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EfFects of electric microfields on argon dielectronic satellite spectra in laser-produced plasmas
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Theoretical spectral-line profiles have been obtained for dielectronic satellite transitions in heli-
umlike and lithiumlike argon ions. Particular emphasis has been given to the systematic and self-
consistent incorporation of the non-local-thermodynamic-equilibrium autoionizing-level popula-
tions, together with the line-broadening effects, which are due to autoionization processes, radiative
transitions, electron collisions, and the action of the plasma ion-produced electric microfields. An
investigation has been carried out of the effects of the plasma electric microfields on predicted
dielectronic satellite line-intensity ratios, and a discussion is presented on the consequences of the
electric-microfield effects for the spectroscopic determination of basic physical properties in laser-
produced plasmas.

I. INTRODUCTION

The analysis of the dielectronic satellite lines emitted
from autoionizing states of atomic ions has proved to be
useful for the spectroscopic determination of the temper-
ature and density of laser-produced plasmas. Both
satellite —to —resonance-line and relative satellite-line in-
tensity ratios have been employed in this analysis. The
spectral-line intensities and line-profile functions which
are required for the prediction of these intensity ratios
are determined by the combined actions of a multitude of
elementary atomic collision and radiation processes, and
the rates and line-profile parameters describing these pro-
cesses are in turn dependent on the temperature and den-
sity in the plasma.

Considerable effort has been expended in the develop-
ment of the theoretical basis for the prediction of these
spectral-line intensities and line-profile functions. Ele-
mentary atomic processes such as electron collisional
transitions, spontaneous radiative emissions, and autoion-
ization processes have been taken into account in detailed
theoretical treatments. ' Recently, Banon and co-workers
have investigated the broadening of dielectronic satellite
lines by the action of the plasma electric microfields, em-
ploying two-state eigenvalue calculations of ion-
microfield-induced energy-level shifts but assuming
local-thermodynamic-equilibrium (LTE) autoionizing-
level populations. These results clearly show the im-
portance of field-mixing effects among certain doubly ex-
cited states.

The primary objective of the present investigation has
been the systematic determination of the spectral-line in-
tensities and line profile functions for dielectronic satel-
lite transitions by self-consistently taking into account, in

both the determination of the non-LTE level populations
and the description of the line broadening, the same set of
elementary atomic autoionization, radiative decay, and
electron collision processes, together with the effects of
the plasma ion-produced electric microfields. Results of
our calculations will be presented for dielectronic satellite
transitions in heliumlike and lithiumlike argon ions. In
each case all the relevant 212l' and 1s2l2l' doubly excited
states together with the 1s2I and 1s 2I singly excited
states have been included in our calculation. These tran-
sitions give rise to prominent spectroscopic features in
laser-produced plasmas, which have been extensively
used for determinations of basic plasma properties.

II. DESCRIPTION
OF THE SPECTRAL-LINE-PROFILE CALCULATION

Using the static-ion approximation in the general
overlapping-line-shape theory, the spectral-line-profile
function may be expressed in the form

I(co)= f P( )EJ( c,o)Ed e, (I)
0

where P(E) denotes the static-ion-produced electric-
microfield probability distribution function and J(co, E)
is the electron-collision-broadened line-profile function
evaluated for the particular value c of the ion-produced
electric microfield. The electron-collision-broadened
line-profile function may be presented, using Liouville-
space notation, in the form

J(co, E)
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Here, i and f represent, respectively, the initial and final
states of the atomic system undergoing the radiative tran-
sition (the radiator), p is the density operator represent-
ing the population distribution among the initial atomic
levels, which is assumed to have only diagonal matrix ele-
ments p;, d is the radiator dipole-moment operator,
M(co) is the tetradic frequency-dependent electron col-
lisional broadening operator, and Lz(e) is the radiator
Liouville-space operator. Lz(E) can be defined as the
commutator

L~(E)=[H~(E), ]

where Hz(E) is the Hamiltonian for the radiating atomic
system in the presence of the ion-produced electric field E.

The electron collisional broadening operator M(co) has
been evaluated to second order in the radiator-electron
interaction, which is taken to be the long-range dipole in-
teraction. The evaluation of M(co) involves an average
over the perturbing electron states, which are represented
in this investigation by Coulomb wave functions. The
form of the electron collisional broadening operator is
discussed further in Refs. 7 and 8.

The formalism described above has provided the basis
for a multielectron ion spectral-line broadening code,
which has been employed for the calculation of the
resonance-line profiles broadened by the plasma-electron
collisions and the action of the plasma ion-produced elec-
tric microfields. In the present investigation for dielect-
ronic satellite transitions, this code has been extended to
incorporate the additional broadening due to radiative
transitions and autoionization processes and to utilize
non-LTE autoionizing-level populations.

The input data set that is required for the operation of
the spectral-line-broadening code includes the unper-
turbed energy-level eigenvalues and the reduced matrix
elements of the dipole-moment operator for the transi-
tions of interest. The required data set has been obtained
from the relativistic rnulticonfiguration atomic structure
codes of Cowan. The plasma ion-produced electric-
microfield distribution must also be supplied. This distri-
bution has been calculated using the electric-microfield
codes of Tighe and Hooper. The peaks of the microfield
distributions used in this work are at 1.74 X 10',
8.07X10', and 3.74X10" Vm ' for electron densities
of 10, 10, and 10 cm . In the present calculation,
the spectral-line-broadening profile function has been
evaluated using an unperturbed atomic basis set. Conse-
quently, the effects of the ion-produced electric microfield
are described by off-diagonal matrix elements of the radi-
ator Hamiltonian Hz (E), as is discussed in Ref. 8.

The broadening due to the combined mechanisms of
autoionization, radiative decay, and electron collisions, to
a first approximation, can be described by the sum of the
widths that each individual mechanism would produce
when acting alone. ' The spectral-line-broadening code
generates the tetradic matrix M (co), which represents the
electron collisional broadening. To take into account
the additional broadening due to autoionization and radi-
ative decay processes, we have augmented the diagonal
elements of this tetradic matrix to include the corre-

III. DIELECTRQNIC SATELLITE TRANSITIONS
IN HELIUMLIKE AND LITHIUMI. IKE ARGON

In this section we present our theoretical results for the
profiles of the dielectronic satellite lines of heliumlike and
lithiumlike argon. We have investigated the relative im-

portance of the broadening due to electron collisions
(EC), radiative decay (RD), autoionization (AI), and the
Doppler effect. We present comparisons of satellite-line
profiles calculated with and without the ion-produced
electric-microfield effects, and we show comparisons of
the satellite-line profile calculated using LTE and non-
LTE populations for the autoionizing levels. We have
considered electron densities from 10 to 10 cm; this
approximately covers the density range between the re-
gions of validity of the coronal and LTE models for the
atomic level populations.

In Fig. 1, we show comparisons of the He-like Ar
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FIG. 1. Heliumlike argon 1s21-2121' satellite-line profiles
broadened by electron collisions (dotted curve), by electron col-
lisions, radiative decay, and autoionization (solid curve), by
electron collisions, radiative decay, autoionization, and the
Doppler effect (dashed curve). Temperature, 1000 eV; electron
density, 10 cm

sponding spontaneous widths, which are independent of
the electric field. The field-induced mixing of the au-
toionizing states, which is described by the matrix inver-
sion in Eq. (2), results in field-dependent widths. When
the Stark splitting of the autoionizing levels is small in
comparison with their separation, the widths are predict-
ed, using the quadratic-Stark-effect approximation, to be
proportional to c . When the Stark splitting is compara-
ble to the level separation, the field dependence of the
width becomes much weaker. To incorporate non-LTE
plasma effects, the matrix elements of the density opera-
tor p have been determined by employing the non-LTE
autoionizing-level population densities that have been ob-
tained using the atomic physics model described in Ref.
1. The effects of interference between autoionization and
radiative decay were investigated using the same model,
and were found to be small for the plasma conditions of
this work. The inhuence of the ion-produced electric
microfields on the populations of the autoionizing levels
and the explicit field dependence of their linewidths will
be investigated in an extension of the present calculation,
which will be presented in a separate publication.
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1s2l —2l21' satellite-line profiles broadened only by EC
(dotted curve), by EC, RD, and AI (solid curve), and by
EC, RD, AI, and the Doppler effect (dashed curve).
These profiles do not include ion microfield effects and
have been calculated for a temperature of 1000 eV and an
electron density of 10 cm . Non-LTE autoionizing-
level populations were utilized in this calculation. At this
density, the EC broadening is about as effective as the
broadening due to RD and AI. At 10 cm the EC
broadening, which is proportional to the electron density,
is expected to be negligible in comparison with the RD
and AI broadening. At 10 cm the EC broadening is
predicted to be dominant over the RD and AI broaden-
ing. In the density range from 10 to 10 cm, the
Doppler broadening is found to be dominant over the
EC, RD, and AI broadening. At a density of 10 cm
however, the EC broadening exceeds the Doppler
broadening.

Figure 2 shows a comparison of He-like Ar satellite-
line profiles calculated with (solid curve) and without
(dashed curve) the inclusion of the broadening resulting
from the action of the ion-produced electric microfields.
The line profiles presented in this figure (as well as those
shown in Figs. 3 —6) include the EC, RD, AI, and
Doppler broadening. As indicated, these line profiles
were calculated for electron densities of 10, 10, and
10 cm and for a temperature of 1000 eV. Non-LTE
autoionizing-level populations were utilized for these cal-
culations. The peak at 3289 eV is associated with the
1s2p 'P —2p 'D transition. The peaks between 3290 and
3300 eV correspond to the 1s2p P —2p P and
1s2s S—2s 2p P transitions. The peak at 3303.4 eV
arises from the 1s2s 'S —2s2p 'P transition. The 2s2p 'P
and 2p 'D autoionizing levels are very close to each oth-
er in energy (0.9 eV) and are strongly mixed by the action
of the ion-produced electric microfields. This mixing
gives rise to forbidden transitions, which can be seen near
3286 and 3306 eV. In Refs. 10 and 11, a numerical fitting
of Lorentzian profile functions to experimental He-like
Ar satellite-line profiles was performed to determine the
ratios of the individual component intensities. The fitting
program employed in these references consistently pre-
dicted a Lorentzian line profile located to the left of the
1s2p 'P —2p 'D transition. The line profiles calculated in
the present investigation indicate that this peak, which
was not identified in Refs. 10 and 11, is associated with
the forbidden transition 1s2p 'P —2s2p 'P. The relatively
small separation of the 2s2p 'P and 2p 'D autoionizing
levels also causes them to exhibit large Stark shifts, and
hence a relatively large ion-produced electric-microfield
broadening, in comparison with that of the triplet transi-
tions. Ion-produced electric-microfield broadening be-
gins to be significant for the singlet transitions at a densi-
ty of only 10 cm, and it becomes the predominant
broadening mechanism for higher densities. He-like Ar
satellite-line profiles calculated at the same densities and
at a lower temperature of 600 eV were found to be slight-
ly narrower than for the 1000-eV case. The overall line
shapes were found to be almost the same as those ob-
tained at the higher 1000-eV temperature, reAecting the
temperature insensitivity of the relative populations for

the He-like Ar autoionizing levels over this particular
temperature range. The intensity ratios of various com-
ponents of the He-like Ar satellite lines have been exten-
sively investigated in connection with the spectroscopic
determination of plasma densities and temperatures, "'"
but ion-produced electric-microfield effects were not tak-
en into account in those investigations.

Figure 2 shows that the ion-produced electric
microfields can have significant effects on the individual
line intensity ratios that involve the singlet transitions.
The electric-microfield-induced mixing of radiator states
is found to result in a transfer of line intensity from each
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FICx. 2. Heliumlike argon 1s2I-212l satellite-line profiles, in-
cluding (solid curve) and neglecting (dashed curve) the effects of
the ion-produced electric microfields. Temperature, 1000 eV;
electron density: (a) 10, (b) 10, and (c) 10 cm . The tran-
sitions which contribute to these profiles are (a)
1s2p 'P —2p~ 'D, (P) ls2p 'P 2p23P, (y)ls2s 'S —2s—2p 'P, (5)
1s2s 'S—2s2p 'P, (p) and (1/) forbidden transitions arising from
field-induced mixing of 2s2p 'P and 2p 'D.
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allowed transition to forbidden transitions having the
same final atomic level. The total intensity of allowed
plus forbidden transitions involving these n=2 levels is
found to be little affected by the presence of the electric
microfields. We note that in the current version of our
calculation, the inhuence of the ion-produced electric
microfields on the autoionizing-level populations has not
been taken into account and the unperturbed widths are
independent of the field.

In this connection, the electron-density-sensitive inten-
sity ratio of the triplet transitions 1s2p P —2p P and
1s2s S—2s2p P with respect to the singlet 1s2p 'P
—2p 'P is expected to increase in comparison with the
value obtained using field-independent spectral-line
analysis. For example, we have estimated that for an
electron density of 10 cm, inclusion of ion microfield
effects changes this ratio from 0.66 to 0.82. The ratio of
0.82 corresponds to a density of 2X10 cm in a field-

independent analysis. Consequently, an electron-density

determination based on this ratio but neglecting field-
mixing effects will tend to overestimate the electron den-
sity. This is consistent with the trend observed in Ref.
10, where electron densities determined from triplet-to-
singlet satellite intensity ratios (neglecting ion
microfields) were significantly greater than densities
determined by resonance linewidth analysis.

For an accurate determination of the basic plasma
properties from the analysis of experimental dielectronic
satellite-line spectra, all effects of the ion-produced elec-
tric microfields should be self-consistently taken into ac-
count in the prediction of the satellite-line profiles. The
fitting of experimental spectra by the use of simple
Lorentzian or Voigt line-profile functions is complicated
by the large differences among the Lorentzian widths pre-
dicted for the individual peaks, the significant overlap of
peaks for electron densities above 10 cm, and the
asymmetric broadening due to the action of the ion-
produced electric microfields. The fitting of full theoreti-
cal satellite-line profiles to the corresponding experimen-
tally observed line profiles would be expected to circum-
vent these difhculties.

Figure 3 shows the difference between He-like Ar
satellite-line profiles obtained with the utilization of LTE
and non-LTE autoionizing-level populations. These line
profiles were calculated for a temperature of 1000 eV and
for electron densities of 10, 10, and 1024 cm . The
non-LTE populations of the autoionizing levels differ
substantially from those obtained in the LTE approxima-
tion at 10 cm, but are close to the LTE populations
at 10 cm

The non-LTE populations of the Li-like autoionizing
levels are found to be especially sensitive to temperature
for electron densities below 10 cm . This can be seen
in Fig. 4, in which we compare Li-like Ar satellite-line
profiles calculated for temperatures of 600 and 1000 eV
and for an electron density of 10 cm . These transi-
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FICx. 3. Heliumlike argon 1s21-2121' satellite-line profiles cal-
culated utilizing LTE (dashed curve) and non-LTE (solid curve)
autoionizing-level populations. Temperature, 1000 eV; electron
density: (a) 10, (b) 10, and (c) 10 cm

FIG. 4. Lithiumlike argon Is 21-Is212l' satellite-line profiles
calculated at 600 eV (solid curve) and 1000 eV (dashed curve).
Electron density, 10 cm . The transitions are (1)
Is2p D3/& —Is 2p P3/» (g) Is2p D, /2 —1s 2p P, /» (c)
1s2p P&/2 —Is 2p P3/2, (k) Is2p D, /2 —Is 2p P&/2, (a)
1s2p P3/2 —Is 2p P3/2 (d) Is2p Pi/2 —Is 2p P,/„(r)
1s2s( So»p Pi/2 —Is 2s S&/2, (b) 1s2p P3/2 Is 2p P&/2, and
(q) 1s2s('So)2p P3/2 —1s 2s S&/2. The letter designations for
the transitions are the same as those used in Ref. 1.



EFFECTS OF ELECTRIC MIC MICROFIELDSIC M ON ARGON. . . 1285

tions are of the t etype 1s 2I-1s212I .
- ike satellite-line rp o

t of th
h

note that th
autoionnizing states a

gy- evel separat e i
' '

ira ions of the i

states. C
s are larger tha

e initial Li-like

1 , th fild-i d
ate s and

r. owever, at a
od d 1 t.

'

'gni cant effe
ric microfiel ds g to

e seen in Fig. 5.
i- i e satellite-lin

In Fig. 6 we c i- '

- ine profile,

we compare Li- '

l...d.;,h hc t e utili 'zation of LTE n
e ite-line

' ' g-evel o
an

1 f d1 fi

cm and to a
un to differ sub

h h th
pp o

cm

h lif t f h

perturbe
p red to the t'

iator initial

er rel ti ee
'

e motion, or
or radiator-

or if the
/ "th'n '"' H

at half max'
e. ere, m is

mean interi
o C, RD

1 t

C, , andAI p m

a ive velocity. A
is the mean

t electron d
cm the 1s2p 'P —2

o .4, 1.9
—p Dtrransition

at the st
g

d h L 1'k

g y below on f
'on- ynamic

ne or the lo
ff t th

igi e when D
ese lines shou

spectra.
1 a ening is added to the

IV.. CONCLUSIONS

We hhave investi ateg p
e r dielectro

'
a roadenin

onic satellite-1'
mp asis on th

' e- ine profiles

roadening d
he relativ

, with par-

n collisional
ion and radia

'

d g, io -produced
er broadening. We

M

R C lX)

O
5

C3

C3

C3

3100.0 3110.0
L"ner gy (eV)

3120.0

(0

S C
C O

c ~
0

C3

C3

3100.0 3110.0
oner gy ( eV }

3120.0

have derndemonstrated that the 1

e ite line-inten
'

on e-like Ar
t to Th o

icro elds a i-i e
'on-produced

fild ff
h h'h

ecome

e relativ
onsi ered in t

e population
eve s are foun

ns o the Li-li
t is in-

i-i e au-

e, giving rise
r icu arly sensi

'

inte
s on in

itive to

d t d L'-lik
profiles

ensitivity.
s ow much less

In a future ex

ess tem-

ure extension of this
'

nis investigation n, we plan to

M

I
D

G

C3

C3

3100.0 3110.0
Enner gy (eV }

I

3120.0

M

M
C O

c ~
U

C)
C3

3100.0 3110.0
Ener gy (eV)

I

3120.0

FICx.. 5. Lithjumljke ar Qg
curve) and n 1

d d 1

g

1 d ', 10

FIG. . Lithiumlike a
1 1 td in ng LTE (dash dincorporatin

- s 2l' satellite-
'

e autoionizin-
: ( ) 1o , ( ) , and (c) 10 cm



1286 WOLTZ, JACOBS, HOOFER, AND MANCINI

incorporate a calculation that will provide the
autoionizing-level population densities and linewidths as
functions of the ion-produced electric field. This exten-
sion will allow a direct investigation of the field-induced
radiationless electron-capture process, which has been
predicted to play an increasingly important role for the
more highly excited autoionizing levels belonging to the
electronic configurations 2lnl' and 1s2(nl' with n & 3. '
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