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High-resolution x-ray spectrum of a laser-produced barium plasma
in the 9.10-9.36-A wavelength range
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A highly stripped barium plasma is produced by 120-fs laser pulses irradiating a&gEt. The spectrum
emitted by the plasma in the 9.10-9.36-A wavelength range is recorded using a high-resolution spherically
bent mica crystal. On the basis of theLLAc atomic code, a level-by-level collisional-radiative model includ-
ing autoionization and dielectronic capture processes is developed to calculate the wavelengths and intensities
of the spectral lines emitted by each of the Cu-, Zn-, and Ga-like barium i@aha.fn=6,7) spectral lines
with different spectator electrons, previously observed only as unresolved transition arrays, are resolved. The
theoretical results agree reasonably well with experiment. Best agreement is obtained for electron density and
temperature of %107 cm 2 and 120 eV, respectively. The intensity ratios of the resolved Cu-like barium
lines are shown to be useful tools for electron density and temperature diagnosis. This diagnostic method was
not possible with low-resolution spectroscopy. It is found that at relatively low temperature and high density as
in the present experiment, tihelative intensities of lines within each ionization state are independent of the ion
density ratio of adjacent ionization states.
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PACS numbds): 32.30.Rj, 32.70-n, 52.70—m

[. INTRODUCTION opens possibilities for new plasma diagnostic methods.
The plasma investigated in Ref4] and[2] was produced
The research on plasmas of highly ionized heavy elementsy intense 650-fs laser pulses of power density’ M/cn?
produced by subpicosecond lasers irradiating solid targetat a wavelength of 0.248m. Transparent BgRargets were
has greatly progressed in the last few years. Recent improversed to eliminate the prepulse effect. The x-ray spectrum was
ment in laser power densities together with the developmentecorded and identified asd34f transitions emitted by Sc-
of very high resolution x-ray crystal spectrometers have proto Ni-like barium. The spectrum showed strong continuum
vided new insights into the nature of such plasmas. Stillfeatures and therefore was modeled using the super transition
many of the characteristics of these plasmas are believed #ray (STA) theory [7] assuming an optically thin LTE
be strongly dependent upon the time and space profile of thelasma. The STA model indicated near solid density, and a
laser pulse and are yet to be fully understood. Specifically foweighted electron temperature distribution of seven different
barium, an experiment with powerful ultrashort laser pulsegemperatures in the 200-350-eV range was assumed in order
irradiating on barium compound targets was already perto reproduce the space- and time-integrated experimental
formed by Zigleret al. [1], and the emitted x-ray spectrum spectrum.
was recorded. This spectrum was analyzed by Goldstein In the present experiment, although the targets are also
et al.[2] in the framework of the local thermodynamic equi- BaF,, the laser wavelength is much longer, the pulse dura-
librium (LTE) model. Recently, another experiment for mea-tion is much shorter, and the laser power density is some-
suring x-ray emission from a laser-produced barium plasmavhat lower. The analysis of the present spectrum clearly in-
over a relatively wide wavelength range from 8 to 14 A hasdicates that at least the part of the plasma emitting then8
been carried ouf3]. The spectrum was found to consist (n=6,7) lines departs from the pure LTE regime. Therefore,
mainly of unresolved transition arrayd§ TA) emitted by Fe- here one must construct a detailed collisional-radiative
to Ge-like barium ions. model. Since the upper levels of the-3 f radiative transi-
In the present work, we present a different measuremerttons are autoionizing, the model includes autoionization and
of the same x-ray emission using a spherically bent micalielectronic capture processes.
crystal[4] with very high spectral resolution, which enables  The intensities of spectral lines arising from autoionizing
better insight into the unresolved spectral features. The mickevels can strongly depend upon the plasma electron density
crystal technique has already proven to be a powerful tool fon, and temperaturé&,. Therefore, these lines are candidates
spectroscopic investigations,6]. The price for the high for plasma diagnostic tools. Particularly, the use df3f
resolution is the limited spectral region, which in the presen{n=4,5) lines emitted by ions isoelectronic to Cul, Znl, and
case is 9.10-9.36 A. This wavelength range correspondSal, where the upper levels are autoionizing, has been sug-
mainly to the 31-6f transitions of Cu- and Zn-like barium, gested by Bauche-Arnoukt al. [8] and by Mandelbaum
and to the 8l-7f transitions of Ga-like bariurh3]. In addi- et al.[9] for diagnostic purposes. In the present worH; &f
tion to the precise wavelength measurements, the highly rdines, emitted by Cu-like barium with different electron spec-
solved spectrum allows the identification of new lines andtators, are employed. For fully modeling the plasma and the
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spectrum emitted by ions in autoionizing levels it is necesfound by solving two separate sets of rate equations: one for
sary to know the relative abundances of neighboring ionizathe emitting ion(e.g., Cu-like 31'%l) and one for the next
tion states. However, in transient plasmas with strong temionized ion(e.g., Ni-like 3'° and 31°41). These equations
perature and density gradients such as the present plasma, tten be written as

ion abundance ratios vary as a function of space and time. dn

Moreover, in the case dfielectronic recombinatiospectra, —=n.>, n;Q;i(Te) + > njA;i

the line intensities depend upon the abundance ratio of two dt i#i 1>

ionization states that cannot be easily determined experimen-

tally. Therefore, these ratios are taken here as free param- —n; nez Qij(Te)+2 A;; | =0. (1)
eters in the model. 1#1 I<i

n; andn; represent the density of ions in singly excited lev-
l. EXPERIMENTAL SETUP elsi andj, respectively, anah, represents the electron den-
The plasma is generated by the irradiation of intense ulSity- Aji denotes the Einstein coefficient for radiative decay
trashort laser pulses on solid Bafargets. The laser gener- fromj to i, andQ;(T,) denotes the rate coefficient for col-
ates 20-mJ, 120-fs pulses at a repetition rate of 10 Hz. Thi$sional excitation or deexcitation.
laser is based on a Ti:sapphire oscillator generating 80-fs N the second step, the populations of tdeubly (or
pulses at a wavelength of 0.8@0n with a spectral width of ~inner-shell excitedlevelsd (or d') of the emitting ion are
about 10 nm. The 80-fs pulses are amplified by the chirpeg@lculated. The doubly excited configurations that are rel-
pulse amplificatioCPA) technique[10] in which they are ~€vant to the x-ray emission in the wavelength range of the
first stretched temporarily to a width of about 1 ns, subsePrésent experiment and that have been included here are
quently sent into a regenerative amplifier and a double-pas3d°nl6f (n=4,5) and $°3d'%I5s for the Cu-like ion,
amplifier, and finally recompressed to a pulse width of 1203d°4sni6f (n=4,5) and $°3d'%s4l5s for the Zn-like
fs. The laser pulse is focused on the Bafirget to a focal ion, and 31°4s?417f for the Ga-like ion. The levels of these
spot of 20 um, producing a laser power density of 5 configurations are the upper levels of the main radiative tran-
X 106 W/cm?. sitions observed in the present spectrum. Other close con-
The x rays are dispersed by a high resolutiod A\ figur.ations that mix strongly With the above configurations
—10000) spherical mica crysta#], and the spectrum is are included as well. However, in the Zmnd Ga cases,
recorded on Kodak Direct Exposure film shielded by a vis-S0me of the configuration mixings are not included due to
ible light absorber. The positions of the spectral lines on th&omputation limitations. Therefore, the results for these ion-
photographic films are measured both by means of a Gragation states may be sllghtly less accurate than those for
comparator and also by digitally scanning the films using &u!- In order to further improve the predictions of the
high optical density and high resolution charge-coupled defmodel, the most important radiative decayddwer doubly
vice. The Grant comparator has a higher spatial resolutior£Xcited configurations, for examplai3141’ and &1°415d -
whereas the scanner gives more reliable line intensities. Onlij the Cu-like case, are also taken into account. In addition,
spectra recorded by the scanner are shown in this paper. T quel 'nClUd?S_ transitions from _and to th_e singly excited
accuracy of the wavelength measurement, based on recéfVelsi of the emitting ion and the singly excited levelsf
high-resolution measurements of He- and Li-like Mg refer-the next ionization state, using the popl_JIatlons of these levels
ence lineg5], is estimated to be about 0.9 mA. In addition, found from solving Eq(1). The populations of the levels
the radiation emitted by the plasma is simultaneously disP€longing to the next ionization state are normalized with
persed by a flat RAP crystal for which the absolute intensi/€SPect to those of the levelof the emitting ion according
ties can be derived by introducing accurate corrections t¢&° the ion density ratio parametée.g., Ny /ncu)). The
account for film sensitivity11], crystal efficiency[12], filter ~ Steady-state collisional-radiative set of rate equations for lev-

transmission, and source to film distance. elsd can be written as follows:
dnd
Ill. THEORETICAL MODEL ——=N¢ > NgQqua(T)+ 2 NgAgrg
dt d’#d d’ >d
A collisional-radiative model is constructed to describe
the spectral line intensities based on the level populathns of —ng| Ne E Quar(Te) + E Agqr
the relevant Ba ions. Three separate models are built for d’'#d d'<d

describing the Cu-, Zn-, and Ga-like dielectronic recombina-
tion emission, including 3955, 4019, and 1803 levels, respec-
tively. In each model only two adjacent ionization states are
considered taking the density rati;,/n¢cy,, Ncyi/Nzn,, OF

Nz, /Nga, @s a free parameter. Hemg represents the number +n E N BrE(T )>

density of barium ions in all levels of a given ionization state € kd? Te

X, excluding the population of doubly excited ions, which

was found to be relatively small. Since the spectrum is time _nd( neE Qdi(Te)+z A,

integrated and the time evolution of the plasma is not well i K

known, a steady-state model is employed. The plasma is as-

sumed to be optically thin. The procedure carried out is as +nez Sdk(Te)+2 Adi) —=0. )
follows: first, the populations of thsingly excitedevels are K i

+Ne

Z niQid(Te)"'; NeBra(Te)
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FIG. 1. X-ray spectrum of the laser-produced barium plasma in
the 8—14-A wavelength range obtained using a flat RAP crystal.
The ranges of the transitions of the Cu-like and neighboring ioniza-
tion states are given above the spectrum. The small square in the
3d-6f range indicates the spectral region investigated in the present
work.

Ga-like
3d-7f

Intensity

T T T —T— — T T
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Brq(Te) is the rate coefficient for dielectronic capture frém Wavelength (A)
to d and A3, is the rate coefficient for the reverse process, _ )
FIG. 2. X-ray spectrum of the laser-produced barium plasma in

i.e., autoionization frond to k. B{2(T,) is the rate coeffi-
Bra(Te) the 9.10-9.36-A wavelength range. The upper t(@kés a record-

cient for three-body recombination froknto d and Sy(Te) ipg of the spectrum obtained with the spherical mica crystal, and the

s the rate coefficient for the reverse process, i., COllSIONg . yrace(y) is obtained with the flat RAP crystal. The UTA
) identifications from Ref[3] are given in the lower trace above the

neglected. Finally, the populations of the level®btained ¢
. . S . spectrum.
by solving Eq.(2) are used for calculating the line intensities
I 4 arising from decays from the doubly excited levelso ~ UTA’s in Fig. 2(b) are actually seen in Fig.(@ to be com-
singly excited levels: posed of many narrow lines that are coalesced into wide
arrays in Fig. 2b) due only to the instrumental broadening of
I 4i=NgAgi - (3)  the flat crystal technique. The high spectral resolution makes
the line identification possible and consequently allows
All lines are assumed here to have a uniform Gaussian prgplasma diagnostics as described below.
file. It is found that thousands of Cu-, Zn-, and Ga-like com-
The atomic quantitiesenergy levels, autoionization, ra- puted lines arising from@&-nf (n=6,7) transitions with dif-
diative, and collisional rate coefficients the present work ferent electron spectators fall in the small wavelength region
are calculated using the multiconfiguration relativisticseen in Fig. 2. Thus, in order to identify the resolved peaks
HULLAC (Hebrew University Lawrence Livermore Atomic (about twenty of the spectrum in Fig. (), a straightforward

Code computer packaggL3]. comparison between computed and measured line wave-
lengths is insufficient, and it is necessary to model the line
IV. SPECTROSCOPIC ANALYSIS intensities using the collisional-radiative model described

above. In Fig. 3 the theoretical spectrum obtained by model-
Figure 1 shows the whole range of the recorded spectruning the Cu-, Zn-, and Ga-like line wavelengths and intensi-
which was dispersed by the flat RAP crystal. Most of theties is compared to the high-resolution experimental spec-
spectral features seen in the figure were identified in [3&f.  trum. All lines are given a uniform Gaussian profile of about
The present work focuses on the limited wavelength range dd.9 mA full width at half maximum(FWHM) to match the
9.10-9.36 A indicated in Fig. 1 by the small square. Thenarrowest experimental linewidths. These widths are par-
x-ray spectrum emitted by the barium plasma in the presertally due to the instrumental resolution of the spectrometer
limited range is shown in Fig. 2 where the high-resolutionand of the digital scanner. The relative line intensities emit-
recording obtained using the spherical mica cry$thy.  ted within each ionization state are directly obtained from the
2(a)] is compared to the flat RAP crystal recordifigig.  model, whereas the relative intensities of lines from different
2(b)] in the same wavelength region. The spectral featurefonization states are normalized to fit the experimental spec-
observed using the RAP crystal have been recently identifiettum. In order to improve the agreement with experiment and
[3] as H-nf (n=6,7) UTA’s. These identifications are confirm the line identification, the theoretical wavelengths of
given above the spectrum in Fig(. It is clearly seen that all the lines belonging to a given ionization state have been
the use of the curved mica crystal spectrometer reveals neslightly shifted by a constant value in Fig. 3. These shifts are
details of the spectrum, unobservable with lower resolutiorof about 20 mA or less. In fact, using the parametric poten-
spectroscopy. The features that appear to be single brodil method[14] employed in thedHuLLAC code, one indeed
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T T T T ] necessarily individual lines and still may include a few

] blended lines. Some peaks, on the other hand, are found to
. be pure single Cu-like lines, e.g., peaks 9 and 11. In the
following, these two lines will prove to be suitable for elec-

1 tron density diagnostics.

V. PLASMA DIAGNOSTICS

Intensity

A. Electron density

. One specific pair of lines for which the intensity ratio is
sufficiently sensitive to the electron density is found to be the
. pair of lines 9 and 11see Fig. 3 emitted by Cu-like barium.
93 940 These two lines arise fromd3%l-3d%416f transitions; line
Wavelength (A) 9 with a 4p electron spectator, and line 11 with a 4pec-
. . . _ tator. Figure 4 gives the calculated intensity ratio for the two
FIG. 3. Experimental spectrum O.f highly ionized b.a”um. in the lines as a function of the electron density for a temperature
9.10-9.36-A wavelength range obtained by the spherical mica crysc-)f 120 eV, which corresponds to the present experiment as
tal compared to the theoretical spectrum calculated rfge5 S N . . -
X 10?* cm 3 andkT,=120 eV. Labels correspond to the transition indicated in Sec. V B. It can be Stk t_h3at this intensity ratio
identifications in Table 1. significantly varies in the 8-10°%>cm™2 electron density
range from about 40 to 2, and thus can be used for diagnos-

tics in this range. The reason for the high sensitivity of the

expects the inaccuracy in the theoretical wavelengths to b@ytensity ratio is that there is a large difference between the
the same within each ionization state and to vary betweeqioionization rates of the upper levels of the two transitions,
different ionization states. This is a consequence of the engpile the radiative rates are comparable, as indicated in
ergy levels being calculated separately for each ionizatioRgpje |. Line 11 is already strong at low electron density due
state. In order to obtain the best results, the calculations qf intense dielectronic capture, which is proportional to the
the various ionization states are performed with differenty ;igionization coefficientgA®=1.91x 10 s°1). Line 9, on

parametric potentials which are each obtained by a variag,e gther hand, is weak at low densitygA®=7.44

tional procedure. The theoretical spectrum fits the experixc it s7%) and becomes intense only when collisional pro-

mental results fairly well. It should be stressed that for the;egses petween doubly excited levels start being significant
purpose of identifying the spectrum only features that weréynq strongly populate the upper level of the transition. The
reproducible in several experimental spectra have been takegvansity ratio measured in the present experiment is around
into account. This is one of the reasons for some of the weak 5 44 'is represented in Fig. 4 by the horizontal bars, which

unlabeled peaks in Fig. 3. It is found that the theoreticalyhgyy the experimental error. It can be seen from the figure
spectrum fits the experimental results best when the electrof 4t this measurement indicates a density of at least 3
density and temperature are set to be B  cm™>and 120 1L o3 but not higher than 78 cm >

eV, respectively. These are the plasma parameters used for he apove diagnosis gives mainly a clear lower limit, but
the theoretical spectrum shown in Fig. 3. A detailed discusyq; 4 very good upper limit, for the electron density. In order
sion of the plasma diagnostic methods that lead to these pg5 petter evaluate the upper density limit, several other

rameter values is given in Sec. V. _ density-dependent line intensities in the theoretical Cu-like
The comparison of the experimental and theoretical SpeCspecira have been examined. The intensity ratios of these

tra has allowed the identification of most of the observed,jitignal lines are less sensitive to the electron density for
peaks, which are labeled in Fig. 3. The line identifications, 1?1 cn~3 but are somewhat more sensitive in the lim-

are presented in Table I. The line labels are given in the firsﬁgd 13— 1(73-cm 3 range than the pair of lines used in Fig.

column. The next two COIUX‘”S show the measured wavez The gyerall analysis of these additional results enables a
lengths in angstromghe,(A)] and the isoelectronic se- 516 aecurate upper limit estimation for the electron density
quence of the emitting barium ion. Then, the theoreticak, ,nq here to be & 102 em™2. To summarize. the electron

wavelength prior o sh.iftinghthe.o'(’&)] is given, followed density here is estimated to be betweew 13! and 8

by the calculatedstatistically weighteflEinstein coefficient 1% cm™3. For the purpose of the further calculations, the
for spontaneous emission of .th.e transmchQ, _and_ the to- value of the electron density is henceforth taken to be 5
tal (statistically weightefcoefficient for autoionization from X 107 cm 2. It should be stressed that since the analyzed
the upper level of the transition=@A?) obtained by sum- spectrum is space and time integrated, the value 5

ming over all possible autoionization channesienotes the . 102 cm 2 actually represents the density spatially aver-
statistical weight of the upper level. The next column dis-

. ” i 0 ged over the Cu-like & 6f emitting region of the plasma,
plays the identified radiative transition. For the upper level Oond temporally averaged over the duration of this emission.

the transition, only the most important components of the
eigenvector are given, preceded by the square of their coef-
ficients. The last two columns show the total angular mo-
mentum of the lowerJ;) and upper J,) levels of the tran- One expects difficulties in finding a particular pair of lines
sition. Tentative identifications are marked &ylt is worth  of the same ionization state in the limited spectral region of
noting that, in general, the observed spectral peaks are nthe present experiment for which the intensity ratio is very

9.10 9.15 9.20 9.25

M.
9.30

B. Electron temperature
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TABLE |. Experimental and theoretical line wavelengths in the 9.10-9.36-A range and the corresponding identified Cu-, Zn-, and
Ga-like barium transitions. For the upper level of the transitions, the most important components of the eigenvector are given, preceded by
the square of their coefficients. Labels refer to the peaks of the experimental spectrum indAga®d =gA? represent the statistically
weighted Einstein coefficients for spontaneous emission and the sum of the coefficients for autoionization from the upper level, respectively;
X(Y) stands forXx10". J, andJy are the total angular momenta of the lower and upper levels, respectively.

}\ex t lon )\theor gA EgAa
Label (A) (sequence  (A) (s) (sH Transition J
Ba®"(Cui) 9.156 5.8413) 9.4211) 3d¥%p - 72%(xA ,z4p3,2)16f5,2 3/2 5/2
1 9.1428 {Ba&™(Cui) 9.158 3.7813) 2.5311) 3d¥®%p - 76%(3d3.4Psp)6f5, 3/2 312
Ba"(Cui) 9.160 7.7913) 3.6614) 3d%d - 59%(3d3.4ds)36f5, 512 7/2
2 91491 Ba?"(Cul) 9.164 2.4413) 1.1913 3d'%s - 96%(3d3 ,245)261‘5,2 12 1/2
' B227*(Cur) 9.165 3.9013) 4.6011) 3d%p - 69%(3d5.4P1) 165 1/2 372
3 91518 B&'(Cul) 9.166 4.7213) 3.4313 3d%s - 55%(d ,243)26f5,2 12 32
4 91578 B&*(Cui) 9.171 2.3613) 2.9913 3d¥%p - 90%(3(13,24p1,2)26f5,2 12 172
5 91622 B&*(Cun? 9.179 2.5513) 1.6614) 3d%d - 44%(d ,24d3,2)36f5,2 3/2 5/2
+38% (334031 16512
Ba®"(Cui) 9.207 7.3212) 7.6812 3p®3d*%p - 99%(3p3,3d'%pg,) 35 3/2 5/2
6 9.1749 !Ba&Z™(Cur) 9.209 5.1612) 2.6512) 3p®3d%p - 95%(3p3,3d'%p,)),55 1/2 312
Ba"(Cui) 9.209 2.6412) 2.8610) 3p®3d'%s - 100%(33,3d'%s),5s 12 12
7 9.1845 B&'(Gan?® 9.154 2.1213) 2.9713 3d%s?4p - 67%(32AS24ps) T 3/2 5/2
Ba®®"(Gal) 9.163 2.8413) 1.7213) (3d'%s4p,,).4ps, - 34%([(3d ,245)24p1/ﬂ3,24p3/2)07f7,2 52 7/2
+19%([ (3d2,45) 24D1/2]3:AP3)17 712
8 9.1901 !Ba®*(Gal) 9.170 1.0313) 2.3013 3d%s%4p - 929%(3d3A5%4p1) 37 7 12 12
Ba&% (Gal) 9.172 1.9813) 2.7413 3d%s%4p 53% (3dz,45%4p1,) 37 7 1/2 3/2
Ba2® (Gar) 9-174 1.9513) 2.5413 3d"%4s4pi, 65% (3d345)2(4p7 )07 f 712 172 32
9 92472 B&*(Cul) 9.261 3.8813) 7.4411) 3d%p 53% (3dg,4P32) 36712 3/2 5/2
Ba®"(Cui)?® 9.266 2.0913 1.1510) 3d'%p 87%(3d24P312) 36T 712 3/2 3/2
10 9.2554 {B&"*(Cui)® 9.267 3.6213) 1.70114) 3d*%d 42%(3c|§,2;1c;|5,2)46f7,2 52 7/2
+33%(3d5Ads/2) 267
11 9.2601 B&'(Cul) 9.273 3.2013 1.91(13 3d'%s 65% (3d2,45) ,6f 7/ 12 3/2
Ba®"(Cui) 9.277 3.2613 9.7212 3d'%p 43% (33 ,24p1,2)26f7,2 1/2 3/2
12 9.2640 +43%(3d2,4P1/2) 36 71
Ba27*(Cur) 9.278 1.6213) 1.5513 3d¥%s 88% (3d2,45) 3671 12 12
13 9.3295 B&¥'(zni) 9.347 3.7613 1.51(13 3d'%s4p,, 61%[(3d3,243)24p3,ﬂ3,26f5,2 1 2
14 9.3345 B&"(Zni) 9.353 3.0013 1.5513 3d¥%s4p,, 39% (3d /248)24p3/ﬂ3/26f5/2 1 1
+19% (3d3,45)14D3/2]5/6 512
Ba®®"(zZn1) 9.358 5.67113) 8.1212) 3d%p3, 35%[ 3d ,2(4p3,2)2]5/26f5,2 2 3
15 9.3428 +13%[3‘33/2(4%/2)2]7/26f5/2
Ba®®"(znl) 9.358 5.1513) 2.2313 3d™%p,,Ap,, 43%[(3d3/zglp1/2)14palﬂ3/z6f5/z 2 3
+13% (3d3:4P1/2) 24P312]5/26f 512
Ba?®"(zn1) 9.361 3.2513) 3.7213) 3d™%s4ps, 699 (3d3,,4S) ,4P3/21726F 5/ 2 1
Ba&2*(zn1) 9.361 6.6013) 3.0513 3d%%4s4p,, 309 (3d3,,48) ,4P3/2l56f 52 2 3
16  9.3509 +29%[(3;d2,245)14p3,ﬂs,26f5,2
Ba&%"(zn1) 9.362 4.8613) 1.9013) 3d'%s4p,, 359 (3d3/4S8) 24P 321526 57 2 2

+29%] (3d3,45) 1431256512

aTentative identification.

sensitive to the electron temperature. This is due to the naticular the relative intensities of lines 2 and 3, and those of
row energy spread of the doubly excited levels from whichlines 11 and 12, it can be seen that the theoretical spectrum
the present spectrum is emitted. Thus, in order to estimate Fig. 5b) agrees with the experimental results better than
the electron temperature, the temperature dependence of thee other two. A more accurate determination of the tempera-
detailed features in the calculated spectrum are systematidre is achieved by carefully comparing various calculated
cally analyzed. Figure 5 gives the theoretical results of thespectra for temperatures closer to 100 eV. Finally, the elec-
model (thin trace$ for three different electron temperatures tron temperature for which the best fit to experiment is ob-
at a fixed electron density 0f»610°* cm™3, each compared tained is 120 eV. This temperature evaluation is estimated to
to the experimental spectruithick traces. By closely ex- be accurate to about30 eV. As for the electron density, the
amining the theoretical and experimental spectra, and in paevaluated electron temperature here represents the mean tem-
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FIG. 4. Density-sensitive intensity ratio of the Cu-like barium Wavelength (A)

lines 11 and 9 calculated f&T,=120 eV. The curve connects the
calculated valueghollow circleg. The horizontal bars define the
experimental intensity ratio measurement.

FIG. 5. Theoretical spectrgthin trace$ of the 3d'%l-
3d%416f Cu-like barium transitions for three different electron tem-
peratures: 50 eVa), 120 eV (b), and 300 eV(c) for an electron
density of 5< 10?* cm 2 compared to the experimental spectrum
perature for the region and duration of the Cu-likd-8f (thick traces.
emission. It should be pointed out that this temperature cor-
responds to an average energy much below the ionizatiogxloal Ccrm™
energy of the ions. For instance, the calculated ionizatiorg)f about 20
energies of Cu- and Zn-like barium are 975 and 935 eViere the
respectively. '

3 LTE plasma only at an electron temperature
0 eV and higher. Therefore, as has been assumed
plasma region emitting Cu-like lines, which is

It is not unusual to find highly ionized laboratory plasmas ound to be at 120 eV, clearly departs from pure steady-state

) X TE conditions. The present spectrum, hence, reflects the
at electron temperatures corr(_espondmg. to_energies MUGR, jant cooling phase of the recombining and expanding
lower than the ionization energies of the ions present in th lasma. Fast electrons are assumed to have already disap-
plasma. This situation was explained in very dense plasm% '

hing LTE ditiong2 ite 10 low-densi eared from the plasma at this late stage. In addition, calcu-
approaching condition$2] (opposite to ow- ensity |ations show that electrons of a few keV are not expected to
non-LTE steady-state plasmas where the maximum abu

Nhfluence the general shape of the present spectrum.
dance for a given ionization state occurs at a higher electron 9 P P P

temperature than in LTE However, in the present experi-
ment we are not in this high-density regime. In still other
experiments, this situation can be explained by the existence In general, the spectrum emitted by a plasma composed of
of highly energetic electroneveral keV that are capable several ionization states is expected to be dependent on the
of ionizing the atoms up to very high ionization statesfractional ion abundances. Moreover, in transient non-LTE
[15,16. In the present case, irrespective of how the highlyplasmas with strong temperature and density gradients, these
ionized atoms are formed, we suggest that the major portioabundances are space and time dependent and are not easily
of photons in the recorded spectrum are emitted during thdetermined. The straightforward approach for estimating the
transient expanding phase, while the plasma is cooling anftactional abundances by comparing intensities of spectral
recombination processes dominate. Indeed, rat=5 lines from adjacent ionization states cannot be used for lines
x10P*cm™® and kT,=120eV the present collisional- emitted from doubly excited autoionizing levels, since the
radiative model predicts that essentially all of the doublyintensities of these lines also depend on the abundance of the
excited levels are populated by dielectronic capture, since thiens in the next ionization state.
temperature is too low for inner-shell excitation to be effi- Fortunately, in the case of relatively low electron tem-
cient. The effect of multistep excitation to the high doubly perature, as in the present plasnkd {< 300 eV), the spec-
excited levels has also been checked and found to be neglirum of (Cu-like) doubly excited ions almost purely origi-
gible at the present temperature and density. nates from dielectronic capture proceségsc. V B, and not

The intensity of almost pure dielectronic recombinationfrom inner-shell excitations from low levels, which require
Cu-like lines, such as that of the present spectrum, is apvery high incident electron energies. Thus, the doubly ex-
proximately proportional to the abundance of Ni-like ions. cited ion densityng is proportional to the ion density of the
From the Saha equation we would expect the abundance ofxt ionization statéNi-like). Consequently, theelativein-
Ni-like barium ions to be substantié.g.,ny;,~n¢,) in @  tensities of the dielectronic recombination lineghin each

C. Dependence on fractional ion abundances
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FIG. 6. Similar theoretical spectra of thel$41-3d%4I6f Cu- >
like barium transitions obtained for two different ionization balance 'z
conditions for the Ni- and Cu-like ionsny;,/ng,=1 (@ and £
Nni i /Ney, =20 (b), both at an electron temperature of 120 eV and an =
electron density of %107 cm 3.
ionization state are independent of the ion density ratio of the T T

9.05 9.10 9.15 9.20 9.25 9.30 9.35

adjacent ionization states. This result is illustrated in Fig. 6,
Wavelength (A)

where the theoretical spectrum of Cu-like barium in the con-
sidered wavelength range is shown for two very different
values of theny;,/ngy, ratio at a fixed low temperature of ~ FIG. 7. Theoretical spectra of thed¥4l-3d%416f Cu-like
120 eV and a fixed density of510%t cm™3. The two spec- barium transitions for an electron temperature of 700 eV. Rijts
tra, for ny;,/ney,= 1 [Fig. 6@] and forny,/ne,,=20[Fig.  and (b) are for an electron density of 10cm™° at two different
6(b)], are found to be almost identical. The same result igonization balance conditionsty;, /ng,, =1 (&) andny;, /Nc,,=20
obtained at this temperature for other densities as well.  (b)- Plots(c) and(d) are for an electron density of610* cm ™,

The fact that the relative line intensities are not dependerff the two ion abundance ratios.
upon theny;,/n¢y, ratio is not necessarily true at high elec- ) . )
tron temperatures where inner-shell excitations become sig!res and for performing new diagnostics of the plasma pa-
nificant. In particular, at low electron density, the relativefameters. New @-nf (n=6,7) and $-5s spectral lines
line intensities vary drastically as a function of thg,/nc,, have been identified. The _measured relative line intensities
ratio. This feature can be seen in Figéa)7and 1b), which &€ L_Jsed to deduce the time and space _averag_e_d electron
present the spectrum emitted by Cu-like barium at a ﬁxedjensny and temp_erature of the plasma region _emlttlng these
high temperature of 700 eV and a fixed low density Ofllneg. The best fit bgtween t.heory and experlment for the
10% cm3, for ny;,/Ney,=1 [Fig. 7@] and for ny;,/Ney, Cu-llkle §gectrum is obtamed_ for ap_prOX|mater 5
=20 [Fig. 7(b)]. In contrast, at higher densities, the colli- * 10 cm™® and 120 eV, respectively. This low electron
sional transitions between the doubly excited states beconf§Mperature can be explained by assuming that the spectrum
efficient and predominantly determine the relative populalS emitted from the expanding plasma during its late phase
tions of the doubly excited levels, regardless of whether theyvhen cooling takes place and dielectronic recombination
were initially populated by dielectronic capture, or by inner- dominates.
shell excitation. This effect can be seen in Fig&) 7and It has been found that at the low temperature of 120 eV,

7(d), which show similar spectra for the two different abun- collisional inner-shell excitations are not significant, and
dance ratios. therefore the dielectronic capture processes govern the popu-

In conclusion, in the relatively low temperature and highlation distribution among the doubly excited levels. As a
electron density regime of the present experiment, the reld€sult, the relative line intensities in the limited wavelength
tive line intensities emitted by each ionization species are ndi€gion investigated here are independent of the fractional ion
sensitive to the fractional ion abundances: consequently, the§Pundances. Further investigations using time and space re-

cannot be used to derive even the average ionization balang@!ved measurement techniques are needed to give deeper
of the plasma. insight into the mechanisms responsible for the evolution of

level populations and ion state abundances in subpicosecond
VI. CONCLUSION laser-produced plasmas.
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