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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 for 3d-4 f 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 model~NISEM! 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 theory.@S1063-651X~97!00402-9#

PACS number~s!: 52.25.Nr, 52.40.Nk, 32.70.Jz
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I. INTRODUCTION

Laser-produced high-Z plasmas consist of multiply ion
ized ions, and a highly charged heavy ion accepts many e
trons in its high-lying loosely bound orbitals. In Fig. 1,
schematic drawing is given for such a situation in nickel-li
gold ions with a few spectator electrons in Rydberg orbita
Complicated atomic and radiation processes occur in
high-Z plasmas and have been investigated extensively
the authors of Refs.@1–4#. The x-ray line spectra of highly
ionized high-Z ions in laser-produced plasmas have sho
the prominence ofM -shell transitions of nickel, copper, zinc
and galliumlike ions. For example, in a gold plasma, x-r
line spectra ofM -shell transitions in the wavelength rang
from 4.2 to 5.4 Å are important. Typical experimental spe
tra ofM -shell x-ray lines of gold plasma are shown in Fig.
The spectra in this range were studied in detail by Bauc
Arnoult et al. @5#. Busquetet al.have also analyzed the gol
spectra in a similar energy range@6#. They have introduced a
broad speculative red wing in order to reproduce the spe
in the presence of densely distributed unresolvable sate
lines.

When the number of bound electrons becomes large,
line spectra may become very densely crowded. By tak
advantage of this property, an approximation called the
resolved transition array~UTA! was proposed by Bauche
Arnoult et al. @7–10#. UTA is an effective and useful tool fo
spectral analysis of high-Z plasmas. An interesting extensio
of the UTA theory to reduce the number of UTAs for com
plex cases was made by Bar-Shalomet al., who introduced
the approximation called supertransition array~STA! @11#. In
the limit of no term splitting, the STA reduces to the avera
atom model~AA ! @12#. The UTA and/or STA models are
powerful and reduce computation time significantly. The
models give energy distributions, but the determination
the exact energies of a transition array is not the objectiv
the models. To calculate the exact energy of the transi
array, we have to use a detailed calculation code. Once
exact energy of the transition array is calculated with a
551063-651X/97/55~4!/4594~8!/$10.00
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tailed calculation code, the energy distribution is norma
obtained simultaneously. Thanks to the recent progres
computer technology, we are nowadays able to calcu
both the energies and the distributions of complicated tr
sition arrays using a detailed calculation code. However,
still very difficult even for a present day computer to calc
late the huge number of line spectra of high-Z ions with
many spectator electrons. Therefore, we introduce an
proximation which is closely related to the detailed calcu
tion results.

In the present paper, we carry out a line by line calcu
tion which enables us to evaluate the x-ray spectral profi
for an arbitrary spectator electron population@13#. We use a
computer program called the general purpose relativi
atomic structure program 2~GRASP2! @14,15# for our atomic
structure calculations. The program allows us to include s
eral open shells and to include thousands of configura
state functions~CSFs! in the calculation. Furthermore, in or
der to simplify the calculation, we introduce an extrapolati
model which we call the noninteracting spectator-elect

FIG. 1. Schematic drawing of a nickel-like gold ion with a fe
extra spectator electrons in Rydberg orbitals. For example, the
ergies of the 3d-4 f transitions in the nickel-like ion core are mod
fied by the presence of the spectator electrons.
4594 © 1997 The American Physical Society
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55 4595M -SHELL X-RAY SPECTRA OF LASER-PRODUCED . . .
model~NISEM!. In the UTA and the STA line positions ar
calculated by using perturbation theory@7,11# for the case of
many-spectator electrons. However, the perturbation me
is in general not always justifiable even if the method yie
reasonable results in comparison with the experimental
sults. In this paper, we confirm the validity of our approx
mation method NISEM by comparing the results with tho
of the exact calculations for the two-spectator-electron ca
Furthermore, in UTA and STA, it has to be chosen prior
calculation whether thej - j coupled basis orLS coupled ba-
sis should be taken for the construction of radiative transit
arrays. In contrast to that, the NISEM treats the transit
array from first principles, which fully includes relativisti
effects. Our method NISEM evaluates the x-ray spectrum
a high-Z ion with many spectator electrons using the d
basis, namely, the spectra of ions with one spectator elec
which is generated by theGRASP2code. Using the NISEM,
the time for calculating the spectral profile in the man
spectator-electron case can be significantly reduced. Acc
ing to the results obtained in the present paper, the UTA
STA results are found to be basically consistent with
detailed calculations and the NISEM.

In Sec. II, we investigate the basic features of the io
system consisting of a nickel-like gold ion~Au511! plus one
or two spectator electrons. We illustrate with a couple
numerical examples the line by line calculation. In Sec.
we discuss the feasibility and effectiveness of the pres
plasma analysis based on an elaborate line by line ato
structure calculation. Furthermore, we introduce an extra
lation model called NISEM. In Sec. IV, we present the sp
tral profiles of nickel-like gold ions with many-spectat
electrons under this model and the model of local thermo
namic equilibrium~LTE!. Each spectrum has a broad re
wing similar to the spectrum discussed by Busquetet al. @6#.
We evaluate the electron temperature of the real plasma
der a fixed electron density. Conclusions are given in Sec

II. ELECTRONIC STRUCTURE OF NICKEL-LIKE
GOLD IONS WITH ONE- OR TWO-

SPECTATOR ELECTRON

Generally speaking, a single-electron orbital must be
thogonal to all the lower-lying orbitals with the same sym
metry. Namely, we must take into account all the lower-lyi

FIG. 2. Densitometer tracing of the gold spectrum from las
produced plasma in the wavelength range: 4.2–5.4 Å. The spec
consists mainly of 3d-4 f transitions of cobalt, nickel, copper, zinc
and galliumlike ions@5#.
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orbitals in a multiconfiguration atomic structure calculati
if we require the orthogonality constraint on the atomic o
bitals @16#. To obtain the Rydberg orbitals of Au1511e up to
the principal quantum numbern57 and up to the azimutha
quantum numberl5n21, we include all the configuration
composed of one of thenl orbitals with n55,6,7
and l50,1...,n21, and an ionic configuration
1s22s22p63s23p63d10. Fortunately, we need not include a
open shell ionic configuration 1s22s22p63s23p63d94 f 1 in
the calculation. The single-electron Dirac-Fock orbitals a
well defined and they are scarcely affected by the presenc
such an open shell ionic configuration. We found thats and
p orbitals are strongly influenced by relativistic effects ev
in the higher-most orbitals, whereas in others the relativis
nature is moderate. Because an electron with a lower ang
momentum may come close to the atomic nucleus, the r
tivistic effect appears even for higher Rydberg orbitals. E
amining the quantum defect, we also found that the orb
nature is well Coulombic outside the ion core. We are int
ested in the 3d-4 f transition in the presence of one or tw
spectator electrons. In this transition, there is, in principle
chance for the spectator electrons to be shaken up or d
into different spectator orbitals. However, it is quite rare
the present case, because the single-electron orb

-
m

FIG. 3. Oscillator strength distribution ofnd1 spectator
electron satellites for transitions:
Au501 1s22s22p63s23p63d94 f 1nd1(n55,6,7)
→Au501 1s22s22p63s23p63d10nd1.
The 3d-4 f diagram lines are also presented for comparison as th
bars.

FIG. 4. Oscillator strength distribution of 5p6d
double spectator electron satellites for transitions:
Au491 1s22s22p63s23p63d94 f 15p16d1

→Au491 1s22s22p63s23p63d105p16d1.
The 3d-4 f diagram lines are also presented for comparison as th
bars.
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TABLE I. Spectral parameters for 3d-4 f transitions in the nickel-like gold ion usingGRASP2@14,15#.

Initial
Ji

Initial configuration
j ( j 3d, j 4 f )

Final
Jf

Emission energy
~keV! Wavelength~Å!

A coefficient
~a.u.!

l ~5/2, 5/2! 0 2.471 712 9 5.016 126 5 8.630 929 031027

l ~5/2, 7/2! 0 2.507 626 8 4.944 286 2 5.083 871 431023

l ~3/2, 5/2! 0 2.596 308 2 4.775 415 5 1.304 308 631022
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are well defined and therefore the effect of electron corre
tion is small. We can regard the spectator electrons as
‘‘real’’ spectators; they watch the 3d-4 f transition with no
interference. We are allowed to employ a two-state appro
mation for the calculation of oscillator strengths for the sp
tator satellite lines. Finally, we have examined the effect
electron correlation between two spectator electrons. A
whole, it has turned out that we need only two ionic states
a core state for the spectator state calculation; they are A511

1s22s22p63s23p63d10 and Au521 1s22s22p63s23p63d9.
We calculated the oscillator strengths of the 3d-4 f tran-

sitions of Au521 ~cobaltlike!, Au511 ~nickel-like!, Au501

~copperlike!, and Au491 ~zinclike! ions. Energy positions for
each transition agree with experiment to almost three di
and also agree well with previous calculations@6#. We com-
pared the oscillator strengths with the Coulomb gauge ca
lation @17#, which corresponds to the velocity form calcul
tion in the nonrelativistic terminology, and the Babushk
gauge calculation, which corresponds to the length form
culation. We found that both results agree with each othe
within 10% for all the transitions.

We further made calculations for those ions with one
two spectator electrons. The spectator electrons are dis
uted within the range of the single-electron principal qua
tum numbern from 5 to 7. Normally, the spectator electron
shift the spectral peak positions towards the lower ene
side, because they reduce the effective nuclear charge w
the 3d and 4f subshell electrons feel. The accuracy of t
satellite line positions cannot be compared with experime
because the experimental spectra form a continuum du
the numerous emission lines. We expect the accuracy o
present satellite energy positions to be more or less the s
as for the diagram lines.

FIG. 5. Effects of the spectator electrons in 3d-4 f transitions of
nickel-like gold plasmas. Dashed line: EinsteinA coefficients of
diagram lines. Thick vertical bars: EinsteinA coefficients of satel-
lite lines. Thick Gaussian-like curve: same as the previous e
but obtained by NISEM. The NISEM curves are characterized
three parameters:~a! average energy shift,~b! energy root mean
square spread, and~c! sum of EinsteinA coefficients.
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Figure 3 shows an example of the oscillator strength d
tribution for one-spectator-electron satellites correspond
to the transitions

Au501 1s22s22p63s23p63d94 f 1nd1~n55,6,7!

→1s22s22p63s23p63d10nd1, ~1!

together with the diagram lines corresponding to the tran
tions

Au511 1s22s22p63s23p63d94 f 1→1s22s22p63s23p63d10.
~2!

Figure 4 shows an example of the oscillator strength d
tribution for two-spectator-electron satellites correspond
to the transitions

Au491 1s22s22p63s23p63d94 f 15p16d1

→1s22s22p63s23p63d105p16d1, ~3!

together with the diagram lines.

III. APPROXIMATION METHOD FOR ANALYSIS
OF X-RAY SPECTRUM OF HIGH- Z IONS
WITH MANY SPECTATOR ELECTRONS

In a real plasma, we have normally a considerable po
lation of three or more electrons in the spectator orbita
However, the increasing number of configurations that
taken into account in the multiconfiguration Dirac-Fock c
culation increases the calculation time for the line by li
calculation exponentially. For example, when the number
spectator electrons increases from 1 to 3, the number ofd-
4 f transitions of the nickel-like gold ion increases expone

ry
y

FIG. 6. Average energy shift~AES! of the 3d-4 f transition for
a nickel-like gold ion with one spectator electron in annl orbital
usingGRASP2@14,15#. Dashed line: AES by Eq.~7!. n is the prin-
cipal quantum number, ands, p, d, f , g, h, andi are the azimuthal
quantum numbers.
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TABLE II. Average energy shift~AES! in eV of the 3d-4 f transition for nickel-like gold with one
spectator electron in annl orbital obtained usingGRASP2. n is the principal quantum number, andl is the
azimuthal quantum number.

n\ l 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 20.552 00
7 0.936 00 0.992 00 1.0430 1.0860 0.293 00 20.588 00 20.881 00
se
th

n
an
ra
at

n
ns

llite
in

r-
-

the
c-

en-
tor

n-

-

tially like 63104, 23106, and 13109, respectively. There-
fore, we have to explore a method to extrapolate the pre
result for the cases of one or two spectator electrons to
cases of three or more spectator electrons.

A. Three quantities associated with transition array

Three lines appear in 3d-4 f transitions of a nickel-like
gold ion ~Table I!. When the ion has one spectator electro
the spectral positions shift toward the lower energy side,
the number of satellite lines included in each transition ar
increases. However, these satellite lines are still separ
into three transition arrays which are 3d10-3d 3/2

9 4 f 5/2,
3d10-3d 5/2

9 4 f 7/2, and 3d10-3d 5/2
9 4 f 5/2. Among these transi-

tions, 3d10-3d 5/2
9 4 f 5/2 has an extremely small transitio

probability compared with those of the other configuratio

FIG. 7. ~a! Energy root mean square spread~ERMSS! of the
3d10-3d 3/2

9 4 f 5/2 transitions for nickel-like gold ions with one spec
tator electron in thenl orbital usingGRASP2. n is the principal
quantum number ands, p, d, f , g, h, and i are the azimuthal
quantum numbers.~b! Same as in~a! except that the transition is
3d10-3d 5/2

9 4 f 7/2.
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Therefore the 3d10-3d 5/2
9 4 f 5/2 transition is neglected. If we

approximate 3d10-3d 3/2
9 4 f 5/2 and 3d

10-3d 5/2
9 4 f 7/2 transition

arrays by two Gaussian spectra, we find that these sate
lines are described using the three quantities illustrated
Fig. 5. These are the following.

~i! The average transition energy shift from the line co
responding to the 3d-4 f transition without a spectator elec
tron, ^DEnl&, that results from a spector electron in then,l
orbit is called the AES~average energy shift!. The AES is
calculated by the following procedure.

The average energy of a transition array is defined by
following equation for the gold ion with no spectator ele
trons:

^E0&5

(
i
Ai0Ei0

(
i
Ai0

, ~4!

whereEi0 andAi0 are thei th emission energy and EinsteinA
coefficient, respectively. In the same way, the average
ergy of a transition array of the gold ion with one specta
electron is

^Espc,nl&5

(
i
Aspc,nl,iEspc,nl,i

(
i
Aspc,nl,i

, ~5!

whereEspc,nl,i ,Aspc,nl,i are the emission energy and the Ei
steinA coefficient for thei th transition of the gold ion with

FIG. 8. Sum of EinsteinA coefficients~SEA! for 3d-4 f transi-
tions of nickel-like gold ions with one spectator electron in thenl
orbital usingGRASP2. The notation a.u. represents atomic units.n
is the principal quantum number.
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TABLE III. The number of possible transitions coresponding to the 3d-4 f transition for nickel-like gold
ions with one spectator electron in annl orbital. s, p, d, f , g, h, and i indicate the azimuthal quantum
number.

Azimuthal quantum numberl s p d f g h i

The number of possible transitionsN 2 5 6 6 6 6 6
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a spectator electron in annl orbital, respectively. From thes
average energies, we define the AES as follows:

^DEnl&5^E0&2^Espc,nl&. ~6!

In a real plasma, we may have a significant population
the spectator electrons in Rydberg orbitals which are hig
than the highest one we can calculate with theGRASP2code.
Therefore, we made an extrapolation formula based on
culations of the AES for one spectator electron in the hig
principal quantum numbern states. Namely, we have exam
ined then dependence of the AES, the shift of the satell
emission lines from the corresponding diagram line. Us
Eqs.~4!, ~5!, and~6!, we calculated the AES of 3d-4 f tran-
sitions of nickel-like gold ions with one spectator electron
the orbitals of principal quantum number from 5 to 7. T
results are shown in Table II. In Fig. 6, we plotted the AE
of thens, np, nd, n f , ng, nh, andni single-spectator satel
lite lines. We have found that the shifts practically decre
in proportion ton25 and the AES can be calculated by th
following equation:

^DEnl&5C7S n7D
25

, ~7!

whereC7 is the average of AES at then57 orbital.
~ii ! Energy distributions of the 3d10-3d 3/2

9 4 f 5/2 and
3d10-3d 5/2

9 4 f 7/2 transition array due to one spectator ele
tron snl( j initial,3d , j initial,4f). The energy root mean squa
spread~ERMSS! is calculated by the following procedure
We separate two groups from the single-spectator sate
lines. One is on the higher energy side which we call
3d10-3d 5/2

9 4 f 7/2 group, and the other is on the lower ener
side which we call the 3d10-3d 3/2

9 4 f 5/2 group. For example
the ERMSS of the 3d10-3d 3/2

9 4 f 5/2 transition array is

snl~3/2,5/2!5S (
i
Ai~Ei2Eave!

2

(
j
Ai

D 1/2

, ~8!

whereEave is average energy of the 3d10-3d 5/2
9 4 f 7/2 group,

E1 andAi are thei th emission energy and EinsteinA coef-
ficient, respectively. Using Eq.~8!, we calculated the
ERMSS of the 3d-4 f transitions of nickel-like gold ions
with one spectator electron in orbitals of principal quantu
numbers from 5 to 7. In Figs. 7~a! and 7~b!, we plotted the
ERMSS of thens, np, nd, n f , ng, nh, and ni single-
spectator satellite lines. We have found that the ERMS
decrease in proportion to an inverse power of the princ
quantum numbern. However, there is no clear dependen
of the ERMSS on the azimuthal quantum numberl .
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~iii ! The total transition probability. We define the tot
transition probability by the summation of EinsteinA coef-
ficients ~SEA!. The SEAs of the 3d10-3d 3/2

9 4 f 5/2 and
3d10-3d 5/2

9 4 f 7/2 transition arrays are separated from the to
SEA according to the ratio of the EinsteinA coefficient of
3d10-3d 3/2

9 4 f 5/2 to that of 3d
10-3d 5/2

9 4 f 7/2 without spectator
electrons. We calculated the SEA of the 3d-4 f transitions of
nickel-like gold with one spectator electron with princip
quantum number values from 5 to 7. In Fig. 8, we plotted
SEA of the transitions for 5l , 6l , and 7l single-spectator
satellite lines. It is known that the strength of the 3d-4 f
transitions are not very much influenced by the presence
the spectator electrons in the orbitals under the present
sideration. On the other hand, it is found in Fig. 8 that t
SEA depends apparently on the azimuthal quantum num
This is becauseN, the number of possible transitions for th
given total angular momenta in the initial and final atom
state, depends onl . Therefore, the SEA should be propo
tional to this number. If we takeN as this number, we can

FIG. 9. ~a! Comparison of AESs for 5snl spectator satellites by
NISEM and by elaborateGRASP2calculations. Solid lines with solid
circles: NISEM. Broken lines with open circles:GRASP2for 5sns.
Broken lines with open triangles:GRASP2 for 5snp. Broken lines
with open inverted triangle:GRASP2 for 5snd. n is the principal
quantum number.~b! Same as in~a!, but for 6snl.



n

55 4599M -SHELL X-RAY SPECTRA OF LASER-PRODUCED . . .
FIG. 10. ~a! Comparison of the ERMSSs for 5snsspectator satellites by NISEM and by theGRASP2, given separately for 3d10-3d 3/2
9 4 f 5/2

and 3d10-3d 5/2
9 4 f 7/2. Broken lines with open circles: 3d10-3d 3/2

9 4 f 5/2 by GRASP2. Solid line with solid circles: those by NISEM. Broke
lines with open triangles: ERMSSs of 3d10-3d 3/2

9 4 f 1/2 by GRASP2. Solid line with solid triangles: those by NISEM.~b! Same as in~a!, for
5snp spectator satellites.~c! Same as in~a!, for 6snsspectator satellites.~d! Same as in~a!, for 6snd spectator satellites.
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introduce the following formula for an empirical expressi
for the SEA:

(
i
Ai50.01791N, ~9!

Here, 0.017 91 in the empirical formula Eq.~9! has been
determined by fitting the SEA of Eq.~9! to the results of the
precise numerical atomic structure calculations withGRASP2.
The values ofN of the 3d-4 f transitions for ions withs, p,
d, f , g, h, and i spectator orbitals are given in Table III.

B. Noninteracting spectator electron model„NISEM …

We introduce the NISEM in this section in order to e
trapolate the results obtained by theGRASP2calculations for
the cases of one or two spectator electrons to the case
three or more spectator electrons. As pointed out in a pr
ous section, correlations between spectator electrons
weak in the present ionic system. In the NISEM, the cor
lations are neglected.

We may expect that the AES of the system with a cou
of spectator electrons is the sum of AESs of the system w
a single-spectator electron in the corresponding orbitals.
also expected that the ERMSS of the many-specta
electron system is the square root of the sum of the squ
of the ERMSSs for the single-spectator-electron syste
of
i-
re
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e
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r-
es
s.

Accordingly, we propose the following formulas:

^DEnl,n8 l 8,...&5^DEnl&1^DEn8 l 8&1•••, ~10!

and

snl,n8 l 8,...5Asnl
2 1sn8 l 8

2
1•••, ~11!

where^DEnl,n8 l 8,...& andsnl,n8 l 8,... are the AES and ERMSS
of the system with many spectator electrons innl, n8l 8,...
orbitals. The quantitieŝDEnl& andsnl are the AES and the
ERMSS with one spectator electron in thenl orbital, respec-
tively. The third parameter SEA of the system with ma
spectator electrons is given by Eq.~9!. In other words, we
anticipate the additivity of the AES and~ERMSS!2 with re-
spect to the number of spectator electrons.

Now, the formulas in Eqs.~9!, ~10!, and ~11! have been
introduced by neglecting the correlations among the spe
tor electrons based on the observation of the characteri
of the present system, which was reviewed briefly in a p
vious section. However, it would still be worthy to examin
the feasibility of the model NISEM by comparing th
NISEM output with the results of theGRASP2calculations. In
the following, the NISEM calculations are compared wi
theGRASP2calculations for the case of a nickel-like gold io
with two spectator electrons. Namely, AES, ERMSS, a
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SEA obtained by theGRASP2 code are compared with th
corresponding ones from Eqs.~9!, ~10!, and~11!.

Figures 9~a! and 9~b! show the AESs for the case of tw
spectator electrons in the 5snl and 6snl orbitals (l5s,p,d).
The discrepancy between the model and precise calcula
is less than a few percent. Those AESs are, therefore,
firmed to be additive within an error of a few percent.

Figures 10~a!, 10~b!, 10~c!, and 10~d! show ERMSSs for
the case of two spectator electrons in the 5sns, 5snp, and
6sns, orbitals withn55, 6, and 7. In the cases other than 5s2

or 6s2, the agreement of Eq.~11! with the GRASP2result is
good and the discrepancy is less than a few percent.
ERMSSs can be extrapolated by using Eq.~11! within an
error of a few percent. However, we can find a couple
exceptions in Figs. 10~a! and 10~c!. One sees that the
NISEM formula does not reproduce the ERMSS by the
tailed calculation in the cases of the 5s2 and 6s2 spectator-
electron configurations. The reason is that the twos electrons
in the same shell form a closed shell, which has no freed
of electronic configurations to allow the statistical consid
ation. Consequently, Eq.~11! overestimates the data for th
closed shell cases.

Figure 11 shows the SEAs for the case of two specta
electrons in the 5s and 7l orbitals. The agreement is goo
between Eq.~9! and preciseGRASP2 calculations. The dis-
agreement is less than a few percent.

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

ELECTRONS

In laser-produced dense plasmas, highly ionized ions m
have many spectator electrons that influence the spectral
files. By assuming a certain distribution for the population
spectator states, we can construct spectral profiles of a
plasma. Furthermore, we can determine the plasma pa
eters by comparing the result with experiments. Under L
~local thermodynamic equilibrium! conditions, we calculate
the spectral profiles of the 3d-4 f transitions in a gold plasma
in the following subsections and further make a trial to o
tain a plasma temperature out of the experimental spectra@5#.

A. 3d-4f transitions of nickel-like gold ions
with many spectator electrons

We have calculated the emission spectra of the 3d-4 f
transitions from nickel-like gold plasmas in which seve

FIG. 11. Comparison of the SEAs for 5s7l spectator satellites
by NISEM and by elaborateGRASP2calculations. Broken line with
open circles:GRASP2. Solid line with solid circles: NISEM. The
notation a.u. represents atomic units.
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spectator electrons are distributed in the range of princ
quantum numbers 5, 6, and 7. Figures 12~a!, 12~b!, and 12~c!
show the spectral profiles at the electron density 1.531023

cm23 and the electron temperatures 0.8, 1.0, and 1.5 k
respectively. We find that the spectral profiles with a bro
red wing are produced within the framework of NISEM an
LTE. In these figures, ‘‘the one-spectator-electron case’’
dicates the spectral profiles including zero to one spect

FIG. 12. ~a! Spectral profile of 3d-4 f transitions from nickel-
like gold plasma with many spectator electrons at the electron d
sity of 1.531023 cm23 and at the electron temperature of 0.8 ke
Dotted lines include up to one spectator electron in the princ
quantum number 5–7. Short broken lines include up to two spe
tor electrons. Long broken lines include up to three spectator e
trons. Solid lines include up to four spectator electrons.~b! Same as
in ~a! for the electron temperature of 1.0 keV. Dotted lines, sh
broken lines, and solid lines are for up to one spectator electron
to two spectator electrons, and up to three spectator electrons
spectively.~c! Same as in~a! for the electron temperature of 1.
keV. Broken lines and solid lines are for up to one spectator e
tron and up to two spectator electrons, respectively.
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electron, ‘‘the 1–2-spectator-electrons case’’ indicates
spectral profiles consisting of the sum of the spectral profi
for one and two spectator electrons. Similarly ‘‘the 1–
spectator-electrons case,’’ and ‘‘the 1–4-spectator-electr
case’’ indicate the spectral profiles consisting of the sum
the spectral profiles for 1 to 3 and 1 to 4 spectator electro
respectively. At 0.8 keV, we find that the agreement of
spectral profiles between ‘‘from 1 to 4’’ and ‘‘from 1 to 3’
is good. Hence, we can reproduce the real spectral profile
taking into account up to three spectator electrons. At
keV and 1.5 keV, we only have to take into account up
two spectator electrons to reproduce the real spectral profi

B. Determination of plasma electron temperature

By summing up all the possible spectral profiles shown
Figs. 12, with some appropriately chosen weights, we c
struct nine radiation spectra that may be directly compa
with one of the experiments; for example, the experimen
spectra shown in the paper of Bauche-Arnoultet al. @5#. We
adjust the theoretical spectra to the experimental ones
varying the electron temperature. We have included thed-
4 f transitions of the nickel, copper, zinc, and galliumlik
gold ions. The numbers of spectator electrons considered
from 1 to 5, and their principal quantum numbers are from
to 7. The spectral profiles of copper, zinc, and galliumli

FIG. 13. NISEM spectra for the 3d-4 f transition of nickel, cop-
per, zinc, and galliumlike ions plasmas. The electron density
1.531023 cm23 and the electron temperature is 0.63 keV. Solid li
represents the NISEM spectra. Broken lines represent the ex
mental spectra given in Ref.@5#.
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gold ions are obtained by shifting the spectral profile
nickel-like gold ion using Eq.~7!. As for the population of
these ions, we used the LTE model. Although the applica
ity of LTE for those ionic populations is not sure, we assum
LTE as the first trial in the present paper, in order to see h
the overall spectra look. The electron density is fixed
1.531023 cm23. By varying the electron temperature, w
have found that 0.63 keV for the electron temperature gi
the best fit. The comparison of NISEM spectra at the bes
condition with experiments is given in Fig. 13. As found
this figure, the experimental spectra are reproduced qua
tively even in the framework of NISEM and LTE.

V. CONCLUSION

In this work, we calculated the transition energies and
oscillator strengths for many combinations of the states
nickel, copper, zinc, and galliumlike gold ions with one
two spectator electrons.Ab initio multiconfiguration Dirac-
Fock calculations have been carried out. We have prese
a method for analyzing the x-ray spectra of laser-produ
gold plasmas that is called the noninteracting spectator e
tron model ~NISEM!. Using NISEM, we calculated the
M -shell x-ray spectra for nickel-like gold ions with man
spectator electrons. NISEM uses three quantities which c
acterize the spectrum from the ions with one spectator e
tron and are obtained from the results of precise deta
calculation. They are~a! average energy shift~AES!, ~b! en-
ergy root mean square spread~ERMSS!, and~c! sum of the
Einstein A coefficients ~SEA!. By the use of these thre
quantities for nickel-like ions, it is possible for us to calc
late the spectra of ions with many spectator electrons.
cause the NISEM requires the detailed calculation only
the one-spectator-electron case, the NISEM calculation t
is significantly less than that of the detailed calculations. T
agreement between the results of NISEM and those of
detailed calculation is very good, except for the case wh
two or more spectator electrons are in the same shell. In v
of the degree of approximations, we can replace a fully
tailed atomic structure calculation and the methods ca
UTA or STA by NISEM. It is found in the present study tha
the results of the UTA and STA are basically consistent w
those of NISEM and also with the detailed calculation
sults, except for the accurate position of the line center.
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