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Analysis of the M-shell spectra emitted by a short-pulse laser-created tantalum plasma
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The spectrum of tantalum emitted by a subpicosecond laser-created plasma, was recorded in the regions of
the 3d-5f, 3d-4f, and 3-4p transitions. The main difference with a nanosecond laser-created plasma
spectrum is a broad understructure appearing underdh&f3transitions. An interpretation of this feature as
a density effect is proposed. The supertransition array model is used for interpreting the spectrum, assuming
local thermodynamic equilibriunlLTE) at some effective temperature. An interpretation of tkde43 spec-
trum using the more detailed unresolved transition array formalism, which does not assume LTE, is also
proposed. Fitted contributions of the different ionic species differ slightly from the LTE-predicted values.

PACS numbgs): 52.25.Nr, 52.25.Jm, 32.30.Rj

I. INTRODUCTION for the red wings’ intensities and shapes, we are interested to
study M-shell spectra emitted by plasmas in different condi-
M-shell spectra of tantalum have been widely studied irtions, namely, mostly different densities.

nanosecond laser-created plastna-LPB, for laser pulse High densities of the regions emitting-shell spectra
lengths of 1 to 30 n§1—4]. The observed spectra are com- have been demonstrated with subpicosecond laser-produced
posed of a few individual lines, and of many “unresolved plasmas ps-LPP12]. In these experiments, high density is a
transition arrays” UTA’s[5] superimposed on large under- consequence of reduced hydrodynamical expansion due to
structureg 6], grouped in separated bunchese Figs. 2-4  the short laser-pulse length, and is enhanced by ponderomo-
These lines and UTA’s are now well identified and corre-tive force confinement at high laser intensit¥3]. Such
spond to electronic transitions froni=4 ton=3. Isolated mechanisms will still be active with higZ material, so
lines are emitted by ions isoelectronic to nickBB bound  M-shell spectra emitted from dense regions are expected with
electrong, UTA’s are emitt_ed by ions with _afew boun_d elec- ps-LPP, and will not be obscured by x-ray emission from
trons more(Cu-like to Se-likg or less(Co-like to Mn-like). oy density regions, as the corona expansion is very small.
For such highly ionized heavy atoms, each UTA is com-  gqgsteinet al.[14] have presented a barium spectrum in
posed of spin-orbit spI!t subarra;(§0§A’S) [7.’5.3]' Each the range 6—15 Awhich corresponds to thed34f transi-
bunch correlspongs mainly to a specific transition:- 4, tions) emitted by a plasma produced by a 650-fs laser, with
3d-4f, 3d-n’l (n'=56). In ns-LPP spectra, thal3Af ar- intensity up to 18'W/cn?. They obtained a very large

rays, and in a lesser extent the-8p arrays, are superim- understructure, with a barely resolved UTA superimposed on

posed on a very large understructure, which is not seen fa : . . L
n’'=5. The major difference between ns-LPP spectra and th'ri‘ However, in their experiment, the average ionization
. argely exceeds the Ni-like ion, thus the understructure has a

resent ps-LPP spectra is the importance of tHe53 un- .
b P P P spectral shape very different from the ones we shall present

derstructure. ; . .
The understructure, which is very large for the-af in this paper. Note that the barium spectra presented by
Doronet al.[15,16 do not present such a feature.

arrays, has been attributed to dielectronic satellites li6gs
of noticeable total oscillator strengf] and/or to hundreds We take advantage of the large energy((1J) of the
of faint lines[10]. The net effect is as if producing red wings available short-pulse laser to produce tantalum plasmas and
attached to each resonant and satellite UTA. Piling up thes® observe the spectrum for different transitio@d-4p,
red wings would successfully reproduce the observed spect@d-4f, and 3-5f). We present in this paper identification
[11]. In order to better understand the mechanism producingf the observed UTA in these conditions, a global analysis
these understructures, and possibly derive a heuristic mod#irough supertransition arraySTA) [17] modeling and a
detailed analysis by UTA'’s for thedB4f range. We shall
emphasize the differences with typical ns-LPP spectra.
*Mailing address: Naval Research Laboratory, Code 6730, Wash- The experimental setup is described in Sec. Il, the identi-
ington, DC 20375. fication of the lines in Sec. Ill, and the theoretical analysis in
"Permanent address: NRCN, P.O. Box 9001, Beer-Sheva, IsraelSec. IV-VI.
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FIG. 1. Time resolved x-ray emission of the Ta target.

Il. EXPERIMENTAL SETUP

These experiments were carried out in 1995 with the
Table Top Terawatt (% laser system at the Institut National
de la Recherche ScientifiguUéNRS-Quded. A 550-fs, A
=1.053um laser pulse with an energy up 1 J and with a
contrast of 16:1 was provided by a Nd:glass system based
on the chirped-pulse amplification technique. A potassium
dihydrogen phosphate type | crystal was used to double the
frequency of the laser light. The resulting pulses had an en-
ergy of 450 mJ at a wavelength of 0.52/m with a contrast
estimated at better than ¥01. This high contrast 400-fs
green beam was then focused at normal incidence onto
100-um spot by means of a spherical fused silica lefi§),
thus giving an intensity of T6W/cn?.

The x-ray emissiorikeV range was studied with various
diagnostic including calibrated time-integrated Vonrhts
crystal spectrometefl—10 ke\. p-i-n diodes filtered with
55-and 100um-thick beryllium filters were used to monitor
the x-ray signal and control the beam focussing. Three spec- FIG. 2. 3d-5f Ta spectrumi(a) with nanosecond pulse-width
tral ranges have been studiéd.2—4.9 A, 5.3-6.3 A, and Jlaser (upper trace: Tragiret al. [3], middle trace: Audeberet al.
6.7-7.7 A\. For the first range, the Von-teos spectrometer [2], lower trace: Bauche-Arnouét al.[6]), (b) with subpicosecond
has been internally wavelength calibrated with emission linegaser this work, upper trace with a laser intensity: 101 W/cn?,
(first and second orderfrom NaCl, V, and Si targets. lower trace:l =5x 10°W/cn?). Sindicates the dips interpreted in
Wavelength-calibration lines were recorded systematicallythe intra-Stark spectroscopy thed®0]. LabelsA—H stand for Ni-
on each film. The spectral resolution was 5 mA at 7 A. Time-jike through Br-like ions, as given in Reff2].
integrated spectra were obtained by accumulation of 10 to

100 shots, depending on the wavelength range CO”Sidereﬂasponding to the B-4d and 3-4f arrays, and 6.7-7.7 A
The three spectra presented in this paper may then Sho&‘brresponding to the® 4p arrays(Figs. 2_’4_

small differences in temperature from one range to the other, | o1 identification has been obtained by comparison

and obviously some averaging in density and temperaturg;, tantajum spectra recorded from ns-LPP by various team
conditions takes place. An x-ray streak camera filtered W|tr[6 4,2,3. For the 3i-5f arrays, to overcome difficulties in

75 pm and 12.5um of aluminum, and having a temporal the identification of the lines, wavelengths were calibrated
resolution of 1.6 ps, was used to measure the time history qf;, vanadium(in the second ordgrand chlorineK  lines.

the keV x-rays. It yielded time duration of the x-ray emis- 5 gioha| comparison of the spectra is shown in Fig. 5. The
sions of I(_ass than, res_peptlvely, 3.0 and 2.6(g=e Fig. 1 eaks labeled “Ni” (respectively, “Cu,” “Zn,” “Co” ) are
The duration of the emission was also measured with a pum es or UTA's emitted by ions of 28respectively, 29, 30

and probe technique using near-edge x-ray absorption SP€57) hound electrons.

troscopy{18]. The inferred duration for Ta emission, assum-“\ye symmarize in Table | the transitions and wavelengths
ing a Gaussian temporal shape, at th_e wavelength ofthé\ of the main Ni-like lines, and corresponding transition prob-
wavelength of the molecular-absorption resongne@s 1.5 apjjities. The computations are performed with thetAC

ps full width at half maximum(FWHM) program[19]. Note that the radiative lifetimes of these tran-
sitions are two orders of magnitude shorter than the x-ray
emission time. The radiative lifetimes for the other ions are
of the same order of magnitude, since they correspond to the
Three spectral ranges have been studied, 4.2—4.9 A cosame transitions &% 3d°nl with some spectator electrons
responding principally to the®5f arrays, 5.3—-6.3 A cor- added. The richness of the spectra clearly shows near local
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IIl. IDENTIFICATION OF SPECTRAL LINES
AND TRANSITION ARRAYS
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0.9 T T — ' ' ' TABLE |I. Wavelengths and transition probabilities of the prin-
0s | | cipal Ni-like tantalum (T&™") lines. The third and fourth columns
' are calculated values of the present work.
£ 07} §
3 Transition NA) (expt) N (A) (cale) A(sTYH
S 06| .
- 3d°-3d%,.4py, 7.44F 7.449 5.6k 102
2 05r1 1 3d°-3d%4ps, 7.30F 7.303 1.06¢ 103
E o4t § 3d%%—3d%,4f 4, 6.092 6.089 1.06¢ 104
| 3d%°%—3d%,A4fs), 5.907 5.898 3.6x 10
08 ¢ 3d1°— 3d%,,5f -, 4574 4574 9.3 1013
02 - 3d1%-3d®%,5f5), 4.478 4.477 1.2% 10
0.1 aReferencd1].
5.4 5.6 5.8 6.0 6.2 6.4 b
wavelongth (A) Referencd6].
‘Referencd2].

FIG. 3. 2d-4f Ta spectrum obtained at INR@resent work
100 shots of 200 mJ have been used. by the spectral shape alone would have been ambiguous and
may be shifted by one or two arrays, without careful exami-

thermodynamical equilibriumiLTE) populations. Thus we nation. This is why we use wavelength calibration as men-
can infer that the collision rates are at least of the same orddioned earlier. The satellite dipdabeled S on Fig. 2b)]
of magnitude as the radiative rates. Consequently, the timaround the line at 4.48 A are also an indication of an indi-
scale for all atomic processes is much smaller than the durdddual resonance linéthus emitted by Ni-like ions[20].
tion of the plasma, and it is legitimate to interpret the spectrd-requently observed iK-shell resonance lines from ns-LPP,
in the quasi-steady-state approximation. The rms deviatioguch dips are also observed on thg&d spectrum we have
between experimenta| and calculated Wave]engths is 2 m,&thained in our experiment. Note that, if intra-Stark spectros-
The 3d°4f transition at 5.907 A, with a deviation of 9 mA is copy theory[20] applies to our conditions, an electron den-
an exception, because the upper level would be better chagity of 10*cm™> would be inferred from the dips separation.
acterized inLS coupling as P1, for which the exchange The theoretical spectra we shall present in the following are
term is large enough to distort the wave functions. The samalso in accordance with this value. In the-3f series, the
accuracy is to be expected for the other ions, because tHdi-like lines are hardly seen, in contrast with other spectral
supertransition ArraySTA) model uses the same parametric ranges. As the three spectral ranges have been obtained from
potential model as theeLAac. The 3d-4f and J-5f series different series of shots, the respective plasma conditions
are C|ear|y Separated into two sets by Spin-orbit 5p||tt|ng,ma.y Sl|ght|y differ. Excitation energies are about 2.7 keV for
although there is some overlap between ionization stages. 3d-5f arrays, while they are around 2.1 keV fod-3f and

In the 3p-4d range (Fig. 4), Co-like satellites already 1.7 keV for A-4p. Consequently, if we assume a tempera-
interpreted by Mandelbauret al. [1] are identified(peaks ture of approximately 300 eMas estimated below the
labeled A to G, etc., which correspond to Mandelbaum’s 3d-5f line intensities are expected to be ten times weaker
key) They are Superimposed i a and MpB inner shell than the 3-4f lines, not accounting for OptiC&' depth
transitions (shaded areaswhich start at, respectively, at
7.252 and 7'0.23 A. . IV. POPULATION MECHANISM OF THE UPPER LEVELS

The blue wing of the a—4f structure around 5.8 AFig. _ OF THE 3d-4f AND 3d-5f ARRAYS
5) could be due to Co-like satellites, or even to satellites
from higher charge states, but Co-like resonant lines are not The spectrum observed in each of the three spectral
visible and even Ni-like lines are not very intense, so time oranges corresponds to a given transit{or exemple 3i-4f
space averages of emission from hotter plagamsin Ref. in the range 5.3—6.3 Bemitted by various configurations of
[14]) cannot occur. Such spectral shapes were not seen irarious ions. Ni-like ion T®" emits three isolated lingghe
ns-LPP spectra. third one being negligible but all other ions emit unresolved

Identification of the arrays in thed35f structure(Fig. 20 arrays of lines—actually spin orbit split arra¢8OSA’S [7],

0.8 — ; ——— —
E
—_ be
£ o6 [ Beo gh 5 1
2 A o .
5 | //// //// ¢ u f , FIG. 4. 3d-4p Ta spectrum. The shaded area
> 0.4 Mg M.,///// Ccu may be due to inner-shell transitiori®a« and
E “ 7n Ni M B). The keys A—G,a—u,a,B) correspond to
g o027 Ni Cu . the identification by Mandelbaumt al. [1].
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1 Ni Cu
":—;’ FIG. 5. Ta spectra obtained at LU[6] for a
_3 laser pulse-width of 0.6 ns and a laser intensity of
8 (@ 3x10Wcem 2 and (b) 3x108Wcem 2,
%‘ compared to(c) spectra obtained at INRS with
5 0.3 ps, 166Wcm 2 pulses.
£
"\\', (c)
3d-51 3p-4d 3d-4f
0 1 1 1 1
45 5.0 55 6.0 A (A)

three per ion, the third one being also negligible. These in Thus, the capture to these autoionizing levels is a signifi-
turn coalesce into broad peaks. The peaks, and the underlgant population channel, even at the lower densities of ns-
ing broad structure, correspond to hundreds of SOSA’s foL PP, and the understructure is always large. On the other
the given transition(e.g., 33,-4fs, and As-4f55) with hand, for the 8-5f dielectronic satellites SOSA’s, the upper
one or more spectator electrons. Although many of thenievels cannot be populated by capture, as they are farther
may have very low oscillator strengths, their large numbembove the ionization limitby around 600 eV, see Fig.),6
may yield a considerable intensity and produce the observednless a much larger electron density can increase the cap-
understructure, provided there is a significant mechanism tture rates. The & 5f arrays will present a large understruc-
populate the upper levels. ture when density is high enough to open this entrance chan-

Let us denote UPZ;, the superconfiguration[17] nel to the “levels” of theU PEJ superconfiguration. Such is
3d%(41)" 4f, of the ion TA* with n’=q— 28 electrons in the case in our experiment. A schematic description of the
the subshells 4 |=s, p, d or f, with one electron in the different regimes is presented in Fig. 7.
subshell 43, and one hole in the @ shell. We shall denote
LO" the corresponding superconfiguratiot'&41)"". Note V. ANALYSIS WITH THE STA CODE

that the superconfiguratidisC) LO™ can be considered as a
“ground” SC. For the 3I-4f arrays, suppose that the spec-
tator electrons and the optical electron lie in the same shef‘
n=4, in such a way that the upper levels of the transitions
are close to the ionization limitsay within 100 eV. The

We present here an LTE analysis of the whole spectrum.
ctually, LTE is not assumed to be completely in force, but
e concept of an ionization temperatufg that we have

i i , E(keV)
energy range of the superconflguratlbIPZJ, extends on I\
both sides of the ionization limit and PZ;, is only “partly ad 3P
autoionizing,” so the supertransition arrayPZ;,—LO”' is = st
only partly a dielectronic “superarray.” T [we4toe
When local thermodynamical equilibriufb TE) can be 1= 3d%4f n‘g“g"f”
assumed, population mechanisms are, by definition, sup- | | “scfas = QIII[ 1 adstse
posed strong enough so that all levels of the superconfigura- ': 5 8 76]
tion UP},, are populated proportionally to the Boltzmann °7 a0 E e S=n i
4J . ) I 3d%at5e5¢
factor. At lower density, when LTE does not hold, the emit- .4 360414550 13d94f4t’5£’
ting levels are generally populated by direct excitation from ad'04p 3d94f4s4lI
, . Y -2 9 ’
ground states. However, as configurations witdiR}, ,, are T £
. . . . . S
above and close to the ionization limit, they can also be -3 -
strongly populated by capture and eventually they will decay 4 "
radiatively. In our plasma condition@N.=10?2cm 3, Te i iz e
about a few hundreds of g\this entrance channel will not .5 J 3d104s2
be quenched by thén=0 collisional transition rates to Ni Cu Zn

other configurations obP,,, as the radiative decay rates  FIG. 6. Energies of some Ta emitting levéteproduced from
are approximately ten times higher. Ref. [6]).
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FIG. 8. Ta average charge sta® computed using a simple
hydrogenic LTE model at electronic densities from?4@n 2 to
0 (©) 102 cm 2 and using the STA model at=0.08 g/cr.

dx

/

.

optically thin non-LTE modelthe mixed mode[24]) gives

500+ 100 eV. In summary, we can say that 290 eV is a good
g first guess for the ionization temperature at this assumed den-

sity. However, it is well knowr{25] that in LTE, (Z) for a

FIG. 7. Schematic population mechanisms, plain and shadediven element is proportional t@%?/N; exd — x(2)/kT}—

arrows stand for collisional and radiative transitions, respectivelywhere x(z) is the ionization potential of iom, andN; is the
The thickness of the lines indicates approximately the importancgon density. In the present case, the temperatufe isut the
of each processia) at low density anch=5, direct excitation of argument is still valid. Therefore, on the basis(@j only,
optical levelso from ground levelsg; (b) high density or 8-4f the temperature could vary froniT,=235eV for p
array: capture from ionized leveigo doubly exciteddx. dx levels =0.008 g/chT3 to T,=380eV forp=0.8. This dependence
add an entrance channdk) at much higher density, collisional i oy emplified in Fig. 8. We will follow the accepted practice

transitions ensure partial LTE amorigdx, ando levels. In this ¢ oo ming that the density has the value given by the simu-
case, radiative transitions do not contribute much to the populal-ation e, N.=1072cm 3. As noted aboveSec. Il), this
3 Gy e . . ,

AESNEEELEREERERTERY

tions. value would also be obtained in the framework of intra-Stark
_ o theory[20].
introduced and demonstrated recer@l,22 indicates that M-shell spectroscopy implies too numerous lines, or even

LTE population distributions at soni, can reasonably well unresolved transition array&/TA’s), to allow complete de-
reproduce the real distribution, specially when not too fartailed spectrum reconstruction, especially far from coronal
from LTE. Describing the population equilibrium among ex- equilibrium conditions. Thus, the approach of the supertran-
cited levels with an ionization temperature is all the moresition arrays, introduced recentf{t7] is relevant. The STA
valid because the density is larger than in ns-LPP, and so igpproach extends the principle of UTA to superconfigura-
the likely photon reabsorption. The importance of the undertions, taking advantage of LTE populations through compu-
structure is also an indication of possible “partial-LTE” tations of various partition functions. The computations are
conditions, at least at some ionization temperature which
may differ from the actual temperature. Furthermore, de-
tailed collisional-radiative calculations performed in the case
of germanium have shown that the excited-level populations
are close to a “LTE af,” description, when the coupling to
the next ionization stagéhrough capture and autoioniza-
tion) is large[23], which we have already emphasized. £
The relative intensities of the arrays indicate that the most
abundant ionic species are Zn-like to Ge-like ions, which £
means an average charge st@gein the range of 40—43. An
electron densit\N,= 10?>cm 3 (which corresponds to a bulk
density of p=0.07—0.075g/c}) is a good first guess from
the expected hydrodynamic conditions of ps-LPP. In LTE T . ‘ . . , ,
conditions, this corresponds to an electronic temperature 0 4+ 45 46 47 48 49 5 5.1 5.2
270+=10eV, computed with a crude hydrogenic model, or wavelengtn &
300+ 20 eV computed with the STA modé&ee Fig. 8. It is FIG. 9. STA synthetic spectra for d35f arrays at p
noteworthy that the interpretation with the coronal equilib-=0.08 g/cni and different temperatures. Vertical scale varies be-
rium model yields a temperature of 99A00eV, and an tween curves.

rb.uniis)

nsity {al
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FIG. 10. Experimental spectrum compared with STA synthetic
spectrum, for the total observed spectral range=a0.08 g/cni and
T.=295eV. The vertical scale is multiplied by 4 and 6 fqu-2d
and 3-5f arrays, respectively. The experimental spectrum is
shifted upwards for clarity.

done inj-j coupling with a correction for interaction of the
relativistic sub-configurationg3], so the supertransition ar-
rays are actually superpositions of SOSA'’s. In Fig. 9, we plot
synthetic spectra at different temperatures for the same bull
density of p=0.08 g/cni. The position of the blue edge of 7
the array is directly related to the effective temperature, ands
could be considered a diagnostic of the plasma conditions. Ag
good fit of the observed spectrum is obtained for a tempera-s.
ture of 295-5 eV, not only regarding the position of this
blue edge, but also for the global shape and for the intensityg
ratio of the resonant lines to the understructure.

As seen in Fig. 10, where thed35f, 3p-4d, 3d-4f, and
3d-4p arrays are presented, the same conditigps
=0.08¢g/cni, T,=295e\) give good agreement for the
shape of the structures of the whole spectrum. In contras
with the study of Goldsteiret al. [14], we do not need to
assume a contribution of x-ray emission from different re-

ensit
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FIG. 11. Synthetic spectra built from 6924 UTA’s from seven

gions with different temperatures. charge statega) T,=300 eV, N.=10??cm 2 and LTE charge dis-
tribution, (b) with a fitted distribution, which is wider and leads to
VI. REFINED ANALYSIS OF THE 3 d-4f ARRAYS an average value af lower than the LTE predicted value. The

individual contribution of each ion stage is plotted. The transitions
In a small range of wave numbers, it is possible to analyz&/2-7/2 correspond to the primed ion names.

the spectrum in more detail. Indeed, in such plasmas, the

emission of seven or eight different ionic species can beérum (see Ref[6]). Now, using improved computer codes,
observed, and the resulting spectra are very complex. Suchthousands of transition arrays can be introduced in the cal-
study has already been done for interpreting a ns-LPP speculation, and the broad understructure under te43 ar-

1.2

As+Cu’
1.0 Ga i

i BreGa’
1 Ge ;
Cu iy 4 i Seg

Intensity (arb. units)
1ol e
@ e

1
'S
)

0.2

0.0 T T v T T
5.4 5.6 58 6.0 6.2

wavelength (A)

FIG. 12. Comparison of the synthetic spectra
of Fig. 11(b) to the experimental spectrum.
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10 ——"-m—-—-——————————s 3/2-5/2 arrays, and from 6.1 to 6.4 A for the 5/2-7/2 arrays.
E E We first started by using an LTE ion distribution at 300 eV
[Fig. 11 (a)]. Trying to improve the fit, we varied the tem-
perature. It was found that the experimental ratio of the in-
tensities of these two bands cannot be reproduced by an LTE
distribution at any temperature. However, it happens that the
average wavelengths of the Se- and Br-like 3/2-5/2 arrays
\ 3 nearly coincide with the Zn- and Ga-like 5/2-7/2 arrakg.
v 1(b)]. Thus, a better agreement is obtained for the gap
S around 6.15 A and for the relative intensity of the two bands
v (see Fig. 12 with a widened and shifted ion distribution
L (compared to different LTE distributions in Fig. 13The
N resulting averagéz) is shifted from 41.4 to 40.4, with an
. . ! rms deviatioPAZ=1.75, instead of 1.5 with STA. The main
36 38 40 42 44 46 difference comes for the less abundant ionization stages.
Z Thus, the detailed computations of UTA’s allows in this case
to detect fine non-LTE effects. It shows that the width of the

_FIG. 13. Comparison of the fitted charge distribution with dis- jon distribution can be a relevant parameter to characterize
tributions given by the STA model at different temperatures. non-LTE effects, in addition to the avera@®.

Fitted
A --e--310 eV
——300 eV

lonic populations
—
o
1

—=—280 eV

rays can be modeled.
For each ion, we select a set of transitions by the follow- Vil. CONCLUSION
ing procedure. The lower configurations are taken among all The M-shell spectrum of ps-LPP Ta has been recorded
the configurations having an average energy vahieh re- 54 shows a distinctive feature of a large understructure be-
spect to their respective ground sfatewer than a certain o,y the 34-5f arrays, in contrast with ns-LPP. Some tenta-
limit. We set this limit to 2100 eV, as the Boltgr;]ann factor tiye interpretation is proposed by analysis of the population
exp(~E/T7) yields a negligible population<{10™~) above  achanisms. Not only thed35f spectrum, but the whole
this limit. The corresponding upper transitions are deducedpyecirum including severafi-shell transitions are success-
by promot|Nng ongla electron to a 4 electron. fully reproduced with a fair agreement by an LTE calculation
Each 3I™-3d™ " “4f transition array is composed of a few 4; ‘one temperaturdT=295+5 eV, for a density ofp
hundreds to a few thousand individual lines. This number_ og g/end), using the STA code, which includes subcon-

grows and becomes huge when 2, 3, or 4 spectator eIetho_?Ruration mixing. This temperature has to be understood as
are added. For this reason, we used the unresolved transiti ionization temperature and the actual electronic tempera-

array (UTA) formalism[5]. Moreover, in the highly-ionized e is probably larger. A fit to the spectrum has also been

tantalum spectra, the spin-orbit parameters are large enou@hained by a detailed reconstruction with a large set of
for splitting each transition array in two peaks or subarrayssnga’s  and an LTE population distribution &t
[l e

(SO.SA)'N N—1 =300eV. However, a better agreement can be obtained by
(i) 3d™(+-spect. eh=3d" “4fs(+spect. e, _ increasing the populations of the less abundant ionic species.
(i) 3d"(+spect. eh—3d"" “4f7,(+spect. e, having  This shows that this particular spectrum is very sensitive to

the larger wavelength. departure from Saha ionization distribution. It also shows the

Each subarray is represented by a Gaussian profile, whoggierest of measuring the width of the ion distribution, a pa-
mean wavelength, FWHM, and total strength are obtained,meater that has been largely overlooked.

u_sin_g compact formula_s involving Slater and spin-orbit ra- o, modeling was relatively simple, but the agreement
dial integrals7]. These integrals are computed by means of it experiment is good. The interpretation of the spectra
the RELAC code[19]. Because the interaction between rela'gives some confidence that we have recorded x-ray spectra
tivistic subconfigurations is taken into accoUlBi, peak(i) from high density plasmas, and shows that ps-LPP are a
(named 3/2-5/Ris stronger than peafii) (named 5/2-7/p powerful tool to study dense matter.

Assuming partial LTE between the populations of the up-
per configurations of each ion, each SOSA is weighted by
the Boltzmann factor. We introduce seven charge states,
from Cu-like to Br-like ions, to build the spectra shown in  M.K. and A.B.S. wish to acknowledge the partial support
Fig. 11. The summation of the two SOSA components reof the U.S. DOE through a contract with the Naval Research
sults in two broad bands, mostly from 5.9 to 6.1 A for the Laboratory, Washington, DC.
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