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The conventional low-density isolated-resonance theory for the intensities and widths of the
21'2l"~1s21 and the 1s21'21"~1s 2l dielectronic satellite lines has been generalized to take into
account angular-momentum-changing electron collisions and the interaction between the atomic sys-
tem and the quantized radiation field. The electron collisional transitions alter the population densi-
ties of the autoionizing levels, while the atom-field interaction modifies the relative probabilities for
autoionization and radiative decay. The modifications to the conventional low-density expression
for the satellite-line intensities may be interpreted as interference between the resonant and. non-
resonant electron continua together with radiative corrections. These modifications have been ex-
pressed in terms of the unperturbed decay rates, the photoionization cross sections, and the Fano
line-profile parameters. Using the transition probabilities obtained from two different relativistic
atomic structure codes, the E-shell satellite-line intensities and widths have been calculated for ar-
gon as functions of temperature and density, taking into account both dielectronic recombination
and inner-shell-electron collisional excitation. The combined effects of relativity, radiative correc-
tions, and angular-momentum-changing electron collisions are predicted to be most significant for
radiative transitions from the 2p P and 1s2p P metastable autoionizing states, which give rise to
satellite lines that are relatively weak at low densities but are among the most prominent spectral
features in high-density plasmas.

I. INTRODUCTION

It was first established by Burgess' that dielectronic
recombination is the dominant recombination mechanism
for multiply charged atomic ions in low-density high-
temperature laboratory and astrophysical plasmas. The
dielectronic recombination process often gives rise to
proniinent satellite lines in the far-ultraviolet and x-ray
emission spectra of both low-density ' and high-density '

plasmas. When these satellite lines are spectroscopically
resolvable from the associated resonance line of the
recombining ion, they can be utilized for the determina-
tion of the temperature, density, and state of ionization.
While simplified calculations are expected to be adequate
for the evaluation of the total recombination rate resulting
from the multitude of satellite transitions, a detailed treat-
ment, which is based on a rigorous quantum-mechanical
theory, is obviously required for the accurate interpreta-
tion of the resolvable dielectronic satellite spectra. The
present investigation has been devoted to the evaluation of
improved quantum-mechanical expressions for the
satellite-line intensities and widths.

In order to develop a rigorous quantum-mechanical
theory of dielectronic recombination, it is necessary to
treat in a unified manner both the interaction between

electrons and the interaction between the atomic system
and the quantized radiation field. This unified treatment
can be accomplished by utilizing the methods of mul-
tichannel collision theory and quantum electrodynamics.
Unified quantum-mechanical treatments of electron-ion
recombination accompanied by photon emission, which
describe both the resonant and nonresonant recombination
processes together with their interference, have been
presented by Davies and Seaton, by Bell and Seaton, and
by Shore. ' However, approximations to the scattering
matrix have been used in these investigations, leading to
expressions in which the autoionization and radiative de-
cay rates are additive.

Armstrong, Theodosiou, and Wall" were the first to in-
vestigate the effects of the electromagnetic interaction be-
tween the final continuum states which result from the
autoionization and radiative decay modes. They demon-
strated that the final-state interaction can alter the Auger
and fluorescence probabilities. They were able to recast
the expressions for the perturbed decay probabilities into
the familiar branching-ratio forms by introducing effec-
tive decay rates, which can be expressed in terms of the
unperturbed decay rates and the matrix elements that
describe the' nonresonant photoionization and radiative
recombination processes. The results obtained by
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where the electron-temperature-dependent capture and
inner-shell-electron collisional excitation-rate coefficients
are denoted by C„z(ie; +a) an—d C, (b +a), respect—ively,
and the decay rates resulting from all permissible autoion-
ization and spontaneous radiative emission processes are
denoted by A, (a) and A, (a), respectively. The number
densities of ions in the states

~

i ) and
~

b ) are denoted by
N(i) and N(b), respectively, and N, is the electron densi-

ty.
The conventional corona-model theory of dielectronic

satellite-line intensities has been generalized' to take into
account the electron collisional transitions

X+"(a)+e (e, )~X+"(a')+e (e, ) .

Burgess and Summers' first suggested that the intensity
of the unresolvable dielectronic recombination satellite
lines cauld be enhanced by angular-momentum-changing
collisions involving the Rydberg autoionizing states. A
significant amplification in the unresolvable dielectronic
recombination satellite intensity has now been predicted

Armstrong, Theodosiou, and Wall" were subsequently
rederived by Haan and Cooper, ' using elegant Mufller
scattering-operator techniques, and shown to have a wider
region of validity than originally recognized. The theory
of this final-state interaction has recently been extended
to take into account the angular-momentum degeneracy
of the atomic levels and the multiplicity of angular-
momentum components in the partial-wave expansion for
the electron-continuum state. The isolated-resonance ap-
proximation was then employed to obtain modified ex-
pressions for the intensities of the satellite lines which are
produced by the radiative decay of autoionizing states of
multiply charged ions in low-density plasrnas.

In the conventional corona-model theory of dielectronic
satellite-line intensities, ' ' which is valid for sufficiently
low plasma densities, it is assumed that all excited states
of the atomic system are depopulated only by autoioniza-
tion or spontaneous radiative decay processes. The au-
toionizing state

~

a ) of the ion X+"with residual charge
z can be populated either by the radiationless electron-
capture process,

X+'+"(i)+e (e;) X+"(a),
or, alternatively, as a result of the inner-shell-electron col-
lisional excitation process,

x+"(b)+.-(.,)-x+"(.)+.-(..) .

If the decay rate for the spontaneous radiatively stabiliz-
ing transition

X+( )(a) X+( )(f)+~
is denoted by A„(a~f), the rate per unit volume of pho-
ton emission in the satellite transition

~
a )—+

~ f ) is given
by

C„~(i e; +a )N (i )N—,~(a~f)= Ap(a~f) X A ( ) A ( )

by two independent calculations, ' *' in which account
was taken of the collision processes induced by plasma
ions, and also by an alternative treatment' of plasma-
density effects, in which the quasistatic action of the plas-
ma ions was described by a uniform static electric field
distribution. The generalized theory of dielectronic satel-
lite intensities has predicted' that the plasma electrons
are capable of amplifying the intensities of the resolvable
satellite lines, which are produced by radiative transitions
from the low-lying autoionizing levels. We now present a
unified treatment of angular-momentum-changing elec-
tron collisions and radiative corrections for resolvable
satellite spectra.

The remainder of this paper is organized in the follow-
ing manner. In Sec. II, the theory of the final-state in-
teraction is reviewed and expressions for the altered au-
toionization and radiative decay probabilities are present-
ed. The isolated-resonance approximation is then em-
ployed to obtain the modified expressions for the
satellite-line intensities produced by dielectronic recom-
bination and inner-shell-electron collisional excitation in
low-density plasmas. The theory of electron collisional
transitions is discussed in Sec. III, where generahzed ex-
pressions are obtained for the satellite-line intensities re-
sulting from radiationless electron capture and collisional
excitation of an inner-shell electron. The theory of the
satellite-line shapes is then developed in the isolated-line
approximation, taking into account the same autoioniza-
tion, radiative decay, and electron collisional processes
which are included in the determination of the population
densities of the autoionization levels. The description and
results of our calculations are presented in Sec. IV, where
the importance of radiative corrections is discussed for
satellite-line intensities in both low- and high-density plas-
mas. Finally, our conclusions are presented in Sec. V.

II. THEORY OF RADIATIVE CORRECTIONS

We consider an excited state
~

a ) of an atomic system
which can decay either by an autoionization process to a
state

~

i ) of the residual ion, emitting an electron with
momentum p, or by a spontaneous radiative transition to
a state

~ f )i, emitting a photon with momentum k. The
direct-product states denoted by

~
a,O),

~
ip, O), and

~ f,k) are eigenstates of the unperturbed Hamiltonian H,
which is the sum of the unperturbed atomic Hamiltonian
H„and the Hamiltonian HF for the free-radiation field.
Within the restricted subspace of this one-discrete-level
two-continua basis, an exact closed-form solution can be
obtained ' for the eigenstates of the complete Hamiltoni-
an consisting of the combined atomic and quantized-
radiation-field Hamiltonians plus the atom-field interac-
tion HzF. This electromagnetic interaction couples the
final-state continuum channels corresponding to the un-
perturbed autoionization and radiative decay modes.
Armstrong, Theodosiou, and Wall" first derived the
modifications to the Auger and fluorescence branching ra-
tios which result from this final-state interaction. An
essential new feature of their approach is the unified treat-
ment of the interactions responsible for autoionization
and for radiative decay.
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J (ipm„O f a, O)
/

2

P, (a~i e;)'= ggg f d'p
M M; m 2J~+1

and

(6)

which are averaged over the initial magnetic substates
specified by M„suinmed over the final polarizations, and
integrated over the final momenta.

The conventional expressions for the Auger and
fluorescence branching ratios are simply given by' '

A, (a +i—e)

P, (a~is;)=
A, (a ~is; )+A„(a~f )

A„(a f)
P,(af)=

A, (a ~i e; )+A, (a —+f)
'

A. Autoionization and radiative decay probabilities

The spectral amplitudes describing the autoionization
and radiative decay processes are given by the projections
of the unperturbed initial autoionizing state onto the exact
continuum eigenstates of the complete Hamiltonian which
satisfy the required incoming spherical wave boundary
conditions. If the electron-spin projection and photon-
polarization quantum numbers are denoted by m, and A, ,
respectively, the exact autoionization and radiative decay
probabilities may be defined by

A, (a~f)A„(a~f)= 1+
g/2 Q2

(13)

The continuum-continuum coupling parameter 0' may be
related to the cross section for photoionization from the
state

~ f ) or, alternatively, to the cross section for the in-
verse radiative recombination process

~
ip, O)~

~ f,k).
The multichannel Fano line-profile parameter is denoted
by Qf. In Sec. IV, the parameters 4 and Qf will be de-
fined in terms of the various transition matrix. elements.
When the final-state interaction involves only a single
term in the partial-wave expansion for the electron-
continuum state, the expressions obtained for the effective
decay rates can be reduced to the results derived previous-
ly."' In general, the expressions (12) and (13) contain
terms corresponding to the interference between different
partial-wave components of the electron-continuum state.

In order to treat the most complex dielectronic recom-
bination process which can occur in a plasma, the theory
of the Auger and fluorescence probabilities must be fur-
ther extended to allow for autoionization into a set of
states

~
i ) of the residual ion and also for spontaneous ra-

diative transitions into a set of final atomic states
~
f).

These generalizations have been previously reported, '"
and we will require in the present investigation only the
extension of the theory for several photon-continuum
states

~
f,k Aff). The Auger and fluorescence branching

ratios in the presence of the final-state interactions are
now expressible in the forms

where A~(a~ig;) and A, (a~f) are the autoionization
and radiative decay rates in the absence of the final-state
continuum-continuum interaction. If we now denote the
exact branching ratios and the effective decay rates in the
presence of the final-state interaction by using the tilde,
the exact branching ratios may be expressed in the same
familiar forms and

A, (a —vie;)
P~(a ~E eg ) =

A, (a~is;)+ QA, (a~f)
f

(14)

and

A, (a~is;)
P, (a~is;) =

A, (a ~i e; )+A„(a~f)
(1O)

A„(a~f)P„(a~f)=
A, (a +i e; )+ g—A„(a ~f ')

f'
A, (af)

P„(a—+f )=
A, (a ~i e)+A, (a ~f)

For the problem with one discrete level and two contin-
uum channels, the effective decay rates which are ob-
tained in the pole approximation' can be expressed in the
forms

A, (a~i Eg) 2
2%'A„(a~f)

AN(a~is)= 2
4 —

2
QfA~(a~is;)

+(% —1) 1+ 1

When the continuum-continuum couplings involve only a
single term in the partial-wave expansion for the
electron-continuum state, the effective decay rates are
given by *"

A„(a~f )
X 1+

A, (a~is;) f Qf

A„(a~f)
X

A (a~is;) (12)
and

(16)
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A„(a~f)
A„(a—+f)= 1 1 A.« f') Qf —Qf

, + 1+
Qf2 A, (a ~e;) f, Qf Qf

(17)

B. Dielectronic satellite-line intensities
for low-density plasmas

In order to determine the spectral-line intensities associ-
ated with the radiative decay of autoionizing states of
atomic ions in plasmas, it is necessary to take into account
the collision processes by means of which these states can
be excited. Although photoexcitation processes are ex-
pected to be important in the presence of intense radiation
fields, autoionizing states in most laboratory and astro-
physical plasmas are produced predominantly by
electron-ion collisions. The evaluation of the scattering
matrix for the resonant electron-ion collision process is
most easily carried out in the Breit-Wigner isolated-
resonance approximation, in which the linewidth- is as-
sumed to be small in comparison with the energy separa-
tion between adjacent levels. In the isolated-resonance ap-
proximation, the resonant cross section for recombination
accompanied by radiative emission can be expressed as the
product of the radiationless electron-capture cross section
and the probability of decay into the photon-continuum
channel.

In the dielectronic recombination process, the autoion-
izing state

~
a) is excited by the radiationless electron-

capture process represented by Eq. (1), which corresponds
to the inverse of autoionization. If the rate coefficient
describing the radiationless electron-capture process in the
presence of the final-state interaction is denoted by
C„z(is;~a ), the rate of radiative emission per unit elec-
tron density is given by the dielectronic recombination ra-
diation rate coefficient

aDR(ie; ~a ~f)=C„~(ie;—+a )P, (a ~f), (18)

where P„(a~f) denotes the probability for radiative
emission during the satellite transition a~f in the pres-
ence of the final-state interaction. For a Maxwellian dis-
tribution of incident electron velocities, the radiationless
capture rate coefficient can be expressed in terms of the
autoionization rate A, (a~i E;) by means of the detailed
balance relationship'

' 3/2

E(a)—E(i)
Xexp — A, (a~is;) .

kBT,

An additional mechanism for populating the autoioniz-
ing state

~
a) is the electron-impact excitation from the

bound state
~
b) of the atomic system. The transition

~

b )~
~

a ) corresponds to the excitation of an inner-shell
electron. If the electron-impact excitation rate coefficient
is denoted by C, (b +a), the r—adiative emission rate per
unit electron density is given by the inner-shell-electron
excitation radiation rate coefficient

C,(b~a~f)=C, (b~a)P„(a —+f) . (20)

In the calculations reported in our investigation, the col-
lisional excitation rate coefficients C, (b +a) in the p—res-
ence of the final-state interaction have been evaluated in
the Bethe approximation '

3~2 (2J, +1) aoC„(b~a)=
3 (2Jb+1) a

' 3/2
EH

b,E(a ~b )

—2
EH

A„(a~i)
B ~b

kBT,
bE(a~b)

v3
X (ln4)exp

EE(a ~b) &E(a~b)
kgT, AT,

+ 1 (21)

which involves the perturbed spontaneous emission rates
A, (a +b) for the elect—ric dipole transitions

~

a )—+
~

b ).
The total low-density dielectronic satellite-line intensity

I(a~f) produced by both radiationless electron captures
and inner-shell-electron collisional excitations is therefore
determined by evaluating the expression obtained from
Eq. (4) after all spontaneous decay rates and collisional
excitation rate coefficients have been replaced by their
values in the presence of the final-state interaction.

III. THEORY OF ELECTRON
COLLISIONAL TRANSITIONS

cesses in lithiumlike ions have been taken into account by
Jacobs and Blaha. ' Duston et al. have recently calcu-
lated the intensities of both the heliumlike and the lithi-
umlike satellite lines, taking into account these electron
collisional transitions as well as electron collisional ioniza-
tion and recombination processes involving the autoioniz-
ing levels, which can appreciably alter their populations
only at very high densities. In this section, we present an
extension of the approach described by Jacobs and Blaha'
in which we treat the combined effects of electron col-
lisional transitions and radiative corrections for both heli-
umlike and lithiumlike satellite lines.

The effects of electron-induced collisional transitions
between the autoionizing levels have been investigated for
heli. umlike satellite lines by Vinogradov, Skobelev, and
Yukov and by Seely. The analogous collisional pro-

A. Dielectronic satellite-line intensities

The total rate W(a ~a') describing transitions between
the autoionizing levels resulting from collisional and
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spontaneous radiative processes is given by

W(a~a') = N, C,(a~a')+ g N&C&(a —+a')
h

+A, (a +a')—$(E, E,' —), (22)

where C, (a ~a') is the electron collisional rate coefficient
and Ci(a~a') denotes the rate coefficient for collisions
induced by heavy plasma ions with number density Ns.
The radiative transition rate A„(a~a ) contributes only
when the argument of the unit step function 0 is greater
than zero. In the present investigation, the Bethe approxi-
mation, ' given by Eq. (21), has been employed to take
into account all electron collisional processes which corre-
spond to electric dipole transitions; and the radiative tran-
sition rates have also been included, even though their ef-
fect is negligible for these b,n =0 transitions. The most
important electron collisional processes correspond to di-
pole transitions involving a change in the orbital-angular-
momentum quantum number of one of the outer elec-
trons, and the relevant transition energies are large enough
to justify our neglect of ion-induced collisions.

If we ignore self-absorption of the satellite radiation2s
by the plasma, the total rate of radiative emission per unit
volume in the satellite transition a ~f may be expressed
in the form'5

I(af)= g aDR(is;~a ~f)N(i)N,

+ g C„(b~a~f)N (b)N, , (23)

which represents an extension of Eq. (4) to take into ac-
count the transition rates given by Eq. (22). The general-
ized emission rate coefficient for dielectronic recombina-
tion radiation is obtained in the form

aDR(is;~a~f)= QA„(a —+f)Q '(a, a')C z(is; —+a'),

(24)

while for the radiation which is emitted following col-
lisional excitation of an inner-shell electron, the analogous
result is given by

C„(b~a~f)= QA„(a~f)Q '(a, a')C, (b~a') .
a'

(25)

The nondiagonal elements of the transition rate matrix Q
are defined by

Q( a,a') = —W(a'~a ), a &a'

while the diagonal elements are given by

(26)

Q(a, a)= g A, (a~is;)+ g A„(a +f)—
f

+ QN, C, (a —+f)+ g W(a~a') . (27)
a'a

Radiative corrections can now be included by introducing
into the above equations the effective autoionization and
radiative decay rates defined in Sec. II.

s(co) = g g N (a)A„(a~f)L(a~f,co),
4m.

(28)

which gives the power radiated per unit volume and per
unit solid angle and angular frequency intervals. In the
absence of Doppler broadening, L (a ~f,co) are the
frequency-normalized . Lorentzian line-shape functions,
which are characterized by frequency-dependent
linewidths l,f(co) and shifts h,f(co). However, these fre-
quency dependencies have been neglected in our calcula-
tions. We have evaluated the lowest-order nonvagishing
contributions to the linewidths which arise from all per-
missible autoionization and spontaneous radiative emis-
sion processes as well as from both elastic and inelastic
electron collisions. A self-consistent treatment has been
accomplished by taking into account all of these atomic
processes in the determination of the population densities
N(a) of the autoionizing levels.

The entire emission spectrum produced by the dielec-
tronic satellite transitions in a plasma may be represented,
according to Eq. (28), as a sum of convolution integrals
involving the Lorentzian line-shape functions and the
Doppler-broadening functions. In a future investigation,
the Lorentzian line shapes will be evaluated as functions
of a quasistatic ion-produced electric field and then con-
volved with a suitable electric microfield distribution
function to provide the complete Stark-broadened profiles
for the dielectronic satellite lines.

' It is well known that autoionizing states are not true
eigenstates of the unperturbed atomic Hamiltonian Hz.
However, they may be treated as eigenstates of the pro-
jected Hamiltonian (1 P)H~ (1 P), wher—e P denotes the-
projection operator introduced by Feshbach. The opera-
tor P projects a given atomic state onto the subspace of
the open-channel electron-continuum states describing the
nonresonant electron-ion collision process. The projected
interaction (1 P)HzP, which is re—sponsible for autoioni-

B. Dielectronic satellite-line shapes

For the accurate theoretical prediction of the entire X-
shell radiative emission spectrum, it is necessary to deter-
mine the spectral intensities for all dielectronic satellites
which are associated with the resonance lines of the hy-
drogenlike and heliumlike ions. In addition, the analysis
of the Stark-broadened profiles for resolvable satellite
lines may provide a spectroscopic determination of the
densities in laser-compressed plasmas. For very dense
plasmas and for blended fine-structure components, it
may be necessary to employ an overlapping line-shape
theory. We have investigated the entire X-shell satellite
spectrum arising from the n =2 transitions in the
isolated-line ipproximation. Our objective has been to
systematically take into account all satellite lines arising
from the radiative decay of the autoionizing states 21'2l"
and Is 2l'21", allowing for electron-impact broadening. A
future extension of this investigation will be devoted to
the inclusion of the quasistatic Stark broadening resulting
from the ion-produced electric microfields.

In the isolated-line approximation, the emission spec-
trum produced by the radiatively stabilizing transitions
a ~f can be represented in the form
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zation, produces the asymmetric line shape first investi-
gated by Fano. It can be easily demonstrated that the
asymmetric line-shape function reduces to a Lorentzian in
the liinit of large values of the Fano line-profile parameter
Qf. In the one-discrete-level two-continua model, the in-
terference between the unperturbed autoionization and
spontaneous radiative decay modes is important only for
small values of Qf. In the more complex cases of many
autoionization or radiative decay modes, this interfer-
ence effect can be significant even for large values of Qf.
Knowledge of the Qf values for all radiatively stabilizing
transitions is clearly required for the precise determina-
tion of the dielectronic satellite spectrum.

The evaluation of the satellite linewidth I,f to the
lowest nonvanishing order in the various interactions
leads to the result

AP SR IR ECI gf =I ~f +I gf +I elf+I ~f

which is siinply the sum of the partial linewidths arising
from autoionization processes (AP), spontaneous and in-
duced radiative (SR, IR) transitions, and electron col-
lisions (EC). The partial linewidth due to autoionization
is most generally given by

I,f = QA, (a is;)+ QA, (f je ),

which is the sum of the autoionization rates connecting
the upper and lower levels a and f with the respective
open electron-continuum channels, ie; and jej.. For the
radiatively stabilizing transitions considered in the present
investigation, the lower levels f are not subject to autoion-
ization. The partial linewidth due to spontaneous radia-
tive transitions is given by

rsf"= g A, (a f')+ g A„(f f'},
f' f'

which is the sum of the spontaneous emission rates from
the upper and lower levels comprising the satellite line
a~f. The partial linewidth I i) can be expressed in
terms of the transition rates for the induced radiative
emission and absorption processes. The induced radiative
processes have not been included in the present calcula-
tions. The inclusion of the electromagnetic interaction be-
tween the unperturbed autoionization and spontaneous ra-
diative decay channels produces a small reduction' in the
combined natural width I,f +l,f .

The evaluation of the lowest-order nonvanishing contri-
butions to the partial linewidth describing binary
electron-ion collisions leads to the result

pact and binary-collision approximations, in which the
duration of an electron-ion collision is assumed to be
short compared with the radiative lifetime and the radiat-
ing atomic system is assumed to interact only with a sin-
gle perturbing electron during the collision process. The
expression (32) for the collisional contribution to the satel-
lite linewidth is clearly analogous to the formula for
bound-bound radiative transitions which has been derived
by Baranger.

The systematic determination of the complete X-shell
dielectronic satellite-line spectrum would appear to re-
quire the acquisition of an enormous amount of atomic
energy-level and transition-probability data. Even for the
simplest case of the 2l'2l"~ls2l satellite transitions in
heliumlike ions, the number of J,—+Jf fine-structure
components which are permissible according to the elec-
tric dipole selection rules is 22. It is particularly impor-
tant to introduce simplifying approximations for the large
number of electron collisional transition rates which are
needed in the calculations. The collisional transitions be-
tween the closely spaced n =2 levels are expected to be
the dominant inelastic scattering processes. The Bethe ap-
proximation given by Eq. (21) should provide an adequate
representation for these electron-ion collision rates in the
most important region of the scattering cross sections,
which corresponds to incident electron energies that are
several times the threshold values. The Bethe approxima-
tion obviously cannot be employed for collisional process-
es which do not correspond to electric dipole transitions.
For collisional processes connecting autoionizing levels in
heliumlike and lithiumlike ions, the dipole transition rates
have been found'5 2 to be at least 2 orders of magnitude
larger than the nondipole transition rates in the important
temperature region.

In order to obtain the total linewidth describing
electron. impact broadening, it is necessary to evaluate the
elastic scattering contribution. Griexn has estimated the
elastic scattering term by extrapolating the electric dipole
collisional excitation cross sections to zero values of the
incident electron energy. It is apparent that this extrapo-
lation procedure can provide an estimate for only the
resonant elastic scattering process, which corresponds to
autoionization following radiationless electron capture.
Both the ordinary nonresonant elastic collision contribu-
tion as well as the interference term in Eq. (32) are ig-
nored in this extrapolation procedure. Nevertheless, we
have tentatively adopted this method of estimating the
elastic scattering contribution in our calculations. A more
detailed evaluation will require a very great effort.

I ~~ ——QN, C, (a +a')+ QX,C,(f—~f')
a' f'

+ dQNV, ~Q —f Q (32)

IV. DESCRIPTION AND RESULTS
OF THE CALCULATIONS

which is the sum of the inelastic transition rates
N, C,(a~a') and N, C,(f~f') depleting the upper and
lower levels and the average ( ),„,over the distribution of
electron velocities V„of an integral involving the square
of the difference between the elastic scattering amplitudes
f~(Q} and f~(Q). It should be emphasized that this rela-
tionship has been derived within the framework of the im-

Provided that self-absorption of the dielectronic satel-
lite radiation can be neglected, the entire satellite spectra
produced by the n =2 transitions can be determined from
the generalized emission rate coefficients for dielectronic
recombination and inner-shell-electron collisional excita-
tion together with the total linewidths resulting from all
autoionization processes, spontaneous radiative transi-
tions, and electron collisions. The total satellite-line in-
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tensities, which are the result of both electron excitation
mechanisms, have been evaluated by utilizing the popula-
tion densities of the ground and singly excited bound
states that have been determined by a detailed collisional
radiative equilibrium model.

interaction, the autoionization and spontaneous radiative
decay rates may be evaluated by means of the familiar ex-
pressions

2'
fi(2J, + 1)

A. Unperturbed decay rates
and electron collisional rate coefficients x g I &r.J.III'II1 J; «;1;J.& I' (33)

The n =2 autoionizing levels together with electric di-
pole radiatively stabilizing transitions are schematically il-
lustrated by the energy-level diagrams shown in Figs. 1
and 2 for the heliumlike and lithiumlike ions, respectively.
The various fine-structure components of the satellite
transitions in the heliumlike ion have been identified ac-
cording to a numerical scheme, which differs from the ab-
breviated notation employed by Duston et a/. For the
classification of the satellite lines in the lithiumlike ion,
the widely used alphabetical designation first introduced
by Gabriel' has been adopted. Since relativistic correc-
tions to the radiative- and radiationless-transition opera-
tors can be taken into account only when the atomic states
are represented according to the total electronic angular
momentum J, it is necessary to employ the J representa-
tion in order to investigate relativistic and radiative
corrections to the spectral-line intensities.

In the absence of the final-state continuum-continuum

2p SO
2 1

2p D2
2 1

and

4e'~' 1&7'.J.
I IDI IrfJf & I

'
3+C 2J, +1 (34)

The continuum-continuum coupling parameters can be
expressed in the form

I

~2 ~ 2Jf+]4=1+ 2 g — crt(f ~is;;J, ), (35)
2~ao f EH 2J, +1

where the partial photoionization cross sections are given
by

4m. akco

&& g 1&1'rJ «zi'JallDII1'f Jf & I'.

(36)

In order to evaluate the radiative corrections for the most
complex multichannel processes, it is necessary to deter-
mine the Fano line-profile parameter by using the general
definition

J = 2

J=1
J=0

2 P

23 24 22

1s2 P
J = 5/2

J = 3/2

J =1/2

4 5 3

2s2p P1
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1s2s( S)2p P
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1 s2p P2
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1 s2p S1/2

i h g f e

7 S 8 10 6

12

2s SO
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11

1s2p P1
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1s2s( S)2p P
J =3/2

1s2s( S)2p P1 2

J = 3/2

J = 1/2

q r s t u v

1s2p D
J = 5/2

J = 3/2
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p o k I j

1' l' J=1

1 s2s 1

1s2s S

1 s2p P3
J=0

2 P

((
J = 3/2

1s SO
2 1

FICz. 1. 21'21" autoionizing levels of the heliumlike ion and
the electric dipole radiative transitions which produce satellite
lines in the vicinity of the 2p~ls resonance line from the hy-
drogenlike ion.

2 2
1 s 2s S1/2

FIG. 2. 1s21'21" autoionizing levels of the lithiumlike ion
and the electric dipole radiative transitions which produce satel-
lite lines in the vicinity of the 1s2@ 'P~ ~1s 'S&& resonance line
from the heliumlike ion.
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(27.+» I &r.J.IIDllr fJf & I

g &y.&.IIVlly ~ « ~ J.&&1'4 «1 ~.IIDllrf~f &

K, l

(37)

code created by Chen has been employed for this pur-
pose.

which involves the phases of the various interaction ma-
trix elements.

The effective interaction V between electrons can be
described, in the lowest nonvanishing order of quantum
electrodynamical perturbation theory, by a second-order
process which involves the virtual emission and absorp-
tion of a photon. If the radiation field is specified using
the Lorentz gauge, the evaluation of the second-order S
matrix yields the effective interaction operator in the
M@ller form ~

The unperturbed autoionization and radiative decay
rates, together with the photon wavelengths and the Pano
line-profile parameters, are presented in Tables I and II
for radiatively stabilizing transitions from the 2l'2l' and
the ls2l'21" autoionizing states, respectively. There is no
entry for the ls2s2p P5~2 metastable state, from which
radiative decay can only occur by means of a very weak
magnetic quadrupole transition. The Fano line-profile pa-
rameters for the quartet autoionizing states of the lithi-

exp(ikr;J )V= $(1—u; aj)
matrix elements for spin-forbidden photoelectric transi-
tions, for which nonvanishing results cannot be obtained

(38) umlike ion are not presented; they are defined in terms of

which includes both the retarded Coulomb interaction and
the relativistic current-current interaction. The Dirac ma-
trices are denoted by a;, and the wave number of the vir-
tual photon is designated by k. If the radiation field is al-
ternatively specified using the Coulomb gauge, the effec-
tive interaction operator V can be written as the sum of
the electrostatic and generalized Breit operators.

The electric dipole moment operator D describes the
first-order process which results in the emission of a pho-
ton in the atomic transition a~f. The first-order S ma-
trix can be evaluated by well-known techniques using
the relativistic atom-field interaction

. 1/2

Q)k
(39)

which includes both the retarded electromagnetic interac-
tion and the relativistic current density. If the plane-wave
radiation field is expanded in spherical waves, describing
photon states of definite angular momentum and parity,
and only the electric-dipole contribution is retained, the
relativistic dipole operator which is obtained in the length
gauge can be reduced, in the long-wavelength limit, to the
familiar nonrelativistic length form.

The unperturbed autoionization and radiative decay
rates employed in this investigation have been calculated
using two different relativistic atomic structure codes.
The majority of the autoionization and radiative decay
rates and all of the photoionization cross sections were ob-
tained by evaluating matrix elements of the nonrelativistic
forms of the transition operators between multiconfigura-
tion intermediate-coupling eigenstate expansions which
were generated by the atomic structure code developed by
Cowan. The atomic wave functions provided by this
atomic structure code are solutions of equations in the
Hartree-Fock form, which incorporate some of the
lowest-order relativistic corrections within the framework
of a nonrelativistic procedure. For autoionization from
the 2p Pq and 1s 2s 2p PS~2 metastable states, which can
only occur by means of the spin-spin interaction, it is
necessary to evaluate a relativistic form of the radiation-
less transition operator using solutions of the Dirac-
Hartree-Fock equations. The fully relativistic Auger

by using the approximation available for the electron-
continuum wave functions. For most of the intense satel-
lite lines, the relativistic corrections to the electric dipole
radiative decay rates are found to be less than 5%. How-
ever, the relativistic corrections to the autoionization rates
are found to be more significant, particularly when au-
toionization cannot occur by means of the instantaneous
Coulomb interaction.

The electron collisional rate coefficients obtained using
the Bethe approximation for dipole transitions between
the 2I'2l" autoionizing states are presented in Table III,
and the corresponding results for the is2l'2l" autoioniz-
ing states are tabulated in Table IV. The collisional rate
coefficients for selected transitions are compared with the
results obtained from more elaborate distorted-wave calcu-
lations for heliumlike and lithiumlike ions in Figs. 3 and
4, respectively. The differences revealed by these compar-
isons are probably within the expected accuracy of both
scattering approximations. The Bethe approximation has
also been employed to evaluate the rates for collisional ex-
citation of an inner-shell electron, and selected compar-
isons between the results obtained from the Bethe and
distorted-wave calculations are illustrated for heliumlike
and lithiumlike ions in Figs. 5 and 6, respectively. In this
case the agreement between the results obtained by the
two different methods is closer than anticipated; the Bethe
approximation is questionable for transitions involving
large energy differences, for which the threshold region of
the cross sections provides the dominant contribution to
the excitation rates in the most important temperature
range. In order to obtain more accurate results for the
electron collisional rates, it will probably be necessary to
perform fully relativistic coupled-channel calculations, in
which the collision channels corresponding to all n =2
bound excited and autoionizing states are included in the
electron-continuum wave function expansions.

B. Effects of radiative corrections
in low-density plasmas

The unperturbed autoionization and radiative decay
rates together with the parameters Qy and 4 have been
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TABLE I. Unperturbed decay rates and Qf values for the satellite transitions 21'2l"—+ is 21 in heli-
umlike argon (Ar XVII). Numbers in parentheses are powers of ten.

Radiatively
stabilizing
transition

a —+f
2s 'So —+ls2p 'PI
2s So~ls2p P
2s2p 'P& ~ ls So
2s 2p 'Pi ~ 1s 2s 'Sp

2s2p 'Pi —+ls2s Si
2s 2p Po~ ls 2s S&

2s2p Pi~is 'So
2s2p Pi~ls2s 'So
2s2p P& —+ls2s S&

2s 2p Pz ~ ls 2s S&

2p 'So —+ls2p 'P~
2pz'So —+ls2p Pi
2p Po —+ ls2p 'P~

2p Po —+1s Pp Pi
2pz3Pi~ls2p 'P,
2p P&~1s2p Po
2p Pi~ls2p Pi
2pz3Pi —+ls2p Pz
2p Pz~ ls 2p 'P&

2p Pz~ ls 2p P&

2p Pz ~ ls 2p Pz
2p 'Dz~ls2p 'Pi
2p 'Dz~ls2p P
2p 'Dz~ls2p Pz

Abbreviated
notation

1

2
3

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Photon
wavelength

A, (A)

3.808
3.790
1.928
3.753
3.732
3.765
1.936
3.785
3.763
3.760
3.742
3.724
3.784
3.766
3.782
3.763
3.764
3.768
3.779
3.762
3.765
3.769
3.752
3.755

Autoionization
rate

A, {a~is;)
(sec ')

3.39(14)
3.39(14)
1.90(14)
1.90(14)
1.90(14)
1.98(13)
1.78(13)
1.78(13)
1.78(13)
1.45(13)
1.91(13)
1.91(13)
1.14(12)
1.14(12)
7.71(10)
7.71(10)
7.71(10)
7.71(10)
2.05(13)
2.05(13)
2.05(13)
3.27(14)
3.27(14)
3.27(14).

Radiative
decay rate
A„(a~f)

(sec ')

2.23(13)
2.44(12)
2.31(10)
6.30(13)
3.28(11)
6.41(13)
1.31(8)
3.56(11)
6.26(13)
6.28(13)
1.06(14)
4.87(10)
6.94(11)
1.25(14)
5.03(11)
4.17(13)
3.08(13)
5.23(13)
3.88{12)
3.26(13)
8.86(13)
1.19(14)
5.28{8)
5.28(12)

Fano
line-profile
parameter

Qf

1.35(2)
—3.91(2)
—6.64( —1)
—1.29{2)
—5.49(2)

4.04(2)
—6.92{—1)
—1.35(2)
—4.33(2)
—4.66(2)
—1.22(3)

2.29(2)
4.09(2)
4.80{4)

—9.60(3)
—1.71{4)

9.01(3)
—5.08(4)

1.45(2)
—2.96{3)

4.35(4)
1.99(2)

—1.17{0)
1.51(4)

TABLE II. Unperturbed decay, rates and Qf values for the satellite transitions Is21'2l"~ls 21 in
lithiumlike argon (Ar XVI). Numbers in parentheses are powers of ten.

Radiatively
stabilizing
transition

a~f
ls2p P3/z~ls 2p P3/z
ls2p P3/z~ls 2p P&/z

ls2p P&/z~ls 2p P3/z
ls2p Pi/z —+ls 2p Pi/z
ls2p P5/z~ls 2p P3/z
ls2p P3/z +ls 2p P3/z
ls2p P3/z~ls 2p Pi/z
ls2p Pi/z~ls 2p P3/z
ls2p Pi/z~ls 2p Pi/z
1s2p D5/z~ ls 2p zP3/z

ls2p D3/z~ls 2p P&/z

ls2p D3/z +ls 2p P3/z
ls2p S&/z~ls 2p P3/z
ls2p Si/z~ls 2p Pi/z
1s2s S&/z~ls 2p P3/z
ls2s Si/z —+ls 2p Pi/z
ls2s('So)2p P3/z —+ls 2s Si/z
ls2s('So)2p Pi/z~ls 2s Si/z
ls2s( S&)2p P3/z~ls 2s Si/z
ls2s( SI)2p Pj/z~1s 2s Si/z
ls2s2p P3/z~ls 2s Si/z
ls2s2p Pi/z~ls 2s P&/z

Abbreviated
notation

a
b
C

e

h

l

J
k
I

p
q
T

Photon
wavelength

A,(A)

3.985
3.981
3.990
3.986
4.011
4.013
4.009
4.015
4.010
3.992
3.989
3.993
3.967
3.963
4.070
4.066
3.981
3.984
3.968
3.969
4.013
4.014

Autoionizing
rate

A, (a~is; )

(sec ')

1.01(13)
1.01(13)
1.56(11)
1.56{11)
1.60(12)
5.23(10)
5.23(10)
4.70(7)
4.70(7)
1.25(14)
1.16(14)
1.16(14)
2.04(13)
2.04(13)

. 1.08( 14)
1.08(14)
2.40(12)
1.28(13)
8.27(13)
7.23(13)
1.00(10)
1.00(10)

Radiative
decay, rate
A, iaaf)

(sec ')

1.48(14)
9.54(12)
4.60(13)
1.19(14)
6.29(11)
3.37(11)
2.21(9)
7.80(9)
3.94(11)
5.29(13)
6.32(13)
3.51(11)
4.45(13)
8.63(12)
3.13(12)
1.98(12)
1.05{14)
8.88(13)

- 6.29(12)
2.30(13)
4.71(11)
1.63(11)

Fano
line-profile
parameter

Qf

3.27(3)
—1.17(3)
—1.12(4)

2.54{4)

2.26(2)
8.91(2)

—4.70(1)
—9.54{2)
—5.91(2)
—1.12(2)
—1.26(2)
—1.53(3)

6.36(1)
—6.09(2)

1.30(2)
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Transition
a —+a'

2s2p 'P ~2$ 'Sp
2s2p P ~2s 'S
2p Sp~2$2p P1
2p Pp ~2$2p P)
2p P ~2$2p 'Pi
2p23P, ~2$ 2p 'P
2p2 iD2~2$2p 'Pi
2p"P ~2$2p 'P,
2p 'Sp —+2s2p 3Pi
2p23P ~2 2p3P
2p Pi ~2$2p Pi
2p P2 —+2$2p P&

2p2'D2 —+2$2p Pi
2p P]—+2$ 2p 3Pg

2p23pq —+2$ 2p 3P2

2p 'D2~2$2p P2

Energy-level
separation
EE(a ~a')

(Ry)

2.35
3.22( —1)
1.90
8.13(—1)
6.90( —1)
5.16(—1)
1.21(—1)
1.43
3.93
1.21
1.33
1.51
2.14
1.11
1.28
1.92

Excitation
rate

coefficient
C,(a' —+a)

(cm sec ')

8.97( —10)
1.39( —16)
6.80( —10)
9.99( —12)
1.30( —12)
6.81(—11)
1.88( —9)
8.03( —10)
1.22( —13)
2.81(—10)
2.02( —10)
3.34( —10)
2.85( —12)
2.10( —10)
5.79( —10)

'

3.36( —11)

Dexcitation
rate

coefficient
C,(a~a'}

(cm' sec ')

3.05( —10)
4.66{—17)
2.07( —9)
3.02( —11)
1.31(—12)
4.10( —11)
1.13(—9)
2.71( —10)
3.79( —13)
8.51(—10)
2.04( —10)
2.02( —10)
1.74( —10}
3.54( —10)
5.85( —10)
3.42( —11)

employed to evaluate the effective decay rates, in the pres-
ence of the final-state continuum-continuum interaction,
for the satellite transitions in Tables I and II, with the ex-
ception of the quartet autoionizing states of the lithium-

TABLE III. Electron collisional rate coefficients for transi-
tions between the autoionizing states 2k'2l" in heliumlike argon
(Ar XVII), evaluated at k&T', =1.6 keV in the Bethe approxima-
tion. Numbers in parentheses are powers of ten.

like ion. The perturbed autoionization rates are found to
differ from their unperturbed values by less than 1%, but
the radiatively stabilizing transition rates for certain satel-
lite lines are significantly altered. The effects of the radi-
ative corrections on the radiative transition rates and on
the corresponding low-density dielectronic recombination
rate coefficients are revealed by the comparisons presented
in Tables V and VI, which list the unperturbed and modi-
fied values for the inost strongly affected satellite transi-
tions in heliumlike and lithiumlike argon, respectively.
For this purpose we have evaluated the recombination
rates at the representative temperature of ks T, = 1.6 keV,
which is near the maximum emission temperature for the
E-shell lines of argon in a corona equilibrium plasma.
There is no appreciable temperature variation within a 0.5
keV range on either side of this maximum.

The perturbed and unperturbed values of the low-
density dielectronic recombination rate coefficients for
two strongly affected satellite transitions are compared as
functions of temperature for heliumlike and lithiumlike
argon in Figs. 7 and 8, respectively. Since these satellite
transitions do not produce the most prominent spectral
features in low-density plasmas, we are motivated to in-
vestigate the effects of radiative corrections in high-
density plasmas, where the angular-momentum-changing
collisions can dramatically enhance the intensities of radi-
ative transitions from the metastable autoionizing levels.
We conclude this subsection by presenting, in Figs. 9 and
10, the temperature variations of the intensities for the
satellite lines in heliumlike and lithiumlike argon. which
are most prominent at low densities. The sum of the in-

TABLE IV. Electron collision rate coefficients for transitions between the autoionizing states
ls2I'2I' in lithiumlike argon (Ar XVI), evaluated at k~T, =1.6 keV in the Bethe approximation. Num-
bers in parentheses are-powers of ten.

Transition
a~a'

1$2$( Sp)2p Pi/2~1$ 2$ Si/2
ls 2$(&Sp)2p 2P3/2~ ls 2s2 S
1s 2s( Si )2p 2pi/2~ ls 2s Si/2
ls2s( Si)2p P3/g —+1s2$ Si/2
ls 2p Si/2~ ls 2s('Sp)2p Pi/2
1s 2p S&/2~ ls 2s('Sp)2p P3/2
1$2p S]/2~1$2S( Si)2p Pj/2
ls2p S&/2~1$2$( Si)2p P3/2
1$2p Pi/2~1$2$( Sp)2p Pi/2
ls 2p P&/2~1s 2s('Sp)2p P3/f
1$2p P]/2~1$2$( Si)2p Pi/2
ls2p P&/&~is 2s( S&)2p P3/g
ls 2p P3/2~1s2s('Sp)2p P&/2

ls2p P3/g —+1$2$( Sp)2p P3/2
ls2p P3/g~ls2$( Si)2p Pi/2
ls 2p P3/2~1$2s( Si)2p P3/2
ls 2p D3/g —+1$2s('Sp)2p P&/z
ls 2p D3/z —+1$2s('Sp)2p P3/2
1s2s D3/2~ ls2s( S&)2p P&/2

ls2p D3/g —+1$2$( S&)2p P3/2
1s 2p D5/2 —+1$2s('Sp }2p P3/2
ls2p Dz/z~ls2$( S&)2p P3/2

Energy-level
separation-
AE(a ~a')

(Ry)

2.30
2.43
3.15
3.21
3.52
3.39
2.68
2.61
2.23
2.09
1.38
1.31
2.47
2.34
1.62
1.56
2.02
1.89
1.17
1.11
1.94
1.17

Excitation
rate coefficient

C,(a'~a)
(cm sec ')

1.90( —12}
7.25( —11)
4.62( —10)
8.54( —10)
1.36( —11)
2.67( —11)
5.32( —10)
5.17(—10)
5.24( —10)
1.44( —10)
1.80( —11)
2.76( —13)
2.59( —10)
5.19(—10}
1.05( —10)
1.11(—10)
8.76( —12)
1.12(—10)
1.42( —9)
8.34( —11)
9.80( —11)
1.26( —9)

Deexcitation
rate coefficient

C,(a~a')
(cm sec ')

1.93( —12)
3.70( —11)
4.75( —10)
4.39( —10)
1.40( —11)
5.49( —11)
5.44( —10)
1.06{—9)
5.33{—10)
2.92( —10)
1,82( —11}
5.58( —13)
1.32( —10)
5.30( —10)
5.33( —11)
1.13(—10)
4.46( —12)
1.13(—10)
7.18(—10)
8.42( —1-1 )
6.64( —11)
8.49( —10)
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FIG. 3. Electron collisional rate coefficients for selected di-
pole transitions between the 21'2l" autoionizing states in helium-
like argon, evaluated in the Bethe approximation and compared
with the results obtained from distorted-wave calculations (Ref.
24).
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FIG. 4. Electron collisional rate coefficients for selected di-
pole transitions between the Is 2l'2l" autoionizing states in lithi-
umlike argon, evaluated in the Bethe approximation and com-
pared with the results obtained from distorted-wave calculations
(Ref. 24).

tensities has been plotted for satellite lines which are ex-
pected to overlap. Dielectronic recombination is the
predominant production mechanism for the heliumlike sa-
tellite lines in low-density plasmas, but inner-shell-
electron collisional excitation is important for the q, r, s,
and t satellite lines in the lithiumlike ion.

C. Inclusion of collisional transitions
between autoionizing levels

The generalized dielectronic recombination and inner-
shell-electron collisional excitation rates for the most in-
tense satellite lines are presented in Tables VII—X as

TABLE V. Effects of the final-state interaction for selected dielectronic recombination satellite tran-
sitions in heliumlike argon (Ar XVII) at low electron densities. Numbers in parentheses are powers of
ten.

Radiatively
stability

transition
a +f—Abbreviated

notation

Radiative decay
rates

(sec ')
A, (a~f) A„(a~f)

Dielectronic recombination
radiation rate coefficients

(cm' sec ') for k~T, =1.6 keV
and %,=10' cm

aDR(ie; ~a~f) aD~(i E;~a ~f )

2s2p 'Pi~Is 'Sp
2s2p Pi —+Is 'Sp
2s2p Pi~ls2s 'Sp
2p~'Sp~ls2p Pi
2p Pp~ ls 2p Pi
2p23Pi —+ Is 2p 'Pi
2p Pi ~Is 2p Pp
2p~3Pi ~ ls 2p 3Pi
2p P&~ls2p P2
pz'P2~ 1s2p 'Pi

2p 'D2~ls2p Pi

3
7
8

12
13
15
16
17
18
19
23

2.31(10)
1.31(8)
3.56(11)
4.87(10)
6.94(11)
5.03(11)
4.17(13)
3.08(13)
5.23(13)
3.88(12)
5.28(8)

1.4(11)
5.16(9)
3.69(11)
4.59(10)
3.74(11)
6.87(11)
4.99(13)
2.06(13)
5.56(13)
3.57(12)
1.31(9)

1.59( —17)
2.69( —20)
7.33( —17)
2.23( —18)
1.93( —18)
2.85( —19)
2.37( —17)
1.75( —17)
2.97( —17)
8.40( —16)
5.85( —19)

7.17( —17)
1.06( —18)
7.59( —17)
2.10(—18)
1.05( —18)
3.86( —19)
2.80( —17)
1.16( —17)
3.12( —17)
7.72( —16)
1.46( —18)
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temperature. The most spectacular effect of the angular-
momentum-changing electron collisions is the sharp rise
with increasing density in the intensities of radiative tran-
sitions from the 2p P& and is 2p P metastable autoion-
izing levels, which can not be significantly populated by
the radiationless electron-capture process acting alone.

k BTe (keV)

FIG. 5. Inner-shell-electron collisional excitation rate coeffi-
cients for selected dipole transitions to the 2l'2l" autoionizing
states in heliumlike argon, evaluated in the Bethe approximation
and compared with the results obtained from distorted-wave cal-
culations (g.ef. 24).

FIG. 6. Inner-shell-electron collisional excitation rate coeffi-
cients for selected dipole transitions to the 1s 2l'2l" autoionizing
states in lithiumlike argon, evaluated in the Bethe approxima-
tion and compared with the results obtained from distorted-
wave calculations (Ref. 24).

The intensities of these satellite transitions are predicted
to be relatively weak at low densities, because the alterna-
tive inner-shell-electron excitation mechanism is efficient
only when the excited bound states have appreciable popu-
lation densities. In contrast, only a very weak density
dependence is predicted for the intensities of radiative
transitions from the strongly autoionizing 2p 'Dz and
Is2p D states, which give risc to prominent spectral
features at all densities.

It may be possible to determine the density of a laser-
compressed plasma from the satellite-intensity ratios

TABLE VI. Effects of the final-state interaction for selected dielectronic recombination satellite
transitions in lithiumlike argon (Ar XVI) at low electron densities. Numbers in parentheses are powers
of ten.

Radiatively
stabilizing
transition

a~f
Abbreviated

notation

Radiative decay
rates

(sec ')
A„(a~f) A, (a~f)

Dielectronic recombination
radiation rate coefficients

{cm sec ') for k~T, =1.6 keV
and N, =10' cm

aDR(iE;~a ~f) aDR(is;~a ~f)
1s2p Si/2 —+1s 2p, PI/2

2P1/2 + 1s22p 2P1/2

1s2p P3/2 —+1s 2p Pi/2
1s2p P&/2~1s 2p P3/2
1s2p P3/2~1s 2p P3/2
1s2p D3/2 +1s 2p P3/2

d
b
C

l

8.63(12)
1.19(14)
9.54(12)
4.60(13)
1.48( 14)'
3.51(11)

8.65(12)
1.10(14)
9.86(12)
5.56{13)
1.47{14)
3.60(11)

3.18(—15)
1.49{—16)
1.48( —15)
5.76( —17)
2.30( —14)
5.88( —16)

3.19(—15)
1.38{—16)
1.53( —15)
6.93( —17)
2.29( —14)
6.03( —16)
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FICz. 7. Effects of radiative corrections on the low-density
(N, =10' cm ) values of the dielectronic recombination radia-
tion rate coefficients for selected satellite transitions in helium-
like argon.

FIG. 8. Effects of radiative corrections on the low-density
(N, =10'o cm ) values of the dielectronic recombination radia-
tion rate coefficients for selected satellite transitions in lithium-
like argon.

TABLE VII. Dielectronic recombination radiation rate coefficients aoa(ie&~a~f ){cm sec ') for.
the most intense 2l'2l"~is21 satellite transitions in heliumlike argon {ArXVII), evaluated at
k~ T, = 1.6 keV and for representative electron densities N, . Numbers in parentheses are powers of ten.

Radiatively
stabilizing
transition

Q~
{abbreviated

- notation) N, =10' cm N, =10 cm N, = 1.0 cm N, =5.0X10~ cm 3 N, =10 cm

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

6.48( —15)
4.33(—14)
4.71(—15)
1.28( —14)
1.83( —14)
4.87( —15)
3.47( —16)
2.79( —17)
1.15(—17)
3.12( —17)
7.72( —16)
7.10(—15)
1.92( —14)
1.31(—13)
5.86( —15)

6.48( —15)
4.33(—14)
4.70( —15)
1.28( —14)
i.82( —14)
4.90( —15)
3.53( —16)
3.43( —17)
1.42( —17)
3.83( —17}
7.72( —16)
7.10( —15)
1.92( —14)
1.30( —13)
5.86( —15)

6.16(—15)
4.06( —14)
3.02( —15)
9.60( —15)
1.67( —14)
1.58( —14)
3.07( —15)
2.98( —15)
1.23( —15)
3.33( —15)
8.75( —16)
8.05( —15)
2.18{—14)
1.30( —13)
5.79( —15)

5.49( —15)
3.91(—14)
2.95( —15)
9.95( —15)
1.87( —14)
1.97( —14)
5.60( —15)
6.02{—15)
1.49{—15)
6.72( —15)
i.04(- iS)
9.56( —15)
2.58( —14)
1.24( —13)
5.54( —iS)

5.06( —15)
3.74( —14)
3.47( —15)
1.13{—14}
2.11(—14)
1.97( —14)
7.01(—15)
7.78( —15)
3.22( —15)
8.68( —15)
1.18( —15)
1.08{—14)
2.93( —14)
1.18( —15)
5.29( —15)
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FIG. 9. Low-density (N, =10'0 cm ) values of the satellite-
lirie intensities, per unit electrori and hydrogenlike ion densities,
evaluated for heliumlike argon taking into account both dielec-
tronic recombination and inner-shell-electron collisional excita-
tion. (The abbreviated notation is defined in Fig. 1.)

FIG. 10. Low-density (X,= 10' cm ) values of the
satellite-line intensities, per unit electron and heliumlike ion den-
sities, evaluated for lithiumlike argon taking into account both
dielectronic recombination and inner-shell-electron collisional
excitation. (The abbreviated notation is defined in Fig. 2.)

TABLE VIII. Dielectronic recombination radiation rate coefficients ana(is; ~a ~ f ) (cm sec ') for
the most intense is2l'2l"~1s 2l satellite transitions in lithiumlike argon (ArXVI}, evaluated at
k~T, = 1.6 keV and for representative electron densities N, . Numbers in parentheses are powers of ten.

Radiatively
stabilizing
transition

a~f
(abbreviated

notation) N, =10' cm N, =1020 cm i N, =103 cm ' N, = . 5XO1 02cm ' N, =10~4 cm

a
b
C

d
J
k
I

m

0
P

r
s

2.29( —14)
1.53( —15)
6.93{—17)
1.38( —16)
1.44( —13)
1.06( —13)
6.03( —iS)
1.64( —14)
3.19(—15)
3.97( —15)
2.51(—15)
6.18(—15)
1.47( —14)
1.54( —14)
2.30( —14)

2.30( —14)
1.54( —15)
7.31(—17)
1.45( —16)
1.44( —13)
1.06( —13)
6.03( —16)
1.65( —14)
3.20( —15)
3.97( —15)
2.51{—15}
6.23{—15)
1.47( —14)
1.54( —14)
2.30( —14)

4.56( —14)
3.07( —. 15)
3.i5( —iS)
6.25( —15)
1.43( —13}
1.03( —13)
5.85( —16)
3.19(—14)
6.19(—15)
3.35( —15)
2.12{—15)
3.76( —14)
1.25( —14)
1.20( —14)
1.98( —14)

9.12{—14)
6.10(—15)
1.10(—14)
2.19(—14)
1.26( —13)
9.22( —14)
5.23( —16)
3.16{—14}
6.14( —15)
2.64( —15)
1.67( —iS)
7.41( —14)
2.08( —14)
1.00( —14)
1.72( —i4)

1.10(—13)
7.39(—15)
1.56( —14)
3.11(—14)
1.14( —13)
8.45( —14)
4.81(—16)
2.93( —14)
5.70( —15)
2.34( —'15)
1.48( —15)
8.64( —14)
2.73( —14)
8.99( —15)
1.57( —14)
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TABLE IX. Inner-shell-electron collisional excitation radiation rate coefficients C,(b~a ~f) (ctn
sec ') for the most intense 2l'2l" —+ is 2I satellite transitions in heliumlike argon (Ar XVII), evaluated at
k~ T, = 1.6 keV and for representative electron densities N, . Numbers in parentheses are powers of ten.

Radiatively
stabilizing
transition

(abbreviated
notation) N, =10'0 cm N, =10 cm N, =10 cm N, =S.OX 10 cm N, =10 cm

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

5.80(-19)
7.22( —13)
5.45( —34)
1.38{—14)
3.03( —32)
6.61( —26)
1.74( —27)
2.34( —28)
9.69{—29)
2.61( —28)
2.09( —28)
1.92( —27)
5.21( —27)
5.71(—26)
2.54( —27)

2.20( —17)
7.21(—13)
9.76( —22)
1.37( —14}
4.28( —20)
6.59( —16)
1.74( —17)
2.33( —18)
9.67( —19)
2.60( —18)
2.09( —18)
1.92( —19)
5.20( —17)
5.70( —16)
2.54( —17}

b =is2s 'So
9.40( —15)
3.94( —13)
3.89( —16)
1.08( —14)
8.95( —15)
1.35( —13)
6.44( —15)
1.84( —15)
7.62( —16)
2.05( —15)
8.80( —16)
8.09( —15)
2.19(—14)
2.47( —13)
1.10( —14)

1.46( —14)
2.20( —13)
3.38( —15)
1.74( —14)
3.17(—14)
1.08( —13)
1.23( —14)
9.51(—15)
3.93(—15)
1.06( —14)
1.96( —15}
1.80{—14)
4.87( —14}
3.77( —13)
1.68( —14}

1.51(—14)
1.77( —13)
6.41( —15)
2.50( —14)
4.67( —14)
9.20( —14)
1.71(—14)
1.64( —14)
6.81(—15)
1.83( —14)
2.72( —15)
2.50( —14)
6.77( —14)
3.88( —13)
1.73( —14)

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

9.74( —22)
1.21( —15)
2.55( —13)
7.57( —13)
1.32( —12)
1.23( —28)
3.36( —26)
3.96( —26)
1.64( —26)
4.42( —26)
3.97( —27)
3.65( —26)
9.88( —26)
2.05( —27)
9.14( —29)

3.69( —20)
1.21( —15)
2.55( —13)
7.56{—13)
1.32( —12)
1.23( —18)
3.35( —16)
3.95( —16)
1.63( —16)
4.41( —16)
3.96( '—17)
3.64( —16)
9.87( —16)
2.05( —17)
9.54{—19)

b =1s2s Si
1.09( —16)
4.60( —15)
1.60( —13)
4.60( —13)
7.71(—iS)
1.61(—15)
1.19(—13)
1.43( —13)
5.93( —13)
1.60( —13)
1.48( —14)
1.36( —13)
3.69( —13)
1.19(—14)
5.32( —16)

1.06( —15)
1.60( —14}
1.08( —13)
3.05( —13)
4.93( —13)
7.91(—15)
1.49( —13)
1.81(—13)
7.49( —14)
2.02( —13)
1.94( —14)
1.78( —13)
4.83( —iS)
4.33( —14)
1.92{—1S)

2.12( —15 )

2.48( —14)
8.99( —14)
2.53( —13)
4.06( —13)
1.29( —14)
1.39( —13)
1.69( —13)
7.00{—14)
1.88( —13)
1.84( —14)
1.69{—13)
4.59{—13)
7.08( —14)
3.15( —15)

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

7.56( —15)
3.04( —18)
1.00( —20)
1.14( —19)
4.01(—19)
4.55( —13)
1.98( —15)
4.32( —15)
1.78( —15)
4.82( —15)
2.32( —15)
2.13(—14)
5.78( —14)
8.23( —13)
3.66( —14)

7.56( —15)
4.26{—16)
1.80( —18)
1.38( —17)
5.30( —17)
4.54( —13)
1.98( —15)
4.32{—15)
1.78( —15)
4.82( —15)
2.32( —15)
2.13{—14)
5.77( —14)
8.23( —13)
3.66( —14)

b = is2p 'Pi
9.24( —15)
1.33( —13)
1.13(—15)
6.91{—15)
2.31(—14)
2.16( —13)
4.17(—15)
5.35( —15)
2.21( —15)
5.96( —15)
2.08( —15)
1.91(—14)
5.18(—14)
7.35( —13)
3.27( —14)

1.47( —14)
1.70( —13)
5.25( —15)
2.10(—14)
4.95( —14)
1.32( —13)
1.36( —14)
1.47( —14)
6.10(—15)
1.64( —14)
2.96( —15)
2.72( —14)
7.37( —14)
6.49( —13)
2.89( —14)

1.66( —14)
1.69( —13)
9.17(—15)
3.24{—14)
6.72( —14)
1.13(—13)
2.13(—14)
2.35( —14)
9.74( —15)
2.62( —14)
3.85( —15)
3.54( —14)
9.60( —14}
5.99( —13)
2.66( —14)



32 EFFECTS OF ANGULAR-MOMENTUM-CHANGING ELECTRON COLLISIONS. . . 3397

Radiative1y
stabihziDg
transition

TABLE IX. (Continued).

abbr ev1ated
notation) N, =lo' cm ' %,=10% cm 1V, =10' cm ' %,=5.0)&10 cm N, =10 cm

1

6
9

10
11
14
16
17
18
19
20
21
22
24

2.66( —28)
3.31(—22)
2.13(—18)
1.31(—18)
1.30( —18)
5.21(—35)
5.81(—32)
9.17(—13)
3.79( —13)
1.02( —12)
4.68{—33}
4.31(—33)
1.16(—31)
2.04( —33}
9.10(—35)

1.&2( —23)
5.99( —19)
3.83( —16)
2.93(—16)
5.31(—16)
5.96( —22)
1.29{—19)
9.17(—13)
3.79( —13)
1.02( —12)
1.58( —20)
1.45( —19)
3.93(—19)
8.32( —21)
3.70( —22)

b =1s2p 3PO

2.83( —17)
1.19(—15)
1.29( —13)
1.11(—13)
1.94( —13)
4.16(—16)
2.90( —14)
6.12( —13)
2.53( —13)
6.82( —13)
3.70( —15)
3.40( —14)
9.22( —14)
3.02{—1S)
1.34( —16)

5.75( —16)
8.66( —1S)
1.22( —13)
1.61(—13)
2.65( —13)
4.27( —15)
7.88( —14)
3.45( —13)
1.42( —13)
3.84( —13)
1.04( —14)
9.58( —14)
2.59{—13)
2.33( —14)
1.04( —15)

1.34( —15)
1.57( —14)
9.85( —14)
1.S8( —13}
2.57( —13)
8.18(—15)
&.70( —14)
2.53( —13)
1.04( —13)
2.82( —13)
1.16( —14)
1.07{—13)
2.90( —13)
4.48( —14)
1.99( —1S)

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

8.08( —16)
6.23( —21)
2.94( —19}
1.91(—18)
1.28( —18)
1.91(—16)
6.45{—13)
1.26( —13)
5.24( —14)
1.41(—13)
2.08( —14)
1.91(—13)
5.18(—13)
8.87( —18)
3.95( —19)

8.08( —16)
1.O&( —17)
5.29( —17)
4.74( —16)
3.52( —16)
1.91(—16)
6.45( —13)
1.26{—13)
5.23( —14)
1.41(—13)
2.O&( —14)
1.91(—13)
5.18(—13)
8.88( —18)
3.95( —19)

7.57( —16)
4.58( —15)
2.23( —14)
1.62( —13)
1.35( —13)
1.6S( —15)
4.19(—13)
1.0S( —13)
4.36( —14)
1.17(—13)
1.64( —14)
1.51(—13)
4.09( —13)
4.54{—15)
2.02( —16)

1.10{—15)
1.11{—14)
3.77{—14)
1.76( —13)
1.94( —13)
5.49( —15)
2.28( —13)
1.06( —13)
4.38( —14)
1.18(—13)
1.39( —14)
1.28( —13)
3.47( —13)
2.54( —14)
1.13(—15)

1.62( —15)
1.62( —14)
3.88( —14)
1.54( —13)
1.91(—13)
8.46( —15)
1.64( —13)
9.98( —14)
4.13(—14)
1.11(—13)
1.24{—14)
1.14( —13)
3.09{—13)
4.33( —14)
1.93{—15)

1

4
6
9

10
11
14
16
17
18
19
20
21
22
24

1.79( —27)
2.22( —21)
4.79( —19)
1.29{—18)
2.09( —18)
2.25( —34)
5.72( —32)
2.06( —13)
8.52( —14)
2.29( —13)
3.40( —14)
3.12( —13)
8.46( —13)
2.15( —14)
9.60( —16)

4.56( —22}
1.49( —17)
8.59( —17)
2.16( —16)
5.74( —16)
1.37( —20}
9.62( —20)
2.05( —13)
8.51( —14)
2.29{—13)
3.39{—14)
3.12{—13)
8.45( —13)
2.15( —14)
9.60{—16)

b =1s2p P2
1.56( —16)
6.58( —15)
3.29( —14)
&.51(—14)
2.05( —13)
2.26( —1S)
2.21( —14)
1.55( —13)
6.45( —14)
1.73( —13)
2.51(—14)
2.31(—13)
6.26( —13)
2.35{—14)
1.os( —is)

9.77( —16}
1.47( —14)
4.62( —14)
1.25( —13)
2.48( —13)
7.24( —15)
6.13(—14)
1.29( —13)
5.36( —14)
1.44( —13)
1.80( —14)
1.66( —13)
4.49( —13)
4.20( —14)
1.88( —15)

1.73( —15)
2.02( —14)
4.49( —14)
1.23( —13}
2.28( —13)
1.05( —14)
6.&2( —14)
1.15( —13)
4.77( —14)
1.28( —13)
1.50( —14)
1.38( —13)
3.74( —13}
5.94( —14)
2.64( —15 )
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TABLE X. Inner-shell-electron collisional excitation radiation rate coefficients C,(b~a~f) (cm
sec ') for the most intense 1S2l'2l"—+ is 2l satellite transitions in lithiumlike argon {ArXVI) evaluated
at k~T, =1.6 keV and for representative electron densities N, . Numbers in parentheses are powers of
ten.

Radiatively
stabilizing
transition
a~

(abbreviated
notation) N, = 10' cm N, = 10 o cm N =10 cm N, =s.0&10 cm X,=10 cm

a
b
C

' d
J
k
l

m
n

0

q
r
s

2.36( —25)
1.58( —16)
5.20( —26)
1.03( —15)
2.28( —26)
4.22( —26)
2.40( —28)
3.31(—26)
6.44( —27)
8.32( —19)
5.26( —19)
4.29( —12)
1.63( —12)
1.82( —14)
1.14( —13)

2.36( —15)
1.58( —16)
1.19(—16)
i.o3( —is)
2.28{—16)
4.21( —16)
2.40( —18}
3.30( —, 16)
6.41( —17)
1.51(—17)
9.52( —18)
4.29( —12)
1.62( —12)
1.82( —14)
1.14( —13)

b =1s 2s Sii2
9.38( —13)
6.28( —14)
2.12( —13)
4.21( —13)
1.03( —13)
1.45{—13)
8.25( —16)
5.91(—14)
1.15(—14)
3.73( —15)
2.36( —15)

. 2.54( —12)
1.04( —12)
1.44( —14)
5.28( —14)

1.16( —12)
7.74( —14)
2.63( —13)
5.21( —13)
2.40{—13)
2.47( —13)
1.40( —15)
8.51(—14)
1.66( —14)
6.07( —15)
3.84( —15)
1.38( —12)
6.36( —13)
2.25( —14)
5.19(—14)

1.07( —12}
7.14( —14)
2.37( —13)
4.7o( —is)
3.00( —13)
2.79( —13)
1.59( —15)
9.55( —14)
1.86( —14)
6.9s( —is)
4.40( —15)
1.06( —12)
4.95( —13)
2.62( —14)
5.47( —14)

a
b
C

d
J
k
l

n
0

r

3.63( —13)
2.43( —14)
7.75( —13)
1.54( —12)
4.60{—13)
9.37( —13)
5.33( —15)
1.05( —13)
2.04( —14)
1.27{—15)
8.04( —16)
1.41( —17)
1.61(—1-7)

7.04( —19)
2.03( —18)

3.63( —13)
2.43( —14)
7.74( —iS)
1;54{—12)
2.07( —19)
9.37( —13)
5.33( —15)
1.04( —13)
2.03( —14)
1.27( —15}
8.03( —16)
7.19(—16)
7.03( —16)
3.14( —17}
3.03( —16)

is~21 2Pin
4.02( —13)
2.69( —14)
5.55( —13)
1.10( —12)
3.95( —14)
7.22( —13)
4.11(—15)
7.49( —14)
1.46( —14)
3.12( —15)
1.97( —15)
3.05( —13)
2.79( —13)
8.64( —15)
6.49( —14)

5.88( —13)
3.94( —14)
3.37( —13)
6.69( —13)
1.65( —13)
4.98( —13)
2.84( —15)
8.51(—14)
1.65( —14)
5.52( —14)
3.49( —15)
4.71(—13)
3.32( —13)
1.77( —14)
6.57( —14)

6.25( —13)
4.18(—14)
2.56( —13)
5.09( —13)
2.26( —13)
4.13(—13)
2.35( —15)
8.86( —14}
1.72( —14)
6.15(—15)
3.89( —15)
4.84( —13)
2.97( —13)
2.12( —14)
6.06( —14)

b
C

d
J
k
l

r
s

2.72( —i2)
1.82( —13)
1.96( —13)
3.89( —13)
5.01(—13)
2.68( —15)
1.52( —17)
2.76( —13)
5.36( —14)
1.01(—15)
6.38( —16)
3.11(—17)
1.13(—17)
2.03( —18)
3.54( —18)

2.72( —12)
1.82( —13)
1.96( —13)
3.89( —13)
s.oo(-13)
2.68( —15)
1.53( —17)
2.75( —13)
s.3s( —i4)
1.01(—15)
6.38( —16)
1.19(—15)
3.97( —16)
1.21( —16)
1.14( —16)

b =1s 2p P3/2
2.00( —12)
1.34( —13}
1.65( —13)
3.27{—13)
4.32( —iS)
5.38( —14)
3.06( —16)
1.33( —13)
2.58( —14)
3.32( —15)
2.io( —is)
4.63( —13)
1.66( —13)
2.40{—14)
2.30( —14}

1.30( —12)
8.72( —14)
1.58( —13)
3.14( —13)
3.99( —13)
1.68( —13)
9.58( —16)
1.06( —13)
2.06( —14)
5.95( —15)
3.77( —15)
5.94( —13)
2.38( —13)
2.86( —14)
3.86( —14)

- 1.06( —12)
7.06( —14)
1.49( —13)
2.96( —13)
3.85( —13)
2.13(—13)
1.21( —iS)
1.02{—13)
2.00( —14)
6.60( —15)
4.17(—15)
5.68( —13)
2.34( —13)
2.89( —14)
4.41(—14}
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FIG. 11. Effects of angular-momentum-changing electron
collisions and radiative corrections on selected satellite-line in-

tensity ratios in heliumlike argon, evaluated at k~T, =1.6 keV
taking into account both dielectronic recombination and inner-
shell-electron collisional excitation. (The abbreviated notation is
defined in Fig. 1.)

FIG. 12. Effects of angular-momentum-changing electron
collisions and radiative corrections on selected sateOite-line in-
tensity ratios in lithiumlike argon, evaluated at k&T, =1.6 keV
taking into account both dielectronic recombination and inner-
shell-electron collisional excitation. (The abbreviated notation is
defined in Fig. 2.)

A(a~f)= ~af
4m. hvg)

(40)

I(16)/I(22), I(17)/I(22), I(18)/I(22) and I(a)/I(j),
I(b)/I(j), I(c)/I (j ), I(d)!I(j ), which are shown as
functions of density at the maximum IC-shell emission
temperature in Figs. 11 and 12, respectively. %'e em-
phasize that these satellite-line intensity ratios are consid-
erably easier to analyze than the widely used ratio of the
satellite-line intensity relative to the resonance-line inten-
sity, which may have a substantial contribution from un-
resolvable dielectronic recombination satellites. The im-
portance of angular-momentum-changing electron col-
lisions and radiative corrections is illustrated by the strik-
ing differences between the unperturbed and modified
values which are predicted for several of these intensity
ratios.

Angular-momentum-changing electron collisions are
also predicted to significantly alter the satellite-line shapes
in high-density plasmas. The total linewidth I,~ result-
ing from all autoionization, radiative decay, and electron
collision processes may be conveniently specified in terms
of the Voigt line-profile parameter defined by

where hva denotes the thermal Doppler width. The
Voigt line-profile parameters for the satellite transitions in
the heliumlike and lithiumlike ions of argon are presented
as functions of density in Tables XI and XII, respectively.
The density behavior of this parameter for some of the
most intense satellite lines is illustrated in Figs. 13 and 14.
Doppler broadening is clearly seen to be the dominant
mechanism determining the line shapes below N, =10
cm, while the electron-impact broadening resulting
from angular-momentum-changing transitions is predict-
ed to prevail for densities beyond N, =10z4 cm 3. The
dramatic change in the satellite-emission spectra, which is
predicted to occur in the density range 10 &N, &10
cm, may provide a spectroscopic indication of plasma
compression in laser-fusion experiments.

V. CONCLUSIONS

We have investigated the combined effects of radiative
corrections and angular-momentum-changing electron
collisions on the dielectronic satellite spectra arising from
the entire array of radiatively stabilizing electric dipole
transitions from the n =2 autoionizing states in the heli-
umlike and lithiumlike ions of argon. These effects are
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TABLE XI. Voigt line-profile parameters for the satellite transitions zl'2l" —+1s 2I in heliumlike ar-
gon (Ar XVII), evaluated at k~T, =1.6 keV and for representative electron densities X,. Numbers in
parentheses are in powers of ten.

Radiatively
stabilizing
transition

a~
{abbreviated

notation) N, =10 cm ' N, =10 cm N, =10~' cm ' N, =5.0X10 cm ' N, =104 cm

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1.65( —1)
1.26( —1)
4.45( —2)
8.66( —2)
8.61(—2)
2.88( —2)
1.43( —2 }
2.79( —2)
2.77( —2)
2.6S{—2}
8.19(—Z)
4.31{—2)
8.32( —2)
4.40( —2)
8.32( —z)
4.34( —2)
4.40( —2)
4.35( —2)
8.96( —2)
5.04( —2)
4.99( —2)
1.94( —1)
1.54( —1)
1.54( —1)

1.70( —1)
1.30( —1)
4.96( —2)
1.01(—1)
9.82( —2)
3.37( —2)
1.57( —2)
3.52( —2)
3.27( —2)
3.15( —Z)
9.05( —2)
5.16( —2)
8.78( —2)
4.85( —2)
8.77( —2)
4.78( —2)
4.84( —2)
4.65( —2)
9.41( —2)
5.48( —2)
5.29( —2)
2.00( —I )

1.60( —1)
1.58( —1)

Z. 13(—1)
1.72( —1)
9.67( —2)
2.33( —1)
z.o8( —1)
7.88( —2)
2.91(—2)
1.03( —1)
7.83( —2)
7.71(—2)
1.68( —1)
1.28( —1)
1.30( —1)
8.95( —2)
1.28( —1 }
8.72{—2)
8.78( —Z)
7,40( —1)
1.34( —1)
9.41{—2)
8.03( —1)
2.50( —1)
z.o9( —1}
1.96( —1)

4.04( —1)
3.59( —1)
3.06( —1 }
8.21{—1)
7.00( —1)
2.79( —1)
8.86{—2}
4.01(—1)
2.81( —1)
2.8O( —1)
5.15( —1)
4.70{—1)
3.16(—1 }
2.72( —1)
3.07( —1 }
2.62( —1)
2.63( —1)
1.96( —1)
3.13{—1)
2.69( —1)
2.02( —1)
4.76( —1)
4.31(—1)
3.64( —1)

6.42( —1)
5.91(—1)
5.67( —1)
1.55(0)
1.31(0)
5.29{—1)
1.63( —1 }
7.74( —1)
5.34( —1)
5.33( —1)
9.48( —1)
8.97{—1)
5.49( —1)
4.99( —1)
5.32( —1)
4.81(—1)
4.82( —1)
3.48( —1)
5.37{—1)
4.87( —1)
3.54{—1)
7.58( —1)
7.07( —1)
5.74( —1)

TABLE XII. Voigt line-profile parameters for the satellite transitions 1szl'2l" ~1s zl in lithiumlike
argon (Ar XVI), evaluated at k~T, =1.6 keV and for representative electron densities N, . Numbers in
parentheses are powers of ten.

Radiatively
stabilizing
transition

a —+

(abbreviated
notation) W, = 10 cm & =10 cm — & =10 cm —3 ~ —5 0~10 cm ' N, =1024 cm

C

J
k
I

n

P
q
r

6.07( —2)
6.06( —2)
6.03( —2)
6.03( —2)
6.46( —2}
6.54{—2}
6.55( —2)
2.66( —2)
z.65( —z)
4.21( —2)
4.21( —2}
3.90( —2)
3.69( —2)
3.zl( —z)
3.46( —2)

6.65( —2)
6.77( —2)
6.62( —2)
6.74( —2)
7.07( —2)
7.28( —2)
7.16( —2)
3.54( —Z)
3.64( —2)
5.02( —2)
5.14( —2)
4.71(—2)
4.44( —2)
4.55( —2)
4.83( —2)

1.19(—1)
1.32( —1)
1.20( —1)
1.32{—1)
1.26( —1)
1.40( —1)
1.27( —1)
1.15( —1)
1.27( —1)
1.23( —1)
1.36( —1)
1.20( —1 }
1.13(—1)
1.66( —1)
1.73( —1}

3.54( —1)
4.17(—1 }
3.58{—1)
4.20( —1)
3.72( —1)
4.36( —1)
3.74( —1)
4.68( —1)
5.28( —1)
4.49( —1)
5.13(—1)
4.43{—1)
4.17{—1)
7.00( —1)
7.29( —1)

6.48( —1)
7.73( —1)
6.55{—1)
7.80( —1)
6.8O( —1)
8.08( —1)
6.82( —1)
9.09( —1)
1.03(0)
8.56( —1)
9.83( —1)
8.47{—13
7.97{—1)
1.37( —O)

1.42(0}
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FIG. 13. Voigt line-profile parameters for selected satellite
transitions 2l'2l" ~1s2/ in heliumlike argon, evaluated for
kg T, =1.6 keV.

FIG. 14. Voigt line-profile parameters for selected satellite
transitions 1s2l'2l"~ls 2l in lithiurnlike argon, evaluated for
k~T, =1.6 keV.

predicted to be most significant for the satellite lines ernit-
ted from the 2p I'i and is2p p metastable autoioniz-
ing states, which produce prominent spectral features in
high-density plasmas. Provided that self-absorption of
the satellite radiation can be neglected, it may be possible
to utilize intensity ratios involving these satellite lines for
the spectroscopic determination of compression in laser-
produced plasmas.

In addition to the limitations imposed by the use of the
isolated-resonance approximation and the neglect of the
Stark broadening which results from the ion-produced
electric microfield fluctuations, the fundamental theory of
the satellite-line spectra may need further extension to re-
move the artificial distinction between the nonresonant ra-
diative recombination and dielectronic recombination pro-
cesses. Alber, Cooper, and Rau have recently presented
a unified treatment of radiative and dielectronic recom-
bination which is based on the evaluation of the S matrix
describing the entire colhsion process involving photon
emission following electron capture, as first discussed by
Davies and Seaton. This approach leads to the prediction
of additional contributions to the satellite intensities
which cannot be simply represented by Feynman-type dia-
grams involving intermediate autoionizing resonances.
Apparently this unified treatment involves the abandon-
ment of the Breit-signer resonance approximation.

The theory of dielectronic satellite spectra can also be

further extended to allow for the effects of correlations
{i.e., overlap in time) between the electron collision and
spontaneous decay processes. The effects of correlations
between collision and radiation processes have been treat-
ed within the framework of the density-matrix description
by Ballagh and Cooper, ' who demonstrated that under
suitable conditions the coherence terms can be neglected
and the total transition rates can be expressed as sums of
the rates that each individual mechanism would produce
when acting alone. At very high densities for which
many collisions can occur within the characteristic time
for autoionization and radiative decay, the quantum-
mechanical phases of the autoionizing states should be-
come sufficiently randomized to justify the neglect of
correlations between the collisional excitation and spon-
taneous decay processes.
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