, (b) copper, andc) zinc plasmas, at an electron density of
4s:2p g1 Oas = ( )as-2p 13 !
107 cm~3, versus electron temperature. For each case, the Na-like,
o [E eFike 45) - O “ke(4s)]/T 3) Ne-like, F-like, and O-like fractions are plottétiom left to right,

respectively, along the temperature axis

Since the recombination time scale is expected to be longer

than the hydrodynamic time scal@mnization “frozen” in The multiconfiguration Dirac-FocKMCDF) code from

the expansiori36)), the charge-state distribution of the de- Grantet al. [39] was used to calculate the wavelengths, os-
tected emitting region is mostly determined by the ionizationcillator strengths, and other atomic data required to solve Eq.
conditions at critical density. The dependence of the relevar(3). Although Eq.(3) is derived here for the ratio of the
ionic fractional populations witfT,, at critical density were intensity of one F-like 4s-2p transition toone Ne-like 4s-
obtained with the detailed configuration accountififCA) 2p transition, we used in practice the sum of the contribu-
collisional-radiative mode[37,3§. Figure 4 shows a plot tions of several lines of each for a better signal-to-noise fig-
versusT, of the Na-like, Ne-like, F-like, and O-like ground- ure. For that purpose, we had to use for the energy ionization
state populations at a critical density.&10?* cm~3) from  gapEZ%(4s), a weighted average over the individual energy
DCA simulations for nicke[Fig. 4@)], copper[Fig. 4b)], ionization gaps for the levels involved in the transitions cho-
and zinc[Fig. 4(c)]. From these ionization curves and from sen for the diagnostics. The differences between the indi-
our earlier observations that Ne-like and F-like emissionvidual gaps and the weighted average gaps are on the order
lines are dominant in the recorded spedf&. 2, we can of =3% and thus the use of the weighted average gaps is
predict that the electron temperatures should be between 225stified. The deduced line ratio is then plotted in Fig. 5 as a
and 300 eV for the nickel plasma, between 300 and 375 eVunction of the electron temperature for all three cases of
for the copper plasma, and between 350 and 425 eV for theickel, copper, and zinc plasmas. The curves through the
zinc plasma. data points are fourth-order polynomial fits that were used to
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Figure 6 shows th&, values obtained for the zinc plasma
as a function of the position along the focus line for three
laser shots with different prepulse conditions. One readily 400
notices that the temperature profiles along the amplification ]
axis are slightly nonuniform, presenting the same general .
shape as the emission profile shown in Fig. 3. The tempera- 350.]
ture in the hotter zone is about 39@5 eV, which agrees ]
with the rough estimate made earlier. The error bars on the ]
diagnostics arise mostly from the uncertainty on the extrac- 300
tion of the intensity from the data on film, but as can be ]
deduced from Eq3), the temperature varies logarithmically
with the line ratio and is therefore not too sensitive to this 250 e
uncertainty; for example, it would take an unlikely error of 0 5 10 15 20 25
+50% on the evaluation of the line ratio to get temperature Position along the line (mm)
variations of =25 eV. Changing the DCA calculations den-
sities from 8< 10?° to 1.2x 101 cm ™2 made little difference FIG. 6. Zinc plasma electron temperature, as a function of the
in the temperature evaluation, and this is included also in theosition along the focus line, derived from the-2p F-like to
error bars. The temperature, as well as its shape along thes-2p Ne-like intensity line ratios, for three cases of prepulse to
line plasma, is seen to remain relatively constant regardlegsain pulse intensity contrast&) 10 prepulse(b) 10~ prepulse,
of the prepulse level. We therefore infer that the performanc@nd(c) prepulse train.
improvement of the x-ray laser using the prepulse technique
is likely not due to a change of the temperat(shich could  copper, and nickel plasmas, correspond to an ionization bal-
have arisen from a better coupling of the main pulse energgnce of approximately equal proportions of Ne-like and
to the target in presence of a preplagmiafrom a large-scale F-like ions, close to ideal for the achievement of high
smoothing of the temperature profile along the amplificatiord=0-1 gain. The fact that the electron temperature is con-
axis; possible small-scale smoothing $0 wm) could not be  stant for any given target material within the prepulse range
detected with the present spatial resolution along the lingurveyed and that it increases when the target changes from
plasma. However, this last statement has to be viewed iNito Cu to Zn is mirrored in OUCHIVAS-LASIX simulations,
light of the fact that the diagnostics gives the temperature avhich show a similar behavior of the temperature of the
the peak of the laser pulse, which is slightly after the peak oplasma near critical density, at the maximum of the laser
the J=0-1 gain[4,16,17. In order to verify that the tem- pulse(see Sec. Il D.
perature is unchanged with the prepulse level at the time of
maximumJ=0-1 gain, one would have to couple the spec-
trometer to a streak camera. For copper and nickel plasmas,
the temperature profiles are quite similar to those shown in Another important issue for the=0-1 x-ray laser is the
Fig. 6, but show maxima of 33525 and 25@-25 eV, re- ability of the XUV radiation to propagate through the ampli-
spectively. According to the DCA resultfig. 4), these di- fying medium. The more of the gain region the ray trajecto-
agnosed electron temperatures, for all three cases of zindes sample, the higher the integrated gain coefficient and

AL N L
1¢) Zn - prepuilse train

B. Ne-like lateral source size diagnostics
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output intensity. Part of the reason why the2-1 lasers
were originally more successful than the0-1 one is that
the latter has a smaller gain region, closer to the target. This
means that thad=0-1 x rays went through much higher
density gradients and deviated outside the gain region before
having passed the full length of the plasma column. Along
with the much-studied density gradiemsrpendicularto the
target plane, there are importalatteral density gradients,
which also tend to make the x-ray laser beam exit the gain
region before traveling the whole length of the plasma
[21,22. Here we address how the prepulsed irradiation af-
fects the lateral width of the gain region.

As our keV spectrometer featured a vertical slit to allow
for spatial resolution along the amplification axis, any given
point on the crystal could “see” the whole vertical width of 350
the line plasma. Hence a region of the plasma emitting at -
wavelength\ subtended an angle# around the Bragg angle
0g for that wavelength on the crystal. This finite angular
spread of the source induced a broaderingof the spectral
line on film. The lateralvertica) width Ay of the emitting
regions in the plasma can then be determined through the
spectral width of the emission lines via the well-known ex-
pression40]
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wherelL is the distance of the source to the crystal,/\ the
spectral resolution of film, andg and A 6. the Bragg angle
and the crystal rocking curve for the wavelengthwe had
positioned the spectrometer close enough to the plasma to
measure by that method the Ne-like source size from the
4d-2p Ne-like lines. 250
Figure 7 shows the deduced Ne-like region lateral size as
a function of the single prepulse level and for the prepulse
train, for the cases of nick¢Fig. 7(a)], copper[Fig. 7(b)], 200
and zinc[Fig. 7(c)]; the widths were taken in the hotter zone
along the line plasma. The circles and squares represent data
taken with prepulses 4.5 and 2.0 ns, respectively, before the
main pulse. The prepulse train cannot be easily comp@mned Prepulse level (I
terms of level and delayto the single prepulses and it is P
conveniently represented by bars starting at1® 4. The
straight lines drawn through the data points are fits, suggest- FIG. 7. Dependence of the Ne-like lateral source size on the
ing that the lateral size of the Ne-like region increasesPrepulse level for@ nickel, (b) copper, andc) zinc plasmas, de-
rough|y |Ogarithmica”y with the prepu'se level for all the ri\./ed from the Spectral resolution C-)n the Ne-IIked-&p lines.
three x-ray laser plasmas. The prepulse train, which gives thgircles and squares are for data with a prepulse 4.5 and 2.0 ns
highestJ=0-1 intensity in the axial XUV spectrometer, beforg the main pulse, respectively; the prepulse train effectlve.
also shows the largest increase in Ne-like lateral source siz%"el Is represented by the shaded bar. Measurements are taken in
with Ne-like regions 35% and 60% wider over the smallest!' Notter region of the plasniaee Fig. §. The lines are logarith-
prepulse cases in copper and zinc, respectively. It is the zint'° fits through the single prepulse data.
plasma that shows by far the largest increase in Ne-like lat-
eral source size, which correlates well with the observeds marked difference on the spectra of the keV emission ob-
XUV results, which give a better improvement for the zinc served during the main pulse. The XUV records show corre-
J=0-1 laser than for the copper or nické=0-1 lasers spondingly that thed=0-1 line of zinc, copper, and nickel
with the use of the prepulse. The noticeable lateral size indisplay larger increases in intensity when the 4.5-ns prepulse
crease of the Ne-like region for the cases of the prepulsés used over the 2.0-ns prepulse chbé,12.
train and single prepulses 4.5 ns before the main pulse is not This sizable increase in the lateral width of the Ne-like
as evident for the case of the prepulses 2.0 ns before thegion in the plasma can play a determinant role towards
main pulse. These data are only available for nickel and zineexplaining the better performance of x-ray lasers when
The preplasma created by the prepulse seems not to hapeepulses are used. Both a reduction of the density gradient
enough time to expand sulfficiently during the 2.0 ns to showsteepness and a more extended gain region could reduce the

300
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propagation problem; also, a larger gain region gives a larger 11
source to seed the amplificatipp1—24. Our ongoing work

on numerical simulations including propagation effects will
help determine just how much of an influence on the x-ray
laser output the increase in lateral size may have. Further- "o
more, although this diagnostic cannot measure it, it could be
reasonably argued that there is a quite comparable increase
in the Ne-like region in the direction of the expansion per-
pendicular to the targdg22]. The changes in Ne-like region
size and in the density gradients perpendicular to the target
may yet be responsible for most of the increased perfor-
mances of x-ray lasers with prepuldd9)].

18 c m—3)

prepulse train

10% prepulse

10° prepulse

(-]
P R U N N S S R S AT N A RSN E )

Ne-like density (1

7 Tt T
0 5 10 15 20 25
Since theJ=0 upper state of the x-ray laser is mainly Position (mm)
populated through direct collisional excitation from the Ne-
like ground state, those ground-state ions constitute the x-ray FIG. 8. Zinc Ne-like ground-state density as a function of the
laser's pump reservoir. For that reason, we chose to look gtosition along the line plasma, for three cases of prepulse to main
the effect of the prepulse level on the Ne-like density in thepulse intensity contrasts. The values are averaged over the line of
lasing plasma. sight of the spectrometer as derived from the2p to 4d-2p Ne-
Because our spectrometer was in the horizontal plane die intensity line ratios.
the linear focus axis and aimed at the plasma with a 45°
angle, the keV emission detected on film was integrated his can be done by replacing T2/M)*%d in the previous
along the line of sight through the expanding plasma andxpression by the velocity gradienk¢/Az) [14]. Assuming
reabsorption processes have to be taken into account. Tigeself-similar expansionXv/Az= a/t, wherea is a propor-
detected intensity is reduced from its original optically thin tionality constant andl and considered time, in 1186]), Eq.
valuel, such thatl =1 ,exp(— 7), wherer is the opacity of (6) becomes
the plasma. For a Doppler-broadened emission line in a static
homogeneous plasma, the latter is related to the absorbing | I 4., l4s-2p
ion densityNg (in cm~3) and to the distance traveled in the =
absorbing mediund (in cm) as

M X[(NF —(N\f , 7
r=1.1X 10_167\<:Ngdfosc\/;u (5) [( c osc‘)4s—2p ( c 05(‘)4d—2p]) ( )
i

here the co%d factor takes into account the 45° angle the
ine of sight makes with the velocity gradient perpendicular
to the target. By isolatind{, from the rest of Eq(7), we can
M the atomic mass numb¢t4]. Thus, for resonant transi- evaluate_ the average Ne-_Ilke ground-state de_n5|ty Of. the
X LoLE asma in the line of sight directly from the experimental line
tions from the same ionization stage, the detected emergem . : oo ) .
ratio. This expression is derived for the case of the ratio of

intensity ratio of an optically thin line to an optically thick single lines, but as was the case for the electron temperature
one can be linked to the ground-state density through thei}, 9 ' P

respective opacities. Using the optically thin Ne-like-2p diagnostic described in Sec. Il A, we used the ratio of sev-
(7~0.5) and opticaily thick Ne-like d-2p (7~14) emis- eral lines for the Ne-like density diagnostievo 4s-2p lines

sions, we can determine the quantity of reabsorbing Ne—Iikeand two 4-2p lines). This leads to a slight systematic un-

materialN-d in the line of siaht of the spectrometer. from derestimation in the derived average Ne-like density of less
ST . 9 P ' than 5%. OurcHIVAS-LASIX hydrodynamics simulations for
the line intensity ratio

zinc confirm that the use in Eq7) of a velocity gradient

| | v independent of the prepulse level is justified. Because nickel,
( 43'2”) :( 45'2") exp( —1.1x 1016\/:,\] d copper, and zinc are elements of similar atomic number, we

l4d-2p l4d-2p T 9 make the further assumption that the velocity gradients are
the same for the three elements; detailed simulations on Ni
and Cu would be needed to validate this assumption.

Figure 8 shows the average Ne-like ground-state density

profiles for the case of zinc plasmas created with various
where the first multiplicative term on the right-hand side isprepulse conditiongthe corresponding temperature profiles
the emissivity ratio calculated using MCDF data and a Bolt-being given on Fig. 6 Whereas no change in temperature
zmann distribution between thesénd 4d upper level{Eq.  was observed, there is a clear increase in the Ne-like ground-
(2)]. Since the spectrometer was looking into a nonhomogestate density with increasing prepulse level, from™ 40
neous expanding plasma, a more realistic prescription for ththrough 10 2 and to the prepulse train. The profiles shown in
opacity will include the Sobolev escape probabilfigd]. Fig. 8 give lower densities in the hotter zotet 390 eV on

C. Ne-like ground-state density diagnostics

V2N,

(Av/Az)cos 6

exp( —1.1x10°10

I4d—2p I4d—2p calc

where) . is the wavelength of the reabsorbed photons at th
center of the studied lingn A), f,.the absorption oscillator
strength,T; the ion temperature of the plasnia eV), and

calc

><[()\cfosc‘)4s—2p_(7\cfos<‘)4d—2p]) ’ (6)
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75 prepulse, though the changes in density are less impressive
] &) Ni than the changes in Ne-like source size shown in Fig. 7. The
nickel, copper, and zinc plasmas show variations in Ne-like
ground-state density of 3%, 10%, and 20%, respectively,
y from the lowest prepulse level to the prepulse train dase
. to the highest single-prepulse case for).Nihe difference
7 between using a prepulse 2.0 or 4.5 ns before the main pulse
is unclear in the case of nickel, but for the zinc laser, it seems
that the longer delay enables the creation of a denser Ne-like
] region. The vertical error bars on Fig. 9 take into account the
- uncertainty in measuring the line ratios from the experimen-
- tal data but not the systematic underestimation of less than
5% due to the use of several lines in the intensity ratios. Also
DAL not included in the error bars is the error due to the value of
. the chosen velocity gradient. Although reasonable values
% were used fow andt (a¢=1.75,t=0.6 ng[42]), the absolute
values forNg on the vertical axis could change by as much
as a factor of 2 either way, depending on the choice of these
—%‘ parameters; this does not, however, affect the observed rela-
tive changes in the Ne-like ground-state density, which is
what is of importance here.
»—% This higher density of ions, directly available to pump the
J=0 level, could lend itself as a partial explanation for the
better performance of th&=0-1 x-ray laser when using the
prepulse irradiation. The population inversion would be
§ Ty more efficiently pumped, leading to an overall higher lasing
©) Zn %/ intensity. These increases in Ne-like density are rather small,
but they are ordered the same way as the Ne-like region size
increases, nickel having the smallest and zinc the largest.
This trend in both diagnostics is mirrored by the x-ray laser
intensity measurements, which indicate thatdke0—1 zinc
laser is the most positively affected by the use of a prepulse.
A reason for the relatively small changes of the Ne-like den-

‘_% + sity given by this diagnostic is that this method gives only

6.5

b) Cu

6.5

Ne-like density (10'® cm?)

8.5

75 the value ofN, averaged over the whole line of sight of the

+ spectrometer. It can be reasonably argued that spatial resolu-
tion along the plasma expansion could reveal more important
variations ofNg with the prepulse level in the zones nearer
10 ? the target.

)

| I UU WO T T YA S N N VO T S N T R A

% 5 -4 3

10 10 10 10

Prepulse level (i

prepulse/| main puise

D. Comparison to CHIVAS-LASIX simulations

FIG. 9. Dependence of the average density of Ne-like material

in the line of sight of the spectrometer on the prepulse leveldpr
nickel, (b) copper, andc) zinc, derived from the €-2p to 4d-2p

The spectroscopic diagnostics presented and discussed in
Secs. Il A-IIl C point to measurable changes in the plasma

Ne-like intensity line ratios. Circles and squares are for data with a{l)arameters when prepulses are used. Recent postprocessed
prepulse 4.5 and 2.0 ns before the main pulse, respectively; theD 172 hydrodynamics simulationf22,24 show similar

prepulse train effective level is represented by the shaded bar. Me%rends. A complete discussion on the theoretical results ob-

surements are taken in the hotter region of the platgea Fig. 6. ained with thecHIVAS-LASIX-SPECTRACodes are planned to

be presented in a later paper, but we show in Table | calcu-
Fig. 6) with an increase towards the cooler part of the linelated electron temperatures, Ne-like lateral widths, and Ne-
plasma(at 320 eV). Similarly, going back to the zinc ioniza- like densities for particular cases relevant to the experimental
tion curves[Fig. 4(c)], we notice that the Ne-like fraction in results presented above. These “observables” were obtained
the plasma increases as the temperature falls from 390 to 3Z@®m line ratios using artificial spectra generated by postpro-
eV. Since the two diagnostics are independent, this qualitasessing thecHivAs-hydrodynamicstAsix-detailed-kinetics
tive agreement shows an important self-consistency. Figure Simulations with thesPECTRA radiative transfer code. The
gives the value of the Ne-like ground-state dengifiken in  SPECTRASIimulations took into account the experimental de-
the hotter zone along the line plasma aas a function of tection geometry of the spectrometer. All the simulation re-
the prepulse level, for the cases of nickeig. 9Aa)], copper sults in Table | are for zinc plasmas.

[Fig. Ab)], and zinc plasmapFig. 9c)]; the legend for the The calculated electron temperatuiie,£ 335 e\) agrees
data points has been given for Fig. 7. For all three cases, theell with the range of temperatures seen along the line
average Ne-like ground-state density increases with thelasma for the cases shown in Fig(‘#o prepulse” in the
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TABLE I. Results fromcHIVAS-LASIX-SPECTRASIimulations for a Zn plasma, irradiated by a 1,06,
800-ps FWHM Gaussian pulse ax2.0" W/cm? (the width of the focus line being 150m). The values for
the electron temperature, lateral width, and Ne-like density were obtained via line ratios of the artificial
spectra using the same diagnostics as for the experimental cases.

Prepulse conditions Electron Lateral width Ne-like ion
[ prepuise | main, delay (ns)] temperature Ne-like region density
(ev) (um) (cm™3)

no prepulse 336 244 5:010'
1074, —4.5 336 244 5.8 10%
1073, —45 338 252 5.%10%
1072, —4.5 346 290 6.X10%
1071, —45 380 468 1.6010'°
1, —4.5 378 722 1.6010'°
prepulse train 333 260 5:010%°
1072, -2.0 335 256 5.%10'°

simulations is equivalent to a 18 prepulse in the experi- with an effective level of 5 10 * or more. Although the
men). The insensitivity of the experimentally measuredkeV spectroscopy data are time integrated and averaged over
electron temperature to the prepulse le(félh. 6) is repro-  the line of sight of the spectrometer, we expect that the re-
duced in our simulations, the constant value being set by corded emissions used for this analysis originate mostly from
the intensity of the main pulse within the range of prepulsegegions relevant to the amplification since they are weighted
surveyed in the present experiment. There are some indicggwards the higher densitiesd=10?°-1¢** cm~3); tempo-
tions in the simulations that in fact the temperature of thgg)ly, the keV emission is weighted towards the higher tem-

plasma during the main pulsg could increase for very higrberatures at the maximum of the main laser p{2g, at the
prepulse levelgprepulse to main pulse intensity ratios of 0.1 end of theJ=0-1 lasing time, and at the peak of the
to 1) not covered in the experiments. Regardless, OUG_ > _1 gain[4,16,17 ’

prepulsed x-ray laser experiments show lalged—1 inten-
sity increases with prepulse levels as low as 3Gnd
10 2, where the temperature remains constant.

The values of the Ne-like lateral siZey calculated from

We observed that the plasma temperature and large-scale
uniformity along the line focus are unchanged by varying the
prepulse level, thereby concluding that the improvement in

the simulations correspond very well with those presented i "y laser perfor.mances does not come prmmpally from a
Fig. 7(c), except for the case of the prepulse train, whichposs.IbIe ch_ange in these parameters: The lateral size of the
shows a smaller increase in the simulations. This differenc\€-like region is seen to increase with the prepulse level,
in calculated and measured widths for the prepulse train casich could contribute to better the x-ray laser efficiency in
may be due to the fact that the simulations consider onlyWo ways: first, by providing a larger amplification area and,
three prepulses in the train, instead of the five or moreé®€cond, by allowing the XUV rays to sample a longer gain
present in the real laser pulse. region before being refragteq out of it. We ob'galn that the
Finally, the last column in Table I gives the mean valuesiNe-like ground-state density in the plasma also increcales
of the Ne-like density for the different prepulse conditions. Peit marginally with the prepulse level, which should tend
As with the experimental diagnostics, the density increaséC create a more efficient pumping of tde=0 upper level
slightly with the prepulse level. The calculated values are iff?rough direct collisional excitation from the Ne-like ground
general lower than those obtained from the experimenta$tate. All in all, a larger and denser Ne-like region in the
spectra, but that is likely due to the velocity gradient choserPlasma will contribute to augment the integrated gain and
to evaluate the latter. As noted in Sec. Ill C above, the valudntensity output of theJ=0-1 line, which could explain in
of the velocity gradient used in the experimental diagnostic®art the positive effect on that line given by the use of a

was reasonable within a factor of 2. prepulse technique. The diagnostics are in good agreement
with our recentCHIVAS-LASIX-SPECTRA simulations, which
V. SUMMARY AND CONCLUSIONS reproduce very well the experimental results. Other aspects

of our ongoing simulation work will help determine how

In order to establish why=0-1 Ne-like collisional x-ray much of the x-ray laser improvements with prepulsed irra-
lasers show dramatic improvements in performance whedriation is due to the lateral size enhancement and the Ne-like
prepulses are used, we have conducted a quantitative expediensity increase; undoubtedly, the smoothing of the density
mental characterization of x-ray laser plasmas created usingradients perpendicular to the target also plays a crucial role,
the prepulse technique. The three x-ray lasers we studieahd one could argue that most of the improvements come
particularly are the nickel, copper, and zinc lasers, withfrom there. Hence it is not altogether surprising that the
J=0-1 lines at 232, 221, and 212 A, respectively. TheJ=2-1 lines are seen to react less dramatically to the
prepulse parameter space included single prepulses either 2fepulses, as they are emitted at a later time, in a more ex-
or 4.5 ns before the main pulse, with intensities ranging frontended region farther from the target: they are thus less sen-
10" © to 10 2 of that of the main pulse, and a prepulse trainsitive to eventual smoothings of the density gradients and to



54 SPECTROSCOPIC CHARACTERIZATION OF PREPULBE. . 2861

an increase in the plasma size near the target. that could not be studied here but should be the focus of
It is difficult to ascertain from the results presented here ifother experiments concern the density gradients and the Ne-
a prepulse train is more favorable to the 0—1 lasing than like region extension perpendicular to the target; to study the
a single prepulse. The difference seen in the present worlynamics of the parameters involved, the use of an x-ray
may be due simply to the larger time delay between the lasstreak camera for temporal dispersion would then be crucial.
prepulse of the train and the main pulse; we observed smaller
improvements of the x-ray laser performance when a delay ACKNOWLEDGMENTS
of 2.0 ns was used for the single prepulse instead of 4.5 ns,
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