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M -shell x-ray spectra of laser-produced gold plasmas
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X-ray spectra of laser-produced highly charged gold-ion plasma have been studied theoretically. Energies
and oscillator strengths ford34f transitions are calculated in detail for nickel, copper, zinc, or galliumlike
ions with a couple of spectator electrons. Based on a precise nonempirical multiconfiguration Dirac-Fock
calculation, a model that could be called the noninteracting spectator-electron (NEEM) is proposed to
analyze x-ray radiation from plasmas. The NISEM extrapolates the satellite emission spectra of ions with a
single spectator electron to those ions with an arbitrary number of spectator electrons. In the framework of
NISEM and local thermodynamic equilibrium, the experimental spectra have been reproduced reasonably well
by the present theoryS1063-651X97)00402-9

PACS numbse(s): 52.25.Nr, 52.40.Nk, 32.70.Jz

[. INTRODUCTION tailed calculation code, the energy distribution is normally
obtained simultaneously. Thanks to the recent progress of

Laser-produced hig@- plasmas consist of multiply ion- computer technology, we are nowadays able to calculate
ized ions, and a highly charged heavy ion accepts many eleboth the energies and the distributions of complicated tran-
trons in its high-lying loosely bound orbitals. In Fig. 1, a Sition arrays using a detailed calculation code. However, it is
schematic drawing is given for such a situation in nickel-likestill very difficult even for a present day computer to calcu-
gold ions with a few spectator electrons in Rydberg orbitals/ate the huge number of line spectra of highions with
Complicated atomic and radiation processes occur in thE'any spectator electrons. Therefore, we introduce an ap-
high-Z plasmas and have been investigated extensively b _rOX|mat|on which is closely related to the detailed calcula-
the authors of Refd.1—4]. The x-ray line spectra of highly tion results. _ _
ionized highZ ions in laser-produced plasmas have shown [N the present paper, we carry out a line by line calcula-
the prominence o1 -shell transitions of nickel, copper, zinc, tion Whlch_ enables us to evaluate the x-ray spectral profiles
and galliumlike ions. For example, in a gold plasma, x-rayfor an arbitrary spectator electron populat{dr3]. We usea
line spectra ofM-shell transitions in the wavelength range cOmputer program called the general purpose relativistic
from 4.2 to 5.4 A are important. Typical experimental spec-atomic structure program @RrAspP3 [14,19 for our atomic
tra of M-shell x-ray lines of gold plasma are shown in Fig. 2. Structure calculations. Thg program allows us to mclgde sev-
The spectra in this range were studied in detail by Baucheeral open _shells and_ to include th_ousands of conflguratlon
Arnoult et al. [5]. Busquetet al. have also analyzed the gold State functiongCSFs in the calculation. Furthermore, in or-
spectra in a similar energy ranf@l. They have introduced a der to S|mpl|fy the calculation, we mtroQuce an extrapolation
broad speculative red wing in order to reproduce the Spectr@odel which we call the noninteracting spectator-electron
in the presence of densely distributed unresolvable satellite
lines.

When the number of bound electrons becomes large, the
line spectra may become very densely crowded. By taking
advantage of this property, an approximation called the un-
resolved transition arrayUTA) was proposed by Bauche-
Arnoult et al.[7-10. UTA is an effective and useful tool for
spectral analysis of higd-plasmas. An interesting extension
of the UTA theory to reduce the number of UTAs for com-
plex cases was made by Bar-Shaletral, who introduced
the approximation called supertransition art&fA) [11]. In
the limit of no term splitting, the STA reduces to the average
atom model(AA) [12]. The UTA and/or STA models are
powerful and reduce computation time significantly. These
models give energy distributions, but the determination of
the exact energies of a transition array is not the objective of FIG. 1. Schematic drawing of a nickel-like gold ion with a few
the models. To calculate the exact energy of the transitiorxtra spectator electrons in Rydberg orbitals. For example, the en-
array, we have to use a detailed calculation code. Once the&gies of the 8-4f transitions in the nickel-like ion core are modi-
exact energy of the transition array is calculated with a defied by the presence of the spectator electrons.
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FIG. 2. Densitometer tracing of the gold spectrum from laser- F|G. 3. Oscillator strength distribution ohd' spectator
produced plasma in the wavelength range: 4.2—5.4 A. The spectru@ectron satellites for transitions:

consists mainly of 8-4f transitions of cobalt, nickel, copper, zinc, Ay%* 1522522p83s23p®3d%find'(n=5,6,7)
and galliumlike iong5]. AU 1822522p83523p83d o d.
) - The 3d-4f diagram lines are also presented for comparison as thick

model (NISEM). In the UTA and the STA line positions are pars.
calculated by using perturbation thedig;11] for the case of ) ) o ) ) )
many_spectator electrons. However, the perturbation methogrbn:als N a mU|t|Conf|gUrat|0n atomic structure calculation
is in general not always justifiable even if the method yieldsf We require the orthogonality constraint on the atomic or-

: : ; : chitals[16]. To obtain the Rydberg orbitals of Ag'+e up to
reasonable results in comparison with the experimental re*

sults. In this paper, we confirm the validity of our approxi- € Principal quantum number=7 and up to the azimuthal

; - : quantum numbelr=n—1, we include all the configurations
mation method NISEM by comparing the results with those omposed of one of thenl orbitals with n=5.6,7

of the exact calculations for the two-spectator-electron case

Furthermore, in UTA and STA, it has to be chosen prior toilgngzZ%i'zéQ%;l’o Fgﬂﬂnatzlr;/ wg)wged rﬁgﬂhgctlllz?jiogn
calculation whether thg¢-j coupled basis ot S coupled ba- . :

. ; -0 ~_open shell ionic configurationsf2s?2p®3s23p®3d°4f?* in
sis should be taken for the construction of radiative transmothe calculation. The sgi;ngle-electron Birac-F%ck orbitals are

arrays. In contrast to that, the NISEM treats the transitionye| gefined and they are scarcely affected by the presence of
array from first principles, which fully includes relativistic g;,cp an open shell ionic configuration. We found thaind
effects. Our method NISEM evaluates the x-ray spectrum of orpjtals are strongly influenced by relativistic effects even
a highZ ion with many spectator electrons using the datajn the higher-most orbitals, whereas in others the relativistic
basis, namely, the spectra of ions with one spectator electrofature is moderate. Because an electron with a lower angular
which is generated by therAasp2code. Using the NISEM, momentum may come close to the atomic nucleus, the rela-
the time for calculating the spectral profile in the many-tivistic effect appears even for higher Rydberg orbitals. Ex-
spectator-electron case can be significantly reduced. Accorémining the quantum defect, we also found that the orbital
ing to the results obtained in the present paper, the UTA andature is well Coulombic outside the ion core. We are inter-
STA results are found to be basically consistent with theested in the @8-4f transition in the presence of one or two
detailed calculations and the NISEM. spectator electrons. In this transition, there is, in principle, a
In Sec. Il, we investigate the basic features of the ionicchance for the spectator electrons to be shaken up or down
system consisting of a nickel-like gold igAu®**) plus one  into different spectator orbitals. Howe\(er, it is quite rare _in
or two spectator electrons. We illustrate with a couple ofthe present case, because the single-electron orbitals
numerical examples the line by line calculation. In Sec. I, 7
we discuss the feasibility and effectiveness of the present
plasma analysis based on an elaborate line by line atomic
structure calculation. Furthermore, we introduce an extrapo-
lation model called NISEM. In Sec. IV, we present the spec-
tral profiles of nickel-like gold ions with many-spectator
electrons under this model and the model of local thermody-
namic equilibrium(LTE). Each spectrum has a broad red 5 g
wing similar to the spectrum discussed by Busaetedl. [6]. 1L 1
We evaluate the electron temperature of the real plasma un- J
der a fixed electron density. Conclusions are given in Sec. V. . !
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IIl. ELECTRONIC STRUCTURE OF NICKEL-LIKE
GOLD IONS WITH ONE- OR TWO- FIG. 4. Oscillator strength distribution of p&d
SPECTATOR ELECTRON double spectator electron satellites for transitions:
Au*t 1522522p03523p®3d%4f15pted?!
Generally speaking, a single-electron orbital must be or—Au*** 1s22522p®3s23p®3d1%pl6d?.
thogonal to all the lower-lying orbitals with the same sym- The 3d-4f diagram lines are also presented for comparison as thick
metry. Namely, we must take into account all the lower-lyingbars.
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TABLE |. Spectral parameters ford34f transitions in the nickel-like gold ion usingrasp2[14,15|.

Initial Initial configuration Final Emission energy A coefficient
Ji J(Jad:iaf) J (keV) Wavelength(A) (a.u)

| (512, 5/2 0 24717129 5.016 126 5 8.630 92900 '
| (512, 712 0 2.507 626 8 4.944 286 2 5.083 87203
I (3/2, 512 0 2.596 308 2 4.775 4155 1.304 308 60 2

are well defined and therefore the effect of electron correla- Figure 3 shows an example of the oscillator strength dis-
tion is small. We can regard the spectator electrons as thibution for one-spectator-electron satellites corresponding
“real” spectators; they watch thed®4f transition with no  to the transitions

interference. We are allowed to employ a two-state approxi- 504 A 9m 2 B Der B O n e Lo AL

mation for the calculation of oscillator strengths for the spec- AU 1s°2s572p~3s°3p~3d-4fnd (n=5,6,7

tator satellite Iine_s. Finally, we have examined the effect of . 1522522p%3s23p%3d ond?, 1)
electron correlation between two spectator electrons. As a

whole, it has turned out that we need only two ionic states agpgether with the diagram lines corresponding to the transi-
a core state for the spectator state calculation; they a’&’Au tions

1522522p®3s%3p83d*Y and AP?" 15225%2p®3s23p®3d°.

We calculated the oscillator strengths of the-8f tran-  Au®'* 15?2s?2p®3s23p®3d°4f1— 15?2522p83s23p®3d1P.
sitions of Aw?* ((L:f%lgaltlike), AUt (nickel-like), Au®* 2
(copperlikg, and A (zinclike) ions. Energy positions for . . .
eac%ptransition agree with experiment to almzst three digits . F|gure 4 shows an example of the osc_lllator strength Q'S'
and also agree well with previous calculatid6d We com- tribution for two-spectator-electron satellites corresponding

pared the oscillator strengths with the Coulomb gauge calcd® the transitions

Igtior_l [17], which co_rr_es_ponds to the velocity form calcula}- AUt 1522822p53523p®3d%f15pl6ed?
tion in the nonrelativistic terminology, and the Babushkin
gauge calculation, which corresponds to the length form cal- —15%25%2p%3s23p®3d1%pled?, ©)
culation. We found that both results agree with each other to . ) ]
within 10% for all the transitions. together with the diagram lines.
We further made calculations for those ions with one or
two spectator electrons. The spectator electrons are distrib-  1ll. APPROXIMATION METHOD FOR ANALYSIS
uted within the range of the single-electron principal quan- OF X-RAY SPECTRUM OF HIGH- Z IONS
tum numbem from 5 to 7. Normally, the spectator electrons WITH MANY SPECTATOR ELECTRONS

s_hift the spectral peak positions tovyards the lower energy In a real plasma, we have normally a considerable popu-
side, because they reduce the effective nuclear charge Wh'(fgti ’

the 3 and 4f subshell electrons feel. The accuracy of the on of three.or more electrons in the _spectf':ltor orbitals.
satellite line positions cannot be compared with experiment OWEVeT, the Increasing number 9f cor?flgurgtlons that are
gken into account in the multiconfiguration Dirac-Fock cal-

because the experimental spectra form a continuum due S . 4 ; !
h%ulatlon increases the calculation time for the line by line

the numerous emission lines. We expect the accuracy of t lculation exponentially. For example. when the number of

present satellite energy positions to be more or less the sang cuiat Xp uaty. xample, w u

as for the diagram lines. spectato_r.electrons increases from 1 to 3 the numbedef 3
4f transitions of the nickel-like gold ion increases exponen-
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FIG. 5. Effects of the spectator electrons id-3f transitions of Principal Quantum Number n
nickel-like gold plasmas. Dashed line: Einstdincoefficients of
diagram lines. Thick vertical bars: Einsteincoefficients of satel- FIG. 6. Average energy shifAES) of the 3d-4f transition for

lite lines. Thick Gaussian-like curve: same as the previous entra nickel-like gold ion with one spectator electron in mhorbital

but obtained by NISEM. The NISEM curves are characterized byusing GRAsP2[14,15. Dashed line: AES by Eq.7). n is the prin-

three parameterqda) average energy shiftb) energy root mean cipal quantum number, arg p, d, f, g, h, andi are the azimuthal
square spread, ar(d) sum of EinsteinA coefficients. quantum numbers.
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TABLE Il. Average energy shiff AES) in eV of the 3d-4f transition for nickel-like gold with one
spectator electron in aml orbital obtained usingrRASP2 n is the principal quantum number, ahds the
azimuthal quantum number.

n\ | 0 1 2 3 4 5 6

5 5.0940 5.1130 5.7730 5.1080 2.1540

6 2.2130 2.2740 2.5260 2.5010 0.964 00 —0.552 00

7 0.936 00 0.992 00 1.0430 1.0860 0.293 00 —0.588 00 —0.881 00

tially like 6x10% 2x10°, and 1x10° respectively. There- Therefore the 8'°%-3d2,,4f, transition is neglected. If we
fore, we have to explore a method to extrapolate the presemipproximate 8°-3d3,,4f:, and 31%-3d2,,4f-, transition
result for the cases of one or two spectator electrons to tharrays by two Gaussian spectra, we find that these satellite
cases of three or more spectator electrons. lines are described using the three quantities illustrated in
Fig. 5. These are the following.
(i) The average transition energy shift from the line cor-
responding to the @& 4f transition without a spectator elec-
Three lines appear ind34f transitions of a nickel-like tron, (AE,), that results from a spector electron in thg
gold ion (Table ). When the ion has one spectator electron,qrpit is called the AESaverage energy shiftThe AES is
the spectral positions shift toward the lower energy side, angaiculated by the following procedure.
the number of satellite lines included in each transition array The average energy of a transition array is defined by the

increases. However, these satellite lines are still separategjlowing equation for the gold ion with no spectator elec-
into three transition arrays which ared%-3d3,,4fsn  trons:

3d*%-3d2,,4f,,, and 31*°-3d2,,4f5,. Among these transi-
tions, 3'%3dZ,,4f., has an extremely small transition D
probability compared with those of the other configurations. > AioEio

A. Three quantities associated with transition array

|
(Eg)= ——, (4)
(a) EI A
5.0 T T T s
a0k S whereE;, andA;, are theith emission energy and Einstein
< —O-fg coefficient, respectively. In the same way, the average en-
= 3.0k h ergy of a transition array of the gold ion with one spectator
é ! electron is
T 2.0 .
1.0F b EI Aspcnl,iEspcnl,i
0.0 N <Espcnl>: ) (5)
"4 5 6 7 8 > Aspen,
Principal Quantum Number n i
(b) whereEgpcni i Aspeni,i are the emission energy and the Ein-
T T L P steinA coefficient for theith transition of the gold ion with
-1
15¢ —A—d
N —0‘. ; 0.12 T T T T T T
CA —A-h
o 101 sl 0.1 | 1
7]
=
Esol - 0.08 | .
ﬁ —@—n=5 : GRASP2
D\Q——D 0.06 —J-n=6 : GRASP2| -
0.0F ¢ v T —A—n=7 : GRASP2
4 ; :5 7l 8 0.04 —V—NISEM i
Principal Quantum Number n
0.02 1 1 1 1 1 1
0 1 2 3 4 5 6 7
FIG. 7. (a) Energy root mean square spredRMSS of the Azimuthal Quantum Number ¢
3d'%-3d3,,4f5, transitions for nickel-like gold ions with one spec-
tator electron in thenl orbital usingGrRAasP2 n is the principal FIG. 8. Sum of EinsteirA coefficients(SEA) for 3d-4f transi-

quantum number and, p, d, f, g, h, andi are the azimuthal tions of nickel-like gold ions with one spectator electron in tHe
quantum numbergb) Same as infa) except that the transition is orbital usingGrRAsP2 The notation a.u. represents atomic units.
3d%0-3d2,,4f . is the principal quantum number.
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TABLE lIl. The number of possible transitions coresponding to the43 transition for nickel-like gold
ions with one spectator electron in am orbital. s, p, d, f, g, h, andi indicate the azimuthal quantum

number.
Azimuthal quantum numbdr s p d f g h i
The number of possible transitiofs 2 5 6 6 6 6 6

a spectator electron in anl orbital, respectively. From these (i) The total transition probability. We define the total

average energies, we define the AES as follows: transition probability by the summation of Einsteincoef-
ficients (SEA). The SEAs of the 8'-3d},,4f, and
(AEq)=(Eq)—(Espeni)- (6)  3d'%3d2,,4f,,transition arrays are separated from the total

SEA according to the ratio of the Einstef coefficient of

In a real plasma, we may have a significant population oB8d*%-3d$,,4fs, to that of 3'%-3d2,,4f,, without spectator
the spectator electrons in Rydberg orbitals which are higheelectrons. We calculated the SEA of thé-2f transitions of
than the highest one we can calculate with &masp2code. nickel-like gold with one spectator electron with principal
Therefore, we made an extrapolation formula based on caguantum number values from 5 to 7. In Fig. 8, we plotted the
culations of the AES for one spectator electron in the higheSEA of the transitions for § 61, and 7 single-spectator
principal quantum numbaer states. Namely, we have exam- satellite lines. It is known that the strength of thd-3f
ined then dependence of the AES, the shift of the satellitetransitions are not very much influenced by the presence of
emission lines from the corresponding diagram line. Usinghe spectator electrons in the orbitals under the present con-
Egs.(4), (5), and(6), we calculated the AES ofB4f tran-  sideration. On the other hand, it is found in Fig. 8 that the
sitions of nickel-like gold ions with one spectator electron in SEA depends apparently on the azimuthal quantum number.
the orbitals of principal quantum number from 5 to 7. TheThis is becausé, the number of possible transitions for the
results are shown in Table II. In Fig. 6, we plotted the AESgiven total angular momenta in the initial and final atomic
of thens, np, nd, nf, ng, nh, andni single-spectator satel- state, depends oh Therefore, the SEA should be propor-
lite lines. We have found that the shifts practically decreasdional to this number. If we tak&l as this number, we can
in proportion ton—° and the AES can be calculated by the
following equation: (a)

n -5 14 ' ' --X-Ssns : GRASP2
- -5 : GRASP2
<AEnI>:C7(7 ' () 12 - .,522'5 : GRASP2
10} 5snf: NISEM
whereC;, is the average of AES at the=7 orbital. E 8l .
(i) Energy distributions of the &°3d3,4f., and @ ol i
3d*%-3d2,,4f,, transition array due to one spectator elec- <
tron oni(Jinitial3d - Jinitial4r) - The energy root mean square ar |
spread(ERMSS is calculated by the following procedure. 2f -
We separate two groups from the single-spectator satellite 0 . ) .
lines. One is on the higher energy side which we call the 4 Pringi al Quanstum Numb7er n 8
3d'%3d?2,,4f,, group, and the other is on the lower energy P
side which we call the 8'°-3d 3,,4f.,, group. For example, (b)
the ERMSS of the 8%°-3d3,,4f., transition array is 10 . . _
- -6sns : GRASP2
12 . X - -6snp : GRASP2
2 A(Ei~Ead’ [ ‘ 3 ent  NISEW -
on(312,5/2= , (8 =6l i
A "

; | ﬁ 4t P .
whereE,,. is average energy of thed3’-3d2,,4f,, group, 2l ]
E, andA; are theith emission energy and Einstef coef-
ficient, respectively. Using EQq(8), we calculated the o4 L 5 % 3
ERMSS of the 8-4f transitions of nickel-like gold ions Principal Quantum Number n
with one spectator electron in orbitals of principal quantum
numbers from 5 to 7. In Figs.(@ and 1b), we plotted the FIG. 9. () Comparison of AESs for &nl spectator satellites by

ERMSS of thens, np, nd, nf, ng, nh, and ni single-  NjSEM and by elaboraterasp2calculations. Solid lines with solid
spectator satellite lines. We have found that the ERMSSsircles: NISEM. Broken lines with open circlesraspzfor 5sns
decrease in proportion to an inverse power of the principaBroken lines with open trianglessrasp2for 5snp. Broken lines
quantum numben. However, there is no clear dependencewith open inverted trianglesraspzfor 5snd  n is the principal
of the ERMSS on the azimuthal quantum numher guantum number(b) Same as ina), but for 6snl.
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FIG. 10. (a) Comparison of the ERMSSs foshsspectator satellites by NISEM and by theaspz given separately for@°-3d3$,,4fs),
and 31%-3d2,,4f,,. Broken lines with open circles:d3%3d3,,4fs, by GrasP2 Solid line with solid circles: those by NISEM. Broken
lines with open triangles: ERMSSs ofi¥-3d$,,4f,, by Grasp2 Solid line with solid triangles: those by NISENb) Same as ina), for
5snp spectator satellitegc) Same as i), for 6snsspectator satellitegd) Same as in(a), for 6snd spectator satellites.

introduce the following formula for an empirical expression Accordingly, we propose the following formulas:

for the SEA:

> A=0.0179N, (9)

Here, 0.017 91 in the empirical formula E() has been
determined by fitting the SEA of Eq9) to the results of the
precise numerical atomic structure calculations vaHnsP2
The values oN of the 3d-4f transitions for ions witls, p,
d, f, g, h, andi spectator orbitals are given in Table Ill.

B. Noninteracting spectator electron model(NISEM)

(AEp e, ) =(AEL) +(AEq )+, (10
and
Un|,n’|’,...:\U§|+Un’|’+"', (11)

where(AE, /... ) andoy, . are the AES and ERMSS
of the system with many spectator electronsnin n’l’,...
orbitals. The quantitieéAE,,) ando,, are the AES and the
ERMSS with one spectator electron in theorbital, respec-
tively. The third parameter SEA of the system with many

We introduce the NISEM in this section in order to ex- spectator electrons is given by E®). In other words, we

trapolate the results obtained by therasp2calculations for

anticipate the additivity of the AES an@RMSS? with re-

the cases of one or two spectator electrons to the cases gfect to the number of spectator electrons.

three or more spectator electrons. As pointed out in a previ- Now, the formulas in Eqs9), (10), and(11) have been

ous section, correlations between spectator electrons ametroduced by neglecting the correlations among the specta-
weak in the present ionic system. In the NISEM, the corretor electrons based on the observation of the characteristics

lations are neglected.

of the present system, which was reviewed briefly in a pre-

We may expect that the AES of the system with a couplevious section. However, it would still be worthy to examine
of spectator electrons is the sum of AESs of the system witlthe feasibility of the model NISEM by comparing the
a single-spectator electron in the corresponding orbitals. It iINISEM output with the results of therasp2calculations. In
also expected that the ERMSS of the many-spectatorthe following, the NISEM calculations are compared with
electron system is the square root of the sum of the squardBe GRASP2calculations for the case of a nickel-like gold ion
of the ERMSSs for the single-spectator-electron systemswith two spectator electrons. Namely, AES, ERMSS, and
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FIG. 11. Comparison of the SEAs forsBl spectator satellites

by NISEM and by elaboraterasp2calculations. Broken line with
open circles:GrasP2 Solid line with solid circles: NISEM. The ! wmmeren 1 spectator electron case

notation a.u. represents atomic units. =¥ | 1 e ator cloctions case

1-3 spectator electrons case

_—
o
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SEA obtained by thesrAsP2 code are compared with the
corresponding ones from Eg®), (10), and(11).

Figures 9a) and 9b) show the AESs for the case of two
spectator electrons in thesBl and &nl orbitals ( =s,p,d).
The discrepancy between the model and precise calculations
is less than a few percent. Those AESs are, therefore, con-
firmed to be additive within an error of a few percent. i

Figures 10a), 10(b), 10(c), and 1@d) show ERMSSs for 2.45 2.5 255 2.8 2.65
the case of two spectator electrons in tren§ 5snp, and Emission Energy [keV]
6sns orbitals withn=5, 6, and 7. In the cases other thast 5
or 6s? the agreement of Ed11) with the GRASP2result is
good and the discrepancy is less than a few percent. The T
ERMSSs can be extrapolated by using Etl) within an
error of a few percent. However, we can find a couple of
exceptions in Figs. 1@ and 1Qc). One sees that the
NISEM formula does not reproduce the ERMSS by the de-
tailed calculation in the cases of the?5and 62 spectator-
electron configurations. The reason is that the svetectrons
in the same shell form a closed shell, which has no freedom
of electronic configurations to allow the statistical consider-
ation. Consequently, Eq11) overestimates the data for the J .
closed shell cases. 2.45 2.5 2.55 2.6 2.65

Figure 11 shows the SEAs for the case of two spectator Emission Energy [keV]
electrons in the § and 7 orbitals. The agreement is good
between Eq(9) and precisecRASP2 calculations. The dis-
agreement is less than a few percent.

Intensity [arbitrary unit]

-
O
~

----- 1 spectator electron case
-——1-2 spectator electrons case
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FIG. 12. (a) Spectral profile of 8-4f transitions from nickel-
like gold plasma with many spectator electrons at the electron den-
sity of 1.5x10?° cm™2 and at the electron temperature of 0.8 keV.
Dotted lines include up to one spectator electron in the principal
guantum number 5—7. Short broken lines include up to two specta-
tor electrons. Long broken lines include up to three spectator elec-
trons. Solid lines include up to four spectator electrghsSame as

In laser-produced dense plasmas, highly ionized ions maip (@) for the electron temperature of 1.0 keV. Dotted lines, short
have many spectator electrons that influence the spectral proroken lines, and solid lines are for up to one spectator electron, up
files. By assuming a certain distribution for the population ofto two spectator electrons, and up to three spectator electrons, re-
spectator states, we can construct spectral profiles of a regpectively.(c) Same as in(@ for the electron temperature of 1.5
p|asma_ Furthermore’ we can determine the p|asma pararhev. Broken lines and solid lines are for up to one spectator elec-
eters by comparing the result with experiments. Under LTEon and up to two spectator electrons, respectively.
(local thermodynamic equilibriupnconditions, we calculate
the spectral profiles of thed34f transitions in a gold plasma gpectator electrons are distributed in the range of principal
in the following subsections and further make a trial to Ob'quantum numbers 5, 6, and 7. Figure$al212(b), and 12c)
tain a plasma temperature out of the experimental spggfra show the spectral profiles at the electron densityx1L&>
cm 2 and the electron temperatures 0.8, 1.0, and 1.5 keV,
respectively. We find that the spectral profiles with a broad
red wing are produced within the framework of NISEM and

We have calculated the emission spectra of tle43 LTE. In these figures, “the one-spectator-electron case” in-
transitions from nickel-like gold plasmas in which severaldicates the spectral profiles including zero to one spectator

IV. SPECTRAL PROFILE BY NISEM
FOR THE SYSTEMS WITH MANY SPECTATOR
ELECTRONS

A. 3d-4f transitions of nickel-like gold ions
with many spectator electrons
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Cu-like e gold ions are obtained by shifting the spectral profile of
_::(iipinment nickel-like gold ion using Eq(7). As for the population of
i these ions, we used the LTE model. Although the applicabil-
ity of LTE for those ionic populations is not sure, we assume
LTE as the first trial in the present paper, in order to see how
] the overall spectra look. The electron density is fixed at
1.5x10% cm 3. By varying the electron temperature, we

have found that 0.63 keV for the electron temperature gives
""" ] the best fit. The comparison of NISEM spectra at the best fit
/ ; ) | . condition with experiments is given in Fig. 13. As found in
2.4 2.45 2.5 255 2.6 2.65 2.7 this figure, the experimental spectra are reproduced qualita-
Emission Energy [keV] tively even in the framework of NISEM and LTE.

Intensity [arbitrary unit]

FIG. 13. NISEM spectra for thec®4f transition of nickel, cop-
per, zinc, and galliumlike ions plasmas. The electron density is

1.5x107° cm ™2 and the electron temperature is 0.63 keV. Solid line | this work. we calculated the transition energies and the
represents the NISEM spectra. Broken lines represent the expeffigijjator strengths for many combinations of the states of
mental spectra given in Ref). nickel, copper, zinc, and galliumlike gold ions with one or
%WO spectator electrong\b initio multiconfiguration Dirac-
spectral profiles consisting of the sum of the spectral profile ock calculations ha_ve heen carried out. We have presented
a method for analyzing the x-ray spectra of laser-produced

for one and two spectator electrons. Similarly “the 1-3 d ol that | led th it . tator el
spectator-electrons case,” and ‘“the 1—4—spectator-electron%O plasmas nat IS cafled the noninteracting spectator elec-

case” indicate the spectral profiles consisting of the sum o ron model (NISEM). Usmg_ NISEM’ we _calculated the
-shell x-ray spectra for nickel-like gold ions with many

the spectral profiles for 1 to 3 and 1 to 4 spectator electrons,

respectively. At 0.8 keV, we find that the agreement of the>Pectator electrons. NISEM uses three quantities which char-

spectral profiles between “from 1 to 4” and “from 1 to 3” acterize the spectrum from the ions with one spectator elec-

is good. Hence, we can reproduce the real spectral profiles In ?r‘td ar(_arhobtalned from the results hqu%rgc'ss detailed
taking into account up to three spectator electrons. At 1. alculation. They aréa) average energy shif ), (b) en-

keV and 1.5 keV, we only have to take into account up toS'gy root mean square spre@eRMSS, and(c) sum of the

two spectator electrons to reproduce the real spectral proﬁleE.'ns’te_'_nA coefflmen'gs (S.EA)' .BY the use of these three
quantities for nickel-like ions, it is possible for us to calcu-

late the spectra of ions with many spectator electrons. Be-
cause the NISEM requires the detailed calculation only for

By summing up all the possible spectral profiles shown inthe one-spectator-electron case, the NISEM calculation time
Figs. 12, with some appropriately chosen weights, we conis significantly less than that of the detailed calculations. The
struct nine radiation spectra that may be directly comparedgreement between the results of NISEM and those of the
with one of the experiments; for example, the experimentatietailed calculation is very good, except for the case when
spectra shown in the paper of Bauche-Arnailal. [5]. We  two or more spectator electrons are in the same shell. In view
adjust the theoretical spectra to the experimental ones byf the degree of approximations, we can replace a fully de-
varying the electron temperature. We have included ke 3 tailed atomic structure calculation and the methods called
4f transitions of the nickel, copper, zinc, and galliumlike UTA or STA by NISEM. It is found in the present study that
gold ions. The numbers of spectator electrons considered atke results of the UTA and STA are basically consistent with
from 1 to 5, and their principal quantum numbers are from 5hose of NISEM and also with the detailed calculation re-
to 7. The spectral profiles of copper, zinc, and galliumlikesults, except for the accurate position of the line center.

V. CONCLUSION

electron, “the 1-2-spectator-electrons case” indicates th

B. Determination of plasma electron temperature
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