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X-ray line emission from Rnl’ transitions in Ne-like Kr and nearby ions has been observed fednum
Kr clusters irradiated by fs-scale laser pulses at the JAERI facility in Kyoto, Japan. The incident laser intensity
reached 18 W/cn?, with pulse energies from 50 to 300 mJ and pulse durations from 30 to 500 fs. The
dependence of the x-ray spectral features and intensity on the incident laser intensity is rather weak, indicating
that the 1-2 ps cluster lifetimes limit the number of ions beyond Ne-like Kr that can be produced by colli-
sional ionization. Lines from F- to Al-like Kr emitted from the cluster plasmas have been identified using data
from the relativistic multiconfiguration flexible atomic code. A collisional-radiative model based on these data
has been constructed and used to determine that the cluster plasma has electron densiti€? orat, 10
temperatures of a few hundred eV, and hot electron fractions of a few percent.
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I. INTRODUCTION plasma regions from which most of theshell x rays were
emitted were surrounded by coolef200 eV), rarer
Plasmas formed by the irradiation of gas clusters by short¢10°° cm™3) plasma formed during the laser prepulse.
pulse, high-intensity lasefd] are promising x-ray emission In the present work, emission front-81’ transitions with
sources and have been extensively studied over the last fem<6 is analyzed from larger Kr clusters whose dimensions
years[2-7]. Resonant laser-plasma interactions within clus-are estimated to be=1 um. The nozzle in this experiment
ter targets generate high-energy partid@s3] such as hot was designed to maximize the cluster 18], since larger
electrons, which can lead to considerable x-ray yi¢tds?]. clusters have been found to be less susceptible to destruction
The study of cluster targets under intense laser irradiation iby the laser prepulse and more efficient absorbers of the laser
relevant to fusion studig®?], development of high-intensity energy[5]. The large Kr clusters in the present experiment
x-ray sourceg 1], and investigations into the behavior of were irradiated by 30-500 fs laser pulses with 50—300 mJ
matter in ultrahigh electric fieldss]. of energy; laser intensities up to *ON/cn? have been
The interaction of ultrashort laser pulses with solid targetsachieved. The resulting-shell Kr emission spectra indicate
can generate plasmas with very high electron dengjfiés that the cluster plasmas reach electron densities larger than
and significant fractions of hot electrof0,11], but the con-  10°? cm™3, have temperatures near 250 eV, and hot electron
version efficiency of laser light to multi-keV x rays from fractions near 2%. We estimate that absorption efficiencies
solid targets tends to be rather low. The absorption of laseébetween 10 and 50 % are required to produce the diagnosed
light by a uniform low-density gas is inherently more effi- conditions in the cluster plasmas.
cient than by a massive, solid targ&®,13 because the laser Previous measurements of-2’ emission from O- to
can supersonically ionize and heat large volumes with littleMg-like Kr (with n<9) have been performed with a low-
or no loss of energy to ablative interactions with the targetdensity tokamak plasmjd 6] and analyzed using theoretical
far from the emitting region. For this reason, gas cluster tardata from the well-establishedeLAac code [17]. In the
gets[8] and low-density solid targefd4] are also efficient present work, data calculated with the flexible atomic code
absorbers of laser energy. (FAC) [18], a new relativistic multiconfiguration atomic
In a previous worK5], the 3-41" emission from Ne-like structure code, are used to identify emission features from F-
Kr and surrounding ions was analyzed and used to diagnoge Al-like Kr in Kr cluster spectra. Experimental data have
the conditions of=0.1 um clusters irradiated by 60 and been collected in two spectral regions encompassing 4—2 and
500 fs laser pulses with 4—15 mJ of energy and intensities diigher Rydberg transitioné.2-5.8 and 4.6—5.2 A, respec-
a few times 1& W/cn?. Those plasmas contained hot, tively). Details of the experiment and a summary of the ex-
dense regions consisting of cluster remnants with electroperimental results are given in Sec. Il below. In Sec. Ill, a
densities near #dcm3, temperatures between 300 and collisional-radiative model of O- to Si-like Kr that includes
400 eV, and hot electron fractions of 2-4 %. The clusterself-consistent opacity and hot electron effects is described

1539-3755/2005/11)/0164089)/$23.00 016408-1 ©2005 The American Physical Society



HANSEN et al. PHYSICAL REVIEW E 71, 016408(2005

Off-axis S ——————
parabola  / N\Krgasjet = qrmw y
0.9 CCD (DX420-BN, ANDOR) () SR
N [ T
0.8 “‘—~‘§\._-T:ﬁ*::;.;‘_..,
0= 8 um polypropylene ()~ ~—___ e
_ oo +04pm Al (1)~ S|
2 e | mice (Il
8 051 o IR/100 (Il
7]
[

0.4

0.3

0.2
0.1 total (Ill)
response (I
0.0 . T T T T T
46 4.8 5.0 5.2 5.4 5.6 5.8

wavelength (A)

Il order: >
Il order : 7.|3 7.:5 M’?‘Z

4.8 5.0 5.2

AR

FIG. 1. (Color online Experimental setup, including laser, gas
jet nozzle and target, and FSSR-2D spectrometer. Two alignments FIG. 2. (Color onling Filter and CCD detector responses and
of the spherical mica crystalhumbered 1 and)2were used to integrated reflectivitie$lR) of mica in the second and third reflec-
measure x-ray emission from two different spectral regions; spectrtion orders.(The plotted reflectivity values are IR/100 taken from
from these regions are given in the bottom panel. In alignment 1experimental data given in R€f27,28.) The total response of the
the mica spectrometer captureg-2s emission in second order as detection system is also given for both orders.
well as higher Rydberg emission.

oped at the Institute of Mathematical ModelingRAS)

and used to diagnose the size, density, temperature, and H8:15,23. By using the specially designed nozzle, Kr clusters
electron fractions of the cluster plasmas from the measure¥ith an average diameter arounduin can be produced at
x-ray emission spectra. A discussion is given in Sec. IV andhe laser focal spotabout 1.5 mm downstream from the

a summary is given in Sec. V. nozzle. Such large clusters are less susceptible to destruc-
tion than the=0.1 um Kr clusters produced in previous ex-
Il EXPERIMENTAL SETUP AND RESULTS perimentg5]. While the RAS model’s predictions for mean

cluster size and cluster concentration for argon gas clusters at

The experiments were performed with the JAERYoto, backing pressures of 20—60 bars have given quantitative
Japan 100 TW Ti:sapphire laser system, which is based oragreement with experimeh3], its predictions for the size
the technique of chirped pulse amplification. The laser wasf the present clusters have not been independently verified.
designed to generate 20 fs pulses centered at 800 nm atHbwever, we show below that the predicted cluster size and
10 Hz repetition rate and is capable of producing focusingconcentration are consistent with the observed opacities and
intensity up to 18° W/cn? [19-21]. In this study, the am- the measured plasma emission dimension.
plified pulses were compressed to 30—500 fs by a vacuum Spatially resolved x-ray spectra were measured using an
pulse compressor yielding a pulse energy of 320 mJ. Théocusing spectrometer with spatial resolutiofFSSR-
pulses go through a regenerative amplifier and then througBD) [24-26. This spectrometer has been equipped with a
two double Pockels cells to reduce the prepulse, whictspherically bent mica crystaR=150 mm) and a vacuum-
comes before the main pulse by 10 ns. In this way, a contragiompatible x-ray charge-coupled devi¢€CD) camera
ratio of 5x 107 between the intensity of the main pulse and (DX420-BN, ANDOR), which was filtered with §m of
the prepulse is achievg@1]. In a vacuum target chamber, polypropelyne and 0.4m of Al. The spherically bent mica
the compressed pulses were focused byf & Au-coated crystal was placed 381.2 mm from the plasma source and
off-axis parabolic mirror. The measured spot size wagil  centered at=5.4 A (corresponding to the Bragg angte
at 1/€%, which is 1.1 times larger than the diffraction limit. =54.3° for the third reflection order of the mica crystad
Approximately 64% of the laser energy was contained in theorder to observe 4-2 transitions in Kr. To observe higher
11 um Gaussian spot. Rydberg lines, the crystal was slightly shifted to 360 mm to

Figure 1 shows the experimental setup of the laser, gas jeibtain a central wavelength 0f=4.82 A (with a Bragg
nozzle and target, and spectrometer. The Kr clusters wergngle of #=46.59. The filter and CCD detector responses
produced by expanding a high press(26—30 atm Kr gas  (efficiencies of the detection system and the integrated re-
into vacuum through a specially designed pulsed conicaflectivities of mica[27,2§ are given in Fig. 2 across the two
nozzle: the input and output diameters of the nozzle were 0.5pectral regions for both second and third order emission.
and 2.0 mm, respectively, and its length was 75 mm. The&Even though much of the second order emission is filtered
parameters of the nozzle were obtained from numerical modsut, some P-3s emission is evident in the high-Rydberg
eling of a cluster target using the hydrodynamic code develspectral regior(see Figs. 1 and)3
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The reflection plane of the spectrometer was orientechear uniformity suggests that the plasma conditions attained
along the direction of the laser beam propagation to obtailin the clusters are only weakly affected by the laser param-
spatial resolution in the transverse direction. The measureeters. Figure 4 shows experimental intensities of the 4D and
size of the emission zone in that direction was 200—26@ 5D lines compiled from 18 experiments with various laser
The emission zone in the direction of laser propagation wagnergies and durations. The data have a fair level of repro-
estimated to be between 1.0 and 1.5 mm. As the spectrontlucibility and exhibit general trends of increasing emission
eter crystal had a spherical shape and was placed on tlietensity with increasing laser energy and decreasing laser
Rowland circle, the spectral resolution was not sensitive taluration. This dependence of x-ray emission intensity on the
the size of the plasma source and approached the limit of thieacident laser intensity, while rather weak, could be due ei-
x-ray CCD camera detect@k /AN =7000. ther to variations in the plasma conditions reached in the

Figure 3 shows measured spectra from each of the twolusters or to a variations in the number of emitting ions.
alignments of the spectrometer for experiments with lasefhese two possibilities are discussed in the modeling section
energies from 120 to 320 mJ and pulse durations fronbelow.

30 to150 fs. The relative spectral line intensities are propor-

tional to t_he measured counts on f[he CCD._The top two spec- IIl. MODELED SPECTRA AND COLLISIONAL-

tra combine data from two experiments with the same laser RADIATIVE DIAGNOSTICS

parameter$120 mJ and durations of 150 and 30 &nd dif-

ferent crystal alignments; the bottom spectrum shows only The emission lines and features in the experimental Kr
data in the high-Rydberg region for a 320 mJ, 30 fs lasespectra were identified and calibrated with theoretical data
pulse(no data were taken with the 4-2 crystal alignment forcalculated using the new relativistic multiconfiguration
these laser parametgr$he highly resolved Ne-like lines are atomic structure code FACL8]. The data include level en-
labeled with with their common designationX, wherenis  ergies, radiative and Auger decay rates, collisional excitation
the principal quantum number of the upper level ¥nspeci- and ionization cross sections, and radiative recombination
fies the transition typénA andnB arenp-2s, nC andnD are  cross sections for fine structure levels within O- through Si-
nd-2p, andnF andnG arens-2p). Other spectral features are like Kr. Table 1 lists the configurations and number of fine
labeled with their parent ions and the principal quantumstructure levels included in the calculations for each ion.
numbers of the dominant transitions. The wavelengths were There are thousands of radiative transitions between lev-
calibrated using experimental values frgd6] for the Ne-  els in the listed configurations in the wavelength region from
like nC andnD Kr lines, which agree with wavelengths cal- 4.6 to 5.8 A. These have been separated according to their
culated using the atomic structure code FAIB] to within  parent ion and plotted with intensities given by statistically
6 mA. weighted radiative decay rates in Fig. 5. In this figure, the

Although the laser intensity increases over an order ofvavelength region is separated into high-Rydberg transitions
magnitude from top to bottom in Fig. 3, the measured spectréop) and 4-2 transitiongbottom. Note that the radiative
exhibit fairly little variation in their emission features. This decay rates of similar transitions are quite uniform for ions
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from O- to Si-like Kr. For clarity, the 3-2 features that appearated which include collisional excitation and de-excitation,
in second order in the experimental spectra are not includecdollisional ionization, three-body recombination, dielectronic
in this figure; they consist mainly of the 3F and 3G Ne-like capture, Auger decay, radiative recombination, and radiative
lines and associated Na- and Mg-like satellites. decay. The collisional rates are calculated using an electron
distribution function characterized by an electron densjty
a bulk electron temperatuiig, and a fraction of hot electrons
A. Collisional-radiative model f. Hot electrons are generated by resonant interactions be-
A collisional radiative(CR) model based on the FAC data tween the main laser pulse and electrons that exist in a rela-
has been constructed to diagnose the cluster plasma condively cool plasma formed in the clusters by the laser
tions. A set of collisional-radiative rate equations are generPrepulse[4—7]. Using the semiempirical formulation given
in Ref. [29], the laser parameters of the present experiment
TABLE I. Configurations included in the collisional-radiative pomt_ to characteristic hot electron energies (.)f 2.0_10(.) kev.
model and the number of fine-structure levels in each ion. Energiel;n this work, we model the hot electron dlstrlbqtlon using a
and rates coupling the levels have been calculated using the atonfta/TOW Gaussian centered at 20 kel our previous work

structure code FAC18]. with Kr clusters[5], the laser intensity was much smaller and
we modeled the hot electrons with a 5 keV Gaussian beam.
lon Configuration Num. levels The effects of hot electrons on x-ray emission spectra
from ultrashort laser plasmas have been much studied in re-
) 25%2p*, 2s2p° 879 cent years, and a variety of distributions for the hot electrons
2s?2p*nl, 2s2p*nl (n<5) have been implemented. Extensive modeling Kokhell
F 25°2p°, 2s2pbf 480 emission from Ar clusters used a Gaussian distribution cen-
2s%2p*nl, 2s2p°nl (n<5) tered at 5 keV to describe hot electrdds6] and modeling
Ne 2%2p° 241 of L-shell emission from solid Cu and Zn targets used Max-
2522p°nl, 2s2pfnl (n<6) wellian distributions withT,,=5 keV [10,11. It has long
Na 2522p°nl (n<6) 1410 been observed that when hot electrons are modeled by a
2s22p%3Inl’, 2s2pf3Inl’ (n<4) narrow Gaussian distribution, the central energy of the
2s22p°3Ind (n<6) Gaussian has a relatively small effect on the calculated col-
Mg 2522p53Inl’ (n<4) 707 lisional rates|30-32, and a similar insensitivity to the hot
2522p53s3ind (n<4) electron temperature has been noted when Maxwellian dis-
Al 2522p63s23p 277 tributions are used11]. Recently, thgse conclusions ha\_/e
2s22p83s2nd (n<4) been generalize[B3] to show that neither the characteristic
2522p53s23Ind (n<4) (central or averageenergy nor the exact functional form of
Si 2522p63523p3l 363 the hot electron distribution has a Ia_lrg_e effect on the colli-
2s22p53%314d sional rates as Io_ng as th_e Charf'ictenstlc energy is larger than
2822p°3523pnd (n<4) the most energetic transition of interest. Since inner-shell ex-

citations of & electrons in near-neonlike Kr ions with ener-
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gies of 12—15 keV are possible, we use a hot electron energyon of the plasma, whose dimensions can be estimated to be
above that excitation threshold. Such energetic inner-shek=1/10th the total plasma size.
emission has recently been observed frefil um Kr clus- The emission intensity given by E¢l) above is modu-
ters irradiated by 60 fs=10'® W/cn? laser pulse$34]. lated by the detector response given in Fig. 2 in order to

Once collisional rates are calculated, a set of couplednatch the modeled spectra to measured data and thereby to
collisional-radiative rate equations is obtained and solved imiagnose the cluster plasma conditions. Following the results
the steady-state approximation. Opacity effects on the levedf Ref.[5], we assume the cool, rare plasma that surrounds
populations are included self-consistently using the escapie hot dense clusters makes relatively small contributions to
factor formalism, an iterative procedure which uses the levethe plasma emission and absorption. In fact, the main differ-
populations from one iteration to generate escape factors thance between the spectra in this work and the spectra from
modify the rate equations for the next iteration. The escapéhe smaller clusters in Ref5] is that the satellite emission
factors account for self-absorption and stimulated emissiofrom Mg-like and lower charge states of Kr is less intense
as photons from individual transitions are transported acrosthan in the previous work, where including satellite emission
the plasma, and the rate equations modified by these prdrom the rare plasma was necessary to obtain good agree-
cesses are solved and re-modified until a self-consistent soaent with the data. Since no such inclusion is found to be
lution is reached. necessary here, the radiating clusters in the present experi-

Once level populations are determined, modeled spectraent are likely to be either larger or more deriee both
are constructed using Voigt profiles whose Doppler widthshan those in the previous experiment. A second important
are dependent on the ion temperat(rdich is taken to be difference between this work and RE5] is that the smaller
equal toT,) and instrumental broadening and whose Lorentzmeasured spectral range of only 4-2 transitions in R&f.
widths are determined by the total rates of spontaneous ardld not contain sufficient information for an independent de-
collisional depopulation from the upper and lower levels oftermination of the electron density. In the present work, the
each transition. Using the slab approximation to account fowider spectral range and the presence of emission from two
opacity effects on line intensities and profiles, the modeledeflection orders contains sufficient information to indepen-
spectral intensity at a frequenayis given by dently determinen,, T, f, and the total size of the dense

cluster plasmal.
19 = W41 - grrigy, ® » | )
k(v) B. Variation of modeled spectra with plasma conditions
Figure 6 illustrates how changing the modeled plasma

wherej(v) andk(v) are, respectively, the total emissivity and conditions affects the modeled spectra. In Fitp) 6the ef-
absorptivity of the plasma at the photon frequemcginddis  fects of varying the optical depth are shown. The optically
the effective plasma sizor more details, see Reff35]). In thin spectrum, given in the bottom panel of Figa) has a
the present case, where numerical modelihf] indicates  4F/4D ratio which is far smaller than the experimental value
that the=1 um dense clusters are surrounded#$0 xm  shown in Fig. 3. Because the radiative decay rates of 4C and
of rarer plasmag effectively includes only the cluster por- 4D are large compared to those of the higher Rydberg tran-
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FIG. 6. (Color online Modeled spectra afil-21" Kr emission at various plasma conditiofiscluding the total response of the detection
system given in Fig. 2 Second(3-2) and third order emissiofgray lines are given separately.

sitions(see Fig. 5, the 4C and 4D lines are strongly affected that very high densitieGabove about X 10?2 cm3) are pre-
by self-absorption at moderate optical depths. When selfeluded because of density effects on the line structure sur-
consistent opacity effects are included for an effectio¢al) rounding the high-Rydberg 5D and 6D lines. In the experi-
cluster size of 2Qum, the 4F/4D ratio increases to about the mental spectra, the 5D and 6D lines are fairly narrow and
experimental value, and when a larger effective cluster sizevell defined. With increasing density, the Na-like satellite
of 200 um is modeled, as in the top spectrum of Figa}6  emission near these lines increases and makes them appear
the intensities of the 4F and 4G lines become too large tdroader than in the experiment. Since this effect would be
match the experimental spectra. The ratio 4F/4D is not muclmplified at the high optical depths required to bring the
affected by variation of other plasma paramet@rscept by  4F/4D ratio (which decreases at very high densitiésto
very high densities, which we will discuss belpso by fix-  agreement with the experiment, the 4F/4D ratio is indeed a
ing the ratio 4F/4D to match the experimental data, the oprobust diagnostic of the optical depth for the present experi-
tical depth can be firmly established, and the prodyet d mental spectra.
can be fixed to simplify the determination of, T, andf. Having fixed the effective optical depth and determined a
Note that the radiative decay rates of thie 3 transitions 3F  region of allowable, from about 1 to 5< 10?2 cmi 3, we can
and 3G are smaller than those of arm2d transitions in this  now turn to the diagnosis of the electron temperafigrand
wavelength range, making those lines fairly insensitive tohot electron fractionf. The effects of varying the electron
opacity effects. distribution function while maintaining an ionization balance
Figure 8b) shows the effects of varying the electron den-near Ne-like Kr are shown in Fig(€). The high-temperature
sity from 13! to 10?3 cm™2 while keeping the produch,  spectrum without hot electrons deviates from the two spectra
X d constant. The most obvious effect of this variation is thewith hot electrons in several ways which are typically evi-
decrease in the intensities of the 3-2 3F and 3G lines witldent in bothK- andL-shell spectrd33]: Including hot elec-
increasingn.. The enhancement of the low-lying 3F and 3G trons leads to emission from a larger number of ions, ampli-
lines due to increased radiative cascades as electron densitiigss certain high-energy lines within satellite features, and
decrease is a well-known effef36] that has been used to increases the intensities of the cascade-fed 3-2 lines. Only
diagnose electron densities in lag8f and X pinch plasmas the last effect is convolved with electron density effects, and
[37,38. Even considering variations ihwhich can also af- since the spectra in Fig(® are modeled at the low end of
fect the 3-2 line intensities, the electron density in the clusthe constrained density range discussed alfohere 3F and
ters must be above:5x 107 cm™3 to match the experimen- 3G are as large as they can be due to pure density effects
tal data. Another feature which can help to pin down thehot electrons are required to produce the observed intensities
electron density is the complex of the 4A, 4B, and 5F linesof the 3F and 3G lines.
between 4.95 and 5.0 A. The relative intensity of the 4A line  Thus the product of plasma size and density is determined
to 4B and 5F increases substantially with the electron densitipy fitting the 4F/4D ratio to the experimental datg, is
and only matches the experimental data for densities abovdetermined by fitting the structure of the 4A, 4B, and 5G
about 162 cm3. Finally, the top spectrum in Fig(B) shows complex, and finally, the electron temperature and hot elec-
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tron fraction are determined by fitting the 3-2 line intensitiestensity could be caused either by changes in the plasma con-
and the observed ionization balance. In this way, good fits ta@litions or by changes in the number of radiating ions. Our
the experimental data can be achieved by varying only theépectroscopic analysis suggests that both effects can play a
four parameterd,, f, n,, andd. (As noted above and in Ref. role; the spectrum from the 30 fs laser pulse is best fit with
[33], the functional form and exact energy of the hot electrorthe same temperature and density used to model the 150 fs
distribution have only a small effect on the modeled spectrgPectrum, but with a larger fraction of hot electrd@s5%

as long as the hot electron energy is sufficiently largais ~ and a larger dimensio(il0 um). These changes to the pa-
procedure can be used to isolate the density, plasma size, aféneters not only increase the intensity of the modeled emis-
hot electron fraction to within about a factor of 2 and theSion, but also increase the relative intensity of thdike
electron temperature to within about 30%. A demonstrablyféatures near 5.2 A and bring the 4F/4D ratio into agreement
unique determination of the parameters with higher precisiofVith the experimental data. _ _

is difficult to obtain; this kind of multidimensional optimiza- _ In fitting the time-integrated spectra with modeled emis-
tion problem is well suited for treatment by genetic algo-Sion at a single set of plasma conditions, we have assumed

rithms, which can efficiently explore a complex parameterthat the plasma conditions are static over the period of maxi-
space 35,39, mum emission. However, the Kr cluster plasma is inherently

dynamic. Cluster expansion is one of the determining factors
as to whether x rays are observed at all, since the size and
density of the clusters at the time of the main laser pulse
Figure 7 shows comparisons of the best-fit modeled speaonstrain the absorption of the laser energy. If the Kr clusters
tra with experimental data. The top spectrum of Fig. 7, fromexpand by a factor of 2 while they radiate during the few ps
Kr clusters irradiated by 120 mJ and 150 fs laser pulses, haafter the main laser pulse and before the clusters are com-
a 4F/4D ratio that implies somewhat smaller opacity effectpletely dissolved, their density will fall by a factor of 8, so
than were shown in the middle spectrum of Figa)6With  the time-integrated spectra must be considered as a sum over
an effective plasma size of bm and an electron density of emission from time-varying plasma conditions. Since the
2Xx 10?2 cmi 3, the 4F/4D ratio and the relative intensities of x-ray emission intensity from each ion is strongly tied to the
the 4A, 4B, and 5G lines are fit very well. With a bulk electron density and hot electron fraction through collisional
electron temperature of 250 eV aridc1.5%, the satellite excitation rates, the plasma conditions diagnosed from the
features, 3-2 line intensities, and the charge state balance afailable time-integrated data are weighted towards times at
the modeled spectrum match the experimental data quitehich the cluster plasma has the highest densities and largest
closely. hot electron fractions. This weighted estimate of the cluster
The lower spectrum in Fig. 7 is also from clusters irradi- plasma conditions is the most robust information we can
ated with 120 mJ of energy, but with a shorter pulse duratiorobtain without time-resolved experimental data.
(30 f9). Although the incident laser intensity is five times
larger in this case than in the 150 fs spectrum, the intensity IV. DISCUSSION
of 4D increases by a factor of only1.7. As previously The modeled spectra given in Fig. 7 fit the experimental
noted, this relatively modest change in the emitted x-ray indata quite well and give plasma parameters that are consis-

C. Comparison of modeled to experimental spectra

016408-7



HANSEN et al. PHYSICAL REVIEW E 71, 016408(2005

tent with experimental constraints: Mathematical modelingconstraint imposed by collisional ionization may not apply if
of the Kr clusters estimates the cluster diameters to beven larger clusters with longer lifetimes could be produced.
~1 um and the distance between clusters to=b&0 um.

Since the clusters radiate after some attenuation by the laser
prepulse but before they are completely destroyed, their ef-
fective size should be less than20 um, (1/10th the total X-ray emission frorml-2l’ transitions in F- to Al-like Kr

plasma size of 20um; see Fig. 1 This is consistent with  has been measured from Kr clusters irradiated with laser in-
the diagnosed effective plasma size of 5. The energy tensities up to 18 W/cn? The incident laser intensities
required to form the radiating plasma at the diagnosed corhave been varied over an order of magnitude by changing the
ditions is also consistent with experimental constraints: Takenergy and duration of the laser pulse, and a general trend of
ing the cluster plasma to be a cylinder of length J6@ and  decreasing x-ray emission intensity with increasing laser
diameter 5—-1Qum, and assuming a neutral plasnfg pulse duration and decreasing laser energy has been ob-
=n./(2)), there are 2—18 10'? ions in the hot, dense cluster served. However, these trends are fairly small, and the emis-
plasma at the diagnosed density. Sinee80 keV (=5  Sion features present in the measured emission spectra also
X 1072 mJ) is required to ionize each Kr ion to the Ne-like change little over wide variations in laser intensity. The ob-

charge state and heat the ionized electrons to the conditior?servatlons suggest that time constraints imposed by cluster

in the diagnosed electron distribution, the cluster plasma recPansion may "fT“t thg charge state balance regardless of
the incident laser intensity.

quire§ 10_.59 mJ. from the 120 mJ laser pulse, implying ab- The emission lines in the measured spectra have been
sorption efficiencies up to 42%. _ _identified and modeled using data from the new multicon-
_ The fairly weak variation of the measured x-ray intensi-fiq, ration relativistic atomic structure code FAC, which has
ties and _spectroscopic featqres vylthl order-of-magn'tUd%roven to be a reliable theoretical tool. The conditions of the
changes in the incident laser intensity is a somewhat uneX cjuster plasmas have been diagnosed using a collisional-
pected result, indicating that something other than the inciradjative model that includes self-consistent opacity and hot
dent laser characteristics acts as a constraint on the x-rayjectron effects. The diagnosed electron densities are signifi-
generation and charge state balance in the cluster plasmagntly higher than those in ns-laser and previous experiments
This additional constraint may be the time scales availablgerformed with lower incident laser intensities and smaller
for ionization and x-ray production, which are limited by the clusters, as predicted in RgB].

time it takes the clusters to expand beyond the density at

which collisions can efficiently excite and ionize the Kr ions.
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