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Theoretical predictions are presented for the iron Ka x-ray emission spectra from high-
temperature plasmas, assuming steady-state optically thin excitation conditions. Account has been
taken of all fine-structure components of the 2p — s inner-shell-electron radiative transitions in the
iron ions from Fe xviil to Fe Xxx1v. The Ka emission spectra are assumed to be produced by means
of dielectronic recombination and inner-shell-electron collisional excitation processes that involve
intermediate autoionizing states belonging to electronic configurations of the type 1s'2s2p°®. In ad-
dition to the electron-temperature variation, which is attributable to the temperature dependences
of the radiationless electron capture and inner-shell-electron collisional excitation rate coefficients
and to the temperature dependence of the charge-state distribution, the Ka emission spectra exhibit
an electron-density sensitivity. This electron-density sensitivity is a result of the density-dependent
distribution of populations among the different fine-structure levels of the initial ions in the dielec-
tronic recombination and inner-shell electron collisional excitation processes. In order to introduce
a simplified treatment for the initial distribution of populations, whose precise determination would
involve the detailed and self-consistent description of a multitude of elementary atomic autoioniza-
tion, collision, and radiation processes, the electron-density range of interest has been subdivided
into three, increasingly dense, regions. In the low-density region, which is expected to be appropri-
ate for astrophysical plasmas such as solar flares and supernova remnants, it has been assumed that
only the lowest-lying fine-structure levels of the ground-state electronic configurations of the initial
ions are populated. Magnetically confined laboratory plasmas, such as tokamaks, are represented
by the intermediate-density region, in which the initial ion populations have been assumed to be sta-
tistically distributed among all fine-structure levels of the ground-state electronic configurations. In
the high-density region, which is expected to occur in laser-produced and vacuum-spark-produced
plasmas, the populations of the initial ions have been assumed to be statistically distributed among
all fine-structure levels of not only the ground-state electronic configurations but also the additional
configurations which can be derived from the ground-state configurations by means of 2s —2p exci-
tations. The inclusion of these additional excited configurations of the initial ions not only alters
the intensities of the satellite lines that are predominant at low densities, but it also introduces addi-
tional satellite lines that occur at different wavelengths. Discussions are presented on the conse-
quences of this electron-density sensitivity of the Ka satellite emission for the spectroscopic deter-
minations of electron temperatures, electron densities, and charge-state distributions in both astro-
physical and laboratory plasmas.
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I. INTRODUCTION

The dielectronic recombination and inner-shell elec-
tron collision excitation processes in highly ionized atom-
ic ions have been known to be responsible for prominent
features, known as dielectronic satellite lines, in the far-
ultraviolet and x-ray emission spectra of high-
temperature astrophysical and laboratory plasmas. These
satellite lines have been identified on the long-wavelength
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sides of the associated resonance lines in low-density plas-
mas such as solar flares,”? with electron densities
N, = 102 cm ™3, in intermediate-density plasmas such as
encountered in the tokamak devices employed for mag-
netic confinement fusion research,»* where 10°<N,
<10 cm™3, and in high-density laser-produced plas-
mas,>® where N, >10%° cm 3. When the satellite lines
are spectroscopically resolvable from the associated reso-
nance line of the recombining ion, they can be utilized for
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the determination of basic plasma properties, such as the
electron temperature, the electron density, and the equi-
librium and nonequilibrium charge-state distributions.”®
Unresolvable satellites usually represent radiative emis-
sions that are indistinguishable from the resonance-line
emission, and in certain cases they are known to provide
substantial contributions to the observed resonance-line
intensity. A noteworthy illustration of resolvable dielec-
tronic satellite lines occurs in the case of the prominent
1s2p 'P, —1s?'S, resonance line in the helium-like ion
Fe xxv. This resonance line is often accompanied by
conspicuous satellite features that are produced by radia-
tively stabilizing transitions of the general type
1s2pn1—>1s2nl in the lithiumlike ion Fe xx1v,° 12 pri-
marily with n =2 but also with some n =3 transitions
corresponding to resolvable features. Since the unresolv-
able satellite lines, which mainly correspond to n =3,
occur in a Rydberg series with decreasing wavelength dis-
placements from the position of the resonance line, the
enhancement in the apparent intensity of the resonance
line is accompanied by an asymmetric broadening.
Simplified calculations,'3 utilizing LS- and fine-structure-
averaged atomic transition rates, are expected to be ade-
quate for the evaluation of the total dielectronic recom-
bination rate resulting from the multitude of satellite
transitions. This total rate has been established by Bur-
gess'* to be the dominant recombination rate for multiply
charged nonhydrogenic ions in low-density, high-
temperature plasmas. However, a detailed and self-
consistent treatment of the elementary autoionization,
collision, and radiation processes, utilizing the transition
rates connecting individual fine-structure states, is ex-
pected to be essential for the accurate analysis and inter-
pretation of high-resolution dielectronic satellite spectra.
An additional motivation for the increasing emphasis to-
ward more refined calculations for dielectronic satellite
radiation processes is provided by the recent demonstra-
tion'* !¢ that the total dielectronic recombination rate for
high-Z atomic ions, with Z > 30, is determined, in the im-
portant temperature region, predominantly by the contri-
butions from the energetically lowest-lying autoionizing
levels. These autoionizing levels are responsible for the
resolvable dielectronic satellite lines.

In this investigation theoretical results are presented
for the Ka satellite emission spectra produced by the
2p —1s inner-shell electron radiative transitions in the
iron ions from Fe XVIII to Fe XX1v. These radiative tran-
sitions give rise to prominent satellite lines in the x-ray
region from 1.85 to 1.93 A. The Ka satellite spectra of
iron have been observed with high resolution from solar
flares,"%'"1® with N, <10'> cm™3, from the Princeton
large torus tokamak device,>*!'*? with 10"* <N, <10'
cm™ % and from vacuum sparks’! and laser-produced
plasmas,”” with N, >10%° cm™3. The Ka satellite emis-
sion spectra of iron have been the subject of previous
theoretical investigations for tokamak-plasma conditions,
the first of which was reported by Merts, Cowan, and
Magee.”> These investigators allowed for dielectronic
recombination and inner-shell electron collisional excita-
tion processes from the ground-state electronic
configurations of the initial ions. In particular, they as-

sumed that the initial ion populations are statistically dis-
tributed among the various fine-structure levels. The
dielectronic recombination and the inner-shell electron
collisional excitation mechanisms involve intermediate
autoionization-resonance configurations of the type
1s'252p%, in which the K-shell vacancy initially formed
by either radiationless electron capture or inner-shell
electron collisional excitation may be filled by either a
2p — ls radiatively stabilizing transition or an autoioniza-
tion process. The various autoionization and spontane-
ous radiative transition rates, which are required for the
prediction of the satellite-line intensities, were evaluated
by utilizing the relativistic multiconfiguration atomic
structure code of Cowan.?* Merts, Cowan, and Magee??
also included the additional contributions to the satellite
emission spectra which are produced by radiative transi-
tions from autoionizing configurations of the general type
1s'2s"2p°nl, with n >3, and they took into account the
additional contributions that correspond to inner-shell
electron collisional ionization processes. They conclud-
ed, however, that these additional contributions did not
result in a substantial modification of the predicted satel-
lite emission spectra for the iron ions from Fe XVIIII to
Fexx1v. They also pointed out that, in most cases, the
dielectronic recombination process provides the dom-
inant contribution to the satellite-line intensities. Howev-
er, there are particular satellite transitions for which the
inner-shell electron collisional excitation process is found
to be important.

In a subsequent application of the investigation by
Merts, Cowan, and Magee?* to solar-flare plasma condi-
tions, Doschek, Feldman, and Cowan?’ imposed the ap-
propriate low-density excitation condition that both the
dielectronic recombination and the inner-shell electron
collisional excitation processes can occur only from the
energetically lowest-lying fine-structure levels of the
ground-state electronic configurations of the initial ions.
In further extensions of this investigations, by Phillips,
Lemen, Cowan, Doschek, and Leibacher?® and by Lemen,
Phillips, Doschek, and Cowan,?” Ka satellite emission
spectra have been predicted for both solar-flare and
tokamak-plasma conditions by means of a detailed calcu-
lation (utilizing the individual bound-bound atomic col-
lisional and radiative transition rates) of the electron-
density-dependent population distributions of the initial
ions among the entire sets of fine-structure levels belong-
ing to the ground-state electronic configurations. The
Ka satellite emission spectra predicted in these exten-
sions?®?’ exhibit a conspicuous electron-density sensitivi-
ty in the range 10"* <N, <10'> cm ™3, which is of particu-
lar interest in magnetic-fusion research.

In order to develop a more extensive model, which
would enable the prediction of the K a satellite emission
spectra to be made over a wider range of electron densi-
ties, it will be necessary to remove the restriction of tak-
ing into account only processes involving the ground-
state electronic configurations of the initial iron ions. In
particular, it would be desirable to extend the calcula-
tions for the Ka satellite emission spectra to the
electron-density region 10" <N, <10** cm™3. In this
high-electron-density region, the 2s —2p collisional exci-
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tations of the ground-state configurations are more
efficient than the corresponding 2p —2s spontaneous ra-
diative transitions. However, the corresponding col-
lisional excitation and de-excitation processes among the
autoionizing levels are not yet competitive with the
2p —1s autoionization and radiative stabilization pro-
cesses. In this high-density region, which occurs in
laser-produced and vacuum-spark-produced plasmas,
both the dielectronic recombination and the inner-shell
electron collisional excitation processes can occur not
only from iron ions initially in their ground-state elec-
tronic configurations but also from iron ions initially in
the electronic configurations which can be derived from
the ground-state configuration by means of 2s —2p ex-
citations. Examples of such excited electronic
configurations have been included in a previous investiga-
tion of the K a satellite emission spectra of iron for solar-
flare conditions by Mewe, Schrijver, and Sylwester?® and
by Mewe and Schrijver,” but these investigators ap-
parently did not take into account the correct electron-
density dependences of the population distributions asso-
ciated with the initial ions in these excited electronic
configurations. It has been pointed out by Doschek,
Feldman, and Cowan?’ that the processes involving the
initial ions in these excited electronic configurations can-
not appreciably contribute to the satellite emission spec-
tra except at the orders-of-magnitude higher densities
that are characteristic of laser-produced and vacuum-
spark-produced plasmas.

In the present investigation we have systematically tak-
en into account all fine-structure components of the satel-
lite transitions that are produced by both the dielectronic
recombination and the inner-shell electron collisional ex-
citation processes in the iron ions from FeXVIII to
Fe xx1v. In order to obtain predictions appropriate for
each of the three particular electron-density regions of in-
terest, we have performed three separate calculations. In
the low-density region appropriate for solar-flare plasma
conditions, we have assumed that the initial ion popula-
tions are confined to the lowest-lying fine-structure levels
of the ground-state electronic configurations. In the
intermediate-density region appropriate to tokamak plas-
mas, we have assumed that the initial ion populations are
statistically distributed among all fine-structure levels of
the ground-state electronic configurations. Finally, in the
high-density region corresponding to laser-produced and
vacuum-spark-produced plasmas, we have assumed that
the initial ion populations are statistically distributed
among all fine-structure levels of both the ground-state
electronic configurations and the additional electronic
configurations that can be formed by means of the possi-
ble 25 —2p excitations.

The theoretical treatment of the satellite emission spec-
tra which is employed in the present investigation has
been described for heliumlike and lithiumlike ions by
Jacobs, Rogerson, Chen, and Cowan.?® This theoretical
treatment may be regarded as a systematic extension of
an earlier investigation, which has been reported by
Jacobs and Blaha,’! to incorporate the fine-structure
splittings of the LS components of the satellite lines and
the effects of the quantum-mechanical interference be-
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tween the autoionization and spontaneous radiative de-
cay modes.’>3* In subsequent theoretical investiga-
tions®*3¢ expressions have been derived for the combined
electron-ion photorecombination cross section which in-
corporate the additional interference between the transi-
tion amplitudes corresponding to radiative and dielec-
tronic recombination, but numerical results have not yet
been obtained from the unified theory of radiative and
dielectronic recombination. The earlier investigation by
Jacobs and Blaha®' was concerned primarily with the
effects of 25 —2p angular-momentum-changing collision-
al transitions among the autoionizing-resonance levels,
which become important only in the very-high-electron-
density region N,>10* cm 3. Since neither the
angular-momentum-changing  collisional  transitions
among the autoionizing levels nor the quantum-
mechanical interference effects will be investigated in the
present calculations for the K a satellite emission spectra
of iron, our theoretical treatment is a natural extension of
the theory described by Cowan?* and employed by Merts,
Cowan, and Magee?® and by the subsequent investiga-
tors.2>~%

For precise theoretical predictions of the dielectronic
satellite emission spectra, it is necessary to incorporate
not only a systematic and detailed treatment of the indi-
vidual fine-structure components of the satellite-line in-
tensities but also an accurate determination of the satel-
lite transition-wavelength positions together with a realis-
tic representation of the satellite-line profile functions. It
has been demonstrated by Seely, Feldman, and Safrono-
va’? that the theoretically predicted wavelengths for the
2p —1s inner-shell electron transitions in the iron ions
from Fe XVIII to Fe XX1v, which have been obtained from
the multiconfiguration relativistic atomic structure code
of Cowan,?* must be systematically corrected in order to
obtain precise agreement with the measured wavelengths,
which have been derived from high-resolution x-ray emis-
sion spectra. The required transition-wavelength correc-
tions, which are between 0.002 and 0.003 A for these iron
ions, are partially due to the incomplete representation of
the nonrelativistic and relativistic contributions to the
many-electron energy eigenvalues but are mainly attri-
butable to quantum electrodynamical energy correc-
tions,*®3° which in lowest-order perturbation theory in-
clude the electron self-energies and the vacuum-
polarization energies.

The Doppler broadening produced by the thermal or
turbulent motion of the radiating ions is expected to be
the dominant spectral-line-broadening mechanism in a
low-density high-temperature plasma. The satellite lines
are also broadened by the action of the electric and mag-
netic plasma microfield fluctuations*® and by the same
elementary atomic autoionization, collision, and radia-
tion processes which enter into the determination of the
population densities of the upper and lower levels in the
radiatively stabilizing transitions. In the isolated-line ap-
proximation,*! the emission spectra produced by a partic-
ular array of radiatively stabilizing transitions can be
represented in terms of a superposition of Voigt line-
profile functions, which are convolutions of a Gaussian
profile function representing the Doppler broadening and
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a Lorentzian profile function describing the broadening
that is due to the elementary atomic autoionization, col-
lision, and radiation processes. The complete determina-
tion of the spectal-line broadening profile functions,
which would be valid over an extensive electron-density
range extending above N, =10%* cm 3, must take into ac-
count the additional phenomenon of Stark broadening.
Such a determination would represent a substantial effort
for the multitude of satellite transitions that have been
taken into account in this investigation. Rather than at-
tempt such a full treatment of the spectral-line-
broadening problem, we have employed only the Doppler
line-profile functions in the evaluation of the theoretical
satellite emission spectra. We have, however, obtained
an assessment of the adequacy of this Gaussian-profile
approximation in the various density regions of interest
by means of a systematic evaluation of the Voigt line-
profile parameters.

The remainder of this paper has been organized in the
following manner. In Sec. II we present a review of the
theory of the dielectronic satellite emission spectra, tak-
ing into account the spectral-line formation processes of
dielectronic recombination and inner-shell-electron col-
lisional excitation. We also include a detailed discussion
of the simplified treatments of the initial-ion level-
population distribution which have been adopted for the
three separate electron-density regions of interest. A de-
tailed description of the calculations is presented in Sec.
ITI, together with the predicted Ka satellite emission
spectra that have been obtained for the iron ions from
Fe xvill to FexXiv. For each of the three separate
electron-density regions, we present two sets of calcula-
tions, which correspond to the electron temperatures
T,=1.0X 107 and 2.0X 10’ K. We also present a discus-
sion of the qualitative differences among the theoretical
results that have been obtained using the three different
initial-ion level-population distributions, and we attempt
to make a comparison with available observed spectra
from plasmas corresponding to the three different
electron-density regions. Our conclusions are presented
in Sec. IV, together with a further discussion of the addi-
tional refinements that should be incorporated into future
extensions of this investigation.

II. THEORY OF DIELECTRONIC SATELLITE SPECTRA

The theory of dielectronic satellite spectra which is de-
scribed in this section is based on the formalism that has
been presented in a recent investigation by Jacobs,
Rogerson, Chen, and Cowan.’® However, an alternative
designation for the atomic states has now been adopted in
order to conform with the notation employed in the
theory of dielectronic recombination and inner-shell-
electron collisional excitation which is presented in the
recent book by Cowan.?* Our objective has been to de-
velop simplified treatments for the three different
electron-density regions of interest.

We denote by j an autoionizing state of the N-electron
ion X** with residual charge z, which is related to the
nuclear charge Z by z=Z —N. The satellite spectra of

JACOBS, DOSCHEK, SEELY, AND COWAN 39

interest in this investigation are produced by the radia-
tively stabilizing transitions

X t(j)—=X*tk)+hv, (1

in which the final state k lies below the ionization thresh-
old. In the isolated-line approximation,41 the emission
spectra produced by the entire array of radiatively stabil-
izing transitions j — k can be represented in the form

ehv)=(hv/4m) Y,

NG)A,(j—Kk)L(j—k,hv) ,
j k

()

which gives the power radiated per unit volume per unit
solid angle and photon-energy intervals. The population
densities of the ions in the autoionizing levels j are denot-
ed by N(j), the rates at which photons with energy hv
are spontaneously emitted are represented by A4,(j —k),
and the photon-energy-normalized line-shape functions
are designated by L(j —k,hv). Although the population
densities N(j) employed in the present investigation have
been obtained from a steady-state excitation model, Eq.
(2) can be applied to nonequilibrium excitation condi-
tions, for which the population densities must be ob-
tained from the time-dependent rate equations. Since the
population densities N(j) will depend on the hydro-
dynamic variables that characterize the physical condi-
tions within the plasma, such as the electron and ion tem-
peratures and the electron and ion densities, the satellite
spectra represented by the emission coefficient of Eq. (2)
will be functions of these temperatures and densities.
The summations over j and k must include all transitions
that can contribute within the photon-energy range of in-
terest. In this investigation, we have taken into account
all fine-structure components of the 2p — 1s transitions
which are produced by the radiative stabilization process-
es from autoionizing states belonging to the electronic
configurations 1s'2s"2p* (with 0<r <2 and 0<s5s <6) in
the iron ions from Fe XVIIII to Fe XX1V.

The review of the theory of dielectronic satellite spec-
tra which is presented below has been subdivided accord-
ing to the individual line-formation mechanisms by
means of which the autoionizing levels j can be popu-
lated.

A. Dielectronic recombination

The autonizing state j, which will be specified in terms
of the total electronic angular momentum J, can be popu-
lated by means of the radiationless electron capture pro-
cess

X (m)+e (g, > X7 (), 3)

where m denotes the initial fine-structure state of the
recombining ion X**V* and ¢, is the energy of the
captured electron. If the radiationless electron capture
rate coefficient is denoted by C,,(me;, —j), the corre-
sponding contribution to the steady-state population den-
sity of the autoionizing level j can be expressed in the
form?!
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DN eap= 2 2 Q-

)Ceap(mej, —j )N(m)N, ,

4)

where Q ~1! denotes the matrix of the autoionization, col-
lisional, and radiative transition rates which have been
taken into account in the determination of the steady-
state population densities of the autoionizing levels j.
The number density of recombining ions initially in the
fine-structure level m is denoted by N(m ).

In the corona-equilibrium-model approximation,
which is valid at sufficiently low plasma densities, it is as-
sumed that all excited levels of the atomic system are
depopulated only by means of autoionization or by means
of spontaneous radiative emission processes. In this ap-
proximation, the only nonvanishing elements of the tran-
sition rate matrix Q are the diagonal elements given by3°

Qj,j)= EA (j—m'e, +2A (j—k), (5

13,14

which is the sum of the rates 4,(j —m’e, ) for autoion-
ization into all energetically accessible fine-structure
states m’ of the recombining ion and the sum of the rates
A,(j—k') for spontaneous radiative transitions to all
lower fine-structure states k' of the recombined atomic
system. If nonstabilizing radiative transitions to lower-
lying autoionizing states are permissible, then the nonsta-
bilizing radiative transitions cannot be consistently taken
into account in Eq. (5) without also allowing for these ad-
ditional spontaneous radiative processes in the nondiago-
nal elements of the transition rate matrix Q.

For a Maxwellian distribution of incident electron en-
ergies, the radiationless electron-capture rate coefficient

cap(m €;,, —j ) can be expressed, in terms of the autoion-
ization rate A4,(j _] —me;, ), by means of the detailed bal-
ance relatlonshnp

—j )=23a37r3/2(g, /28 WEy /kpT,)3"?
€jm /kpT,

Ceaplmey,
)14,(j—>me;, ),

(6)

where g; and g,, represent, respectively, the statistical
weights of the autoionizing level j and of the
recombining-ion fine-structure level m, T, is the electron
temperature, kp is the Boltzmann constant, a, is the
Bohr radius, and Ej is the ionization energy of atomic
hydrogen.

It has been suggested*? that an analysis of the line spec-
tra produced by the satellite transitions in the lithiumlike
iron ion Fe XXIV, together with the resonance transition
in the heliumlike iron ion Fe XXV, can provide a deter-
mination of the population of nonthermal electrons.
Nonthermal electrons may be produced by the action of
strong electric, magnetic, or laser-radiation fields, partic-
ularly in low-density plasmas where collisional relaxation
processes among electrons tend to be less efficient than
the collisionless mechanisms. This technique has been re-
cently implemented*’ to deduce from spectral observa-
tions evidence for the presence of a nonthermal com-
ponent of the electron-energy distribution. For non-

Xexp[ —
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Maxwellian electron-energy distributions, the appropri-
ate generalization of Eq. (6) must be employed.

It is convenient to introduce the photon emission rate
coefficient (which is measured in cm3sec™!) for dielec-
tronic recombination as follows:°

aDR(mejm—>j—>k 2 A,(j—k)Q™ ]] ")

XCcap(ms]-,m —j') . 7N

If we take into account only the diagonal Q-matrix ele-
ments with j =j’, the factor 4,(j —k)Q ~!(j,j) becomes
equivalent to the familiar branching ratio for the radia-
tively stabilizing transition j — k, which is conventionally
denoted by B,(j—k). If self-absorption of the satellite
radiation by the plasma is ignored, the dielectronic
recombination contribution to the total angle- and
frequency-integrated emitted-photon intensity (measured
in cm ™ 3sec™!) can be expressed as*

—j—k)N(m)N, . (8)

Ipr(j—k)= 3 aprlme,

At very low electron densities (N, <10 cm™3), only
the lowest-lying fine-structure level m, of the ground-
state electronic configuration of the recombining ions will
attain an appreciable population density. Consequently,
it will be necessary to retain only the m contribution to
the summation over m in Eq. (8). This assumption is ex-
pected to be valid for the highly ionized iron ions in the
low-density regions of the solar corona.

In the intermediate-density plasmas that are of interest
in magnetic confinement fusion research (10'* <N, <10'
cm ™ ?), the collisional excitation rates may become
sufficiently high to establish a statistical distribution of
the population density among the metastable fine-
structure levels of the ground-state electronic
configuration, which can undergo spontaneous radiative
decay only by means of relatively weak optically forbid-
den (magnetic-dipole, electric-quadrupole, etc.) transi-
tions. Consequently, the distribution of population
among the various fine-structure levels m of the ground-
state electronic configuration can be approximated by
means of the statistical relationship

N(m)= Em
Nz+1 zmgm ’

where the summation over m is to be taken over all fine-
structure levels of the ground-state electronic
configuration and N, ., represents the total number den-
sity of the initial ions X'* V" which are assumed to be
predominantly in the fine-structure levels of the ground-
state electronic configuration. It is now customary to in-
troduce for the radiatively stabilizing transition j— k the
average dielectronic recombination rate coefficient
apr(j—k), which is defined so that the dielectronic
recombination contribution to the photon intensity, radi-
ated per unit volume in the satellite transition j—k, can
be expressed in the form

aDR(]——’k) z+,N (10)

©)

Ipg(j—k)=
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The appropriate average dielectronic recombination rate
coefficieint can be determined from an evaluation of the
expression

7" %a3(Ey /kpT, €jo/kgT,)]
x [g,-/zgm | 4000 )

X3 A,(j—me,,), (11)

aDR(_]ﬂk) 3/2exp[_

where the summations over m are to be taken over all
fine-structure levels of the ground-state electronic
configuration and g, represents an appropriate average
value of the electron energy.

In the present investigation we also consider the high-
density region IOZOSNeS 10** cm ™3, which is charac-
teristic of laser-produced and vacuum-spark-produced
plasmas. In this density region, the collisional excitation
rates are expected to be sufficiently high to establish a
statistical distribution of the initial-ion populations not
only among the fine-structure levels of the ground-state
electronic configuration but also among the fine-structure
levels corresponding to all additional electronic
configurations that can be derived from the ground-state
electronic configuration by means of 2s —2p excitations.
Consequently, the summations over m in Egs. (9) and (11)
are now to be extended to include the additional fine-
structure levels of the excited electronic configurations.

It should be emphasized that, for an accurate deter-
mination of the dielectronic satellite spectra, it will be
necessary in a future extension of this investigation to ob-

C,(k"—j)=

which is applicable only to electric-dipole transitions.
Since single-electron electric-dipole transitions are ex-
pected to be associated with the most rapid collisional ex-
citation processes, the use of the Bethe approximation for
the collisional-excitation rate coefficients should be ade-
quate for the present investigation. For selected 1s —2p
transitions in heliumlike and lithiumlike argon ions, the
electron collisional-excitation rate coefficients which have
been obtained using the Bethe approximation have been
compared’® with the corresponding results of more ela-
borate distorted-wave calculations.** The agreement be-
tween the results obtained by means of the two different
procedures has been found to be much closer than had
been anticipated. Further improvement in the agreement
between the two results can be obtained’! by the intro-
duction of a reduction factor of 0.5 in the Bethe cross
section, which yields good agreement with the threshold
values of the distorted-wave cross sections. This pro-
cedure has been adopted in the present calculations.

In a form analogous to Eq. (7), we may introduce the
photon emission rate coefficient for collisional excitation

(32/3'2)m (g, /g Nag /@) [Ey /AE(K" — )X Ey /kp T,
X (32 /27){(Ind)exp[ —AE(k" —j)/kgT,1+E,[AE(k" —j)/k,T,1} A
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tain the actual initial-ion fine-structure-level populations
from a detailed and self-consistent collisional-radiative-
equilibrium model calculation, in which systematic ac-
count would be taken of all relevant autoionization, col-
lisional, and radiative transition rates.

B. Inner-shell-electron collisional excitation

Alternatively, the autoionizing state j can be populated
as a result of the inner-shell-electron collisional excitation
process

XPH (k") +e (g =X T (j)te  (g)), (12)

where k'’ is a bound fine-structure state of the ion X7,
If the inner-shell-electron collisional-excitation rate
coefficient is denoted by C,(k'"—j), the contribution
from this electron-impact excitation process to the
steady-state population density of the autoionizing level j
can be written in the form?!

[ ]exc 2 2 Q ’] )C k"

k" —j")N(k")N,

e (13)
where, in the corona-equilibrium-model approximation,
the transition rate matrix Q has only diagonal matrix ele-
ments, which are given by Eq. (5). The population densi-
ty of the initial ions in the bound fine-structure state k'’ is
denoted by N(k'").

For a Maxwellian distribution of incident electron en-
ergies, the inner-shell-electron collisional-excitation rate
coefficient C,(k'"—j) can be expressed, in terms of the
spontaneous radiative transition rate A4,(j —k’’), by em-
ploying the Bethe approximation**

P2 kyT,/AE(k" —j)]
LG—k"), (14)

of the radiative transition j — k as*°

Ceplk"—j—k)=3 A,(j—k)Q '(j,j")C,
<

(k”—')j') .

(15)

The collisional-excitation contribution to the total rate of
photon emission per unit volume in the satellite transi-
tion j —k can then be expressed in the form™°

Icg(j—k)= Ccglk” —j—k)N(K")N, . (16)
<

As discussed in Sec. I A in connection with the popu-
lation densities of the fine-structure levels m of the
recombining ion, we will subdivide the electron-density
range of interest into three, increasingly dense regions in
order to introduce a simplified treatment for the distribu-
tion of population density among the bound fine-
structure levels k" of the combined ion. In the very-
low-density region, it will be necessary to retain only the
k¢ contribution in the summation over k'’ in Eq. (16). In
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the intermediate- and high-density regions, we will intro-
duce the statistical distributions

N(K") _ 8
N, S’

where the summation over k'’ is to be taken over all fine-
structure levels of either only the ground-state electronic
configuration or the ground-state electronic configuration
together with the additional electronic configurations
that can be formed by means of 2s—2p An =0 excita-
tions. In either case, N, represents the total number den-
sity of the combined ions X* 7.

(17)

J
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For the statistical distributions of the population densi-
ties N(k''), it is convenient to introduce the average
inner-shell-electron collisional-excitation rate coefficient
Cce(j—k), which is defined so that the collisional-
excitation contribution to the photon intensity radiated
in the satellite transition j—k can be expressed in the
form

Icg(j—k)=Ceg(j—k)N,N, . (18)

The appropriate average collisional-excitation rate
coefficient can be evaluated by means of the expression

Copli—k)=(32/3"")13"%ay/a) | Ey /AE(0—j) X Ey /ky T, *[ky T, /AE(0—j)]
X (32 /27){(In4)exp[ —AE(0—j)/kyT,1+E,[AE(0—j)/kpT,]}
X [gj/Egkn]A,(j—»k)Q_l(j,j)E A,(j—k"), (19)
k" k"

where the summations over k' are to be taken over all
bound fine-structure levels of the electronic
configurations and AE(0—j) represents an appropriate
average value of the excitation energy.

C. Additional excitation processes

Inner-shell-electron  collisional  ionization  may
represent the most important excitation mechanism for
the autoionizing states which has not been taken into ac-
count in the present investigation. A comprehensive in-
vestigation of radiative and Auger emission following
inner-shell-electron ionization of iron ions has been
presented,*® in which systematic account has been taken
of all elementary Auger processes and spontaneous radia-
tive transitions that can occur during the inner-shell va-
cancy cascade decay process. However, in order to allow
for the multitude of permissible transitions, it was neces-
sary to employ transition rates which had been averaged
over both the LS structure and fine structure of the atom-
ic levels. An important characteristic of the complex va-
cancy cascade decay processes, which is properly treated
in this comprehensive description,*® is that autoionizing
levels corresponding to multiple-vacancy states can be
populated as a result of Auger processes following the
creation of deep single-electron inner-shell vacancy distri-
butions. In the presence of intense radiation fields near
the satellite transition wavelengths, which can occur in
optically thick regions of the plasma,*’ it would be neces-
sary to take into account photoexcitation, photoioniza-
tion, and perhaps even photon-induced electron-capture
processes.

III. DESCRIPTION OF THE CALCULATIONS
AND DISCUSSION OF THE THEORETICALLY
PREDICTED K a SATELLITE EMISSION SPECTRA

The relativistic multiconfiguration atomic-structure
program developed by Cowan?* has been employed to ob-
tain the photon wavelengths, together with the autoioni-

[
zation and spontaneous radiative decay rates, for all
2p —1s inner-shell electric-dipole radiative transitions
which involve autoionizing states belonging to electronic
configurations of the type 1s'2s"2p°, with 0<r <2 and
0=<s5=<6, in the iron ions from Fe XVIII to Fe XX1v. The
electric-dipole radiative transitions which have been tak-
en into account for each ion are specified, according to
the initial and final electronic configurations, in Table I,
which also indicates the total number of fine-structure
components in each case. This table provides a concise
presentation of the organization of our calculations. In
particular, we have listed for each radiative transition the
ground-state electronic configuration followed by the ex-
cited electronic configurations of the initial ions, from
which the autoionizing states can be formed as intermedi-
ate states in the dielectronic recombination processes.
While the first entry for each ion corresponds to spon-
taneous radiative transitions to the ground-state electron-
ic configuration of the recombined ion, additional entires
refer to spontaneous radiative transitions terminating on
bound excited electronic configurations. In addition to
the dielectronic recombination processes, the various
spontaneous radiative transitions can be produced by
means of inner-shell-electron collision-excitation process-
es from ions initially in either the ground-state or the
bound excited electronic configurations. In our calcula-
tions appropriate to the high-density region, all ground-
state and bound excited electronic configurations in Table
I have been taken into account. A very large number of
fine-structure components was required for the calcula-
tions in the high-density region, especially in the case of
Fexxl and Fexxil. The number of required fine-
structure components was reduced substantially in the
intermediate-density-region calculations, for which we
have assumed that both the dielectronic recombination
and the inner-shell-electron collisional-excitation process-
es can occur only from ions initially in the ground-state
electronic configurations. Finally, only a very limited
number of fine-structure components was required for the
calculations in the low-density region, for which we have
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assumed that all ions are initially confined to their
ground-state fine-structure levels.

It should be emphasized that spontaneous radiative
emission processes corresponding to two-electron transi-
tions have not been included in our calculations. Their
exclusion is the result of the use in our atomic structure
calculations of a limited basis set of atomic states, con-
sisting of only a single autoionizing configuration and a
single bound-state configuration for each separate spon-
taneous radiative transition in Table I. The two-electron

spontaneous radiative transitions, which would result
from the inclusion of configuration mixing, are not ex-
pected to provide significant contributions to the iron K «
satellite intensities. The only two allowed two-electron
spontaneous radiative transitions that can occur in the
lithiumlike ion Fe XXIV have been included in Fig. 1,
which schematically illustrates the complete array of
n =2 satellite transitions for this ion. In this figure the
various fine-structure components of the Fe XXIV satellite
transitions have been designated according to the alpha-

TABLE 1. 2p— 1s inner-shell-electron electric-dipole spontaneous radiative transitions which have
been taken into account in the theoretical predictions of the iron K a satellite emission spectra. These
radiative transitions can be produced both by the corresponding inner-shell-electron collisional-
excitation processes and by the dielectronic recombination processes, which in some cases can occur
from bound excited electronic configurations of the recombining ion.

Number of
Initial and final Recombining ion fine-structure
g
Fe ion configurations configurations components
Fe Xxv1iI 1s2s2p®—1s%25%2p° 1s22s%2p* 2
1s22s'2p° 2
1522592p° 2
Fe XIX 1s2s22p°— 15225 22p* 1s22522p° 14
1s22s'2p* 14
1s225%2p° 14
Fe XIX 1525 '2p®— 15225 '2p° 1s22s'2p* 6
1s225%2p° 6
Fe XX 1s2s2p*— 1s22522p3 1s22522p? 35
1s22s'2p? 35
15225%2p* 35
Fe xx 1s2s'2p°— 15225 12p* 1s22s'2p? 47
1s225%2p* 47
Fe xx 152592p ¢ — 1522592p° 1s22592p* 2
Fe XXI 1s2522p3 — 1522522p*? 1s22522p! 35
1s22s'2p? 35
1s%25%92p°3 35
Fe xx1 1s2s'12p*— 15225 '2p3 1s22s'2p? 121
1s225s%2p? 121
Fe xx1 1525%2p°— 15225%2p* 1s225%2p° 14
Fe xx11 1s252p?—1522s22p'! 152252 14
1s22s'2p! 14
15225%2p? 14
Fe XXII 1s25'2p3— 15225 '2p? 1s22s'2p! 121
15225%2p? 121
Fe XXI1 1525%2p*— 15225%2p3 15225%2p? 35
Fe xx111 152522p ' — 152252 1s22s! 2
1s22p! 2
Fe xX111 1s2s'2p2—15%2s'2p! 1s22s! 47
1s22p! 47
Fe XXi111 1525%2p3 — 15225%2p2 1s22p! 35
Fe xx1v 1s2s'2p'— 1s%2s! 1s2 6
Fe xx1v 1525%2p2— 1522p! 152 14
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betical classification scheme that was first introduced by
Gabriel.” We should point out that, in our calculations,
account has been automatically taken of the LS-term
mixing that can occur within each electronic
configuration. The LS-term mixing is the result of the di-
agonalization of the atomic Hamiltonian matrix to form
the eigenstates of the total electronic angular momentum
J and the parity.

According to Egs. (2), (8), (10), (16), and (18), together
with the discussions presented in Sec. II, the total Ka sa-
tellite emission spectrum, which is produced by the entire
set of fine-structure transitions in Table I, can be
represented in the form

ehv)=(hv/4m)S S S [apr(z,j—k)N, N,
z j k

+Ccglz,j—k)N,N,]
XL(z,j—k,hv), (20)

which is a superposition of the contributions associated
with the dielectronic recombination and the inner-shell-
electron collisional-excitation processes in the various
stages of ionization. This representation of the total sa-
tellite emission spectrum can be applied to both the low-
density region, for which the rate coefficients
apr(z,j—k) and Cqg(z,j—k) are to be evaluated, re-
spectively, by means of Eqs. (7) and (14) and refer to ions
initially confined to the ground-state fine-structure levels,
and to the intermediate- and high-density regions, where
it is permissible to employ the appropriate statistically
averaged rate coefficients that are defined, respectively,
by Egs. (11) and (19).

A. Charge-state distributions

The distribution of the iron ions among the various
charge states is conventionally expressed in the form

1s2p2 %p
— J=5/2
J=312
J=1/2
22
1s2p S1/2
152s(3s)2p P
e =52 )
1s2p “P
— J=3/2 J=3/2 i [nla|f |e
J=1/2 J=1/2
1525(35)2p 2P . 1s2p ZD
J=3/2— J =5/2 ———— n|m
J=1/2 J=3/2
1s2s('s)2p 2P
J=3/2—7— 22
1s2s” S,y dlc|bla
J=1/2
q |r s |t u v p|lo k
/
! |y I J=32
) ) { \ \ J=1/2
1s22p 2p
YY VY

15225 %5,

FIG. 1. Spontaneous electric-dipole radiative transitions from autoionizing states belonging the electronic configurations 1s2s2,
152s2p, and 1s2p? in the lithiumlike ion Fe xxX1v. The alphabetical classification scheme that has been adopted was first introduced

by Gabriel (Ref. 7).
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sz(Nz/NFe)NFe , (21)

where (N, /Ng,) are the fractional abundances and Ng,
denotes the total number density of the iron ions in all
stages of ionization. In this investigation we have em-
ployed the corona-equilibrium charge-state distributions
(N,/Ng.) that have been obtained from previously re-
ported calculations,*® in which electron impact ionization
and autoionization following inner-shell-electron col-
lisional excitation from each ground state were assumed
to be balanced by spontaneous radiative and dielectronic
recombination. The corona-equilibrium charge-state dis-
tributions for the ions of interest in the present investiga-
tion are illustrated as functions of the electron tempera-
ture in Fig. 2, which shows the characteristic property
that only a few ionization states have an appreciable
abundance within any particular electron-temperature
range. The electron-density variation of the charge-state
distributions, which becomes important at very high den-
sities, can be properly predicted only by employing a de-
tailed and self-consistent collisional-radiative equilibrium
model to explicitly determine the steady-state excited-
level populations together with the charge-state distribu-
tions.

For astrophysical plasmas which are immersed in in-
tense x-ray radiation fields, Auger electron emission fol-
lowing 1s inner-shell-electron photoionization has been
demonstrated to be the dominant ionization mecha-
nism.** The importance of multiple-electron ionization
processes in the presence of intense x-ray radiation fields
leads to a very different equilibrium distribution of
charge states,’® in which many ionization stages can have
appreciable abundances within certain electron-
temperature ranges. In the determination of the total
electron-ion recombination rates which enter into the
corona-equilibrium ionization-recombination balance cal-
culations, the dielectronic recombination processes that
are dominant for the iron ions from Fe XVIII to Fe XXIV
within the electron-temperature ranges of their maximum
equilibrium abundance have been found to be associated
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with 2p —2s, 3p —2s, 3s —2p, and 3d —2p valence-shell
electron radiatively stabilizing transitions. The 2p —1s
inner-shell-electron radiatively stabilizing transitions,
which have been taken into account in the present
theoretical prediction of the Ka satellite emission spec-
tra, may provide appreciable contributions to the total
electron-ion recombination rates only at temperatures
that substantially exceed the ionization-recombination
equilibrium temperature ranges. These inner-shell contri-
butions to the total dielectronic recombination rates are
not expected to be important in the ionization-
recombination equilibrium temperature ranges. The
2p —1s inner-shell-electron dielectronic recombination
processes could play a more important role in a rapidly
ionizing nonequilibrium plasma, where the electron tem-
perature can greatly exceed the ionization-recombination
equilibrium temperature range. It should be emphasized
that the determination of the charge-state distributions,
even for equilibrium-plasma conditions, represents a
complex calculation, in which systematic account must
be taken of a large number of elementary atomic process-
es.

In plasmas for which ionization-recombination equilib-
rium is not a valid assumption, it will be necessary to in-
clude the contributions representing the various trans-
port processes that can occur in the plasma, such as
charged-particle diffusion and thermal conduction, and to
determine the charge-state distributions as functions of
time from an appropriate set of coupled partial-
differential rate equations for the atomic-level popula-
tions and for the relevant hydrodynamic variables. The
instantaneous values of the electron temperature and den-
sity will no longer uniquely characterize the radiative
emission spectra in the general nonequilibrium situation,
and then it will become necessary to evaluate the Ka sa-
tellite emission spectra as functions of time.

B. Line-profile functions

In the three separate electron-density regions which
are considered in this investigation, the satellite line-
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FIG. 2. Coronal ionization-recombination equilibrium charge-state distributions N(z)/Ny (where N is the total Fe-ion density
Ng.) for the -higher ionization states of the iron ions, which have been obtained in previously reported calculations (Ref. 48).
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profile functions L(z,j—k,hv) associated with the
isolated-line approximation can be expressed very gen-
erally as Voigt line-shape functions. The Voigt line-shape
function for each radiation transition j-—k can be ob-
tained by means of a convolution of a Gaussian line-
profile function, which represents the Doppler broaden-
ing due to the thermal or turbulent motion of the radiat-
ing ions, and a Lorentzian line-profile function, which de-
scribes the broadening that is the result of the multitude
of elementary atomic autoionization, collision, and radia-
tion processes. We will neglect the density-sensitive
Lorentzian broadening of the lower levels k. This is ex-
pected to be a good approximation for the 2p — 1s inner-
shell-electron spontaneous radiative transitions. The
Voigt parameters Ay, (j—k), which determine the
spectral line shapes, then can be evaluated, in terms of
the diagonal elements of the transition rate matrix Q for
the upper levels j, by means of the relationship

AVoigt(j_’k):Q(j’j)/(“'ﬂAVD) ’ (22)

which provides an indication of the importance of the
Lorentzian contribution with respect to the Doppler-
broadening component. Since we shall consider only
electron densities N, <10%* cm ™3, for which one may
neglect the density-dependent contributions associated
with collisional transitions among the » =2 autoionizing
levels, the diagonal matrix elements of Q may be evalu-
ated by using Eq. (5). The thermal Doppler-broadening
width AAp, measured in angstroms, depends on the Fe-
ion temperature Tg,, measured in eV, through the ex-
pression

AAp=T7.7T1X107°Aj -k N Tg./ Ag.) » (23)

where A(j—k) denotes the transition wavelength and
Ag, is the atomic weight for iron. In our calculations the
Fe-ion temperature Tk, has been taken to be equal to the
electron temperature 7,. A two-temperature description
would be desirable for application to specific plasma con-
ditions, particularly in the case of short-pulse-duration
laser heating. The results of our calculations for the
Voigt line-shape parameters, which are presented in Figs.
3 and 4 as functions of the transition wavelength for the
two representative temperatures of interest, indicate that
the satellite line-profile functions can be represented to a
very good approximation, especially at the higher tem-
perature, by the neglect of the spontaneous Lorentzian
contributions and the use of the Gaussian Doppler-
broadening line-profile functions alone. Only for very
high electron densities N, > 10** cm 3, where the 2s —2p
collisional transition rates connecting the autoionizing
levels exceed the autoionization and spontaneous radia-
tive transition rates, would it become necessary to em-
ploy the complete Voigt line-shape functions. However,
this procedure is not expected to provide an adequate
representation at these very high electron densities, be-
cause of the breakdown of the isolated-line approxima-
tion together with the increasing importance of Stark
broadening. It should be emphasized that we have not
attempted to incorporate any representation of instru-
mental broadening, since this is a characteristic of the
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FIG. 3. Voigt line-profile parameters for the 2p — 1s spon-
taneous radiative transitions in Table I, evaluated for the elec-
tron temperature 7, =1.0X 10" K.

particular method of spectral observation. In addition,
we have ignored the broadening that would be the result
of the finite dimensions of the plasma and the spatial and
temporal inhomogeneities, because these are detailed
plasma properties that cannot be treated within the
framework of our general theoretical investigation. The
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FIG. 4. Voigt line-profile parameters for the 2p — 1s spon-
taneous radiative transitions in Table I, evaluated for the elec-
tron temperature T, =2.0X 10" K.
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satellite line-shape functions employed in our calculations
are, accordingly, completely determined by the Fe-ion
temperature T, the calculated transition wavelength
A(j—k), and the required transition wavelength correc-
tions AA(z),” which are presented in Table II.

C. Results and discussion

The theoretically predicted K a satellite emission spec-
tra for the iron ions from Fe XVIII to Fe XXIV are present-
ed in Figs. 5-7 for the lower electron temperature
T,=1.0X10” K and in Figs. 8-10 for the higher elec-
tron temperature 7,=2.0X 10" K. The spectral intensi-
ties that are shown in these figures have been obtained
from the evaluation of Eq. (20) without the factor hv/4m
and are, accordingly, expressed in units of
photons/seccm?®. The upper plot in each of these six
figures gives the predicted spectrum that is obtained by
taking into account only the contributions from the
dielectronic recombination processes, while the lower
plot presents the complete spectrum that includes the
contributions from both the dielectronic recombination
and the inner-shell-electron collisional-excitation process-
es. The emission spectra corresponding to the lower elec-
tron temperature reveal the most intense spectral features
of the iron ions from Fe X1X through Fe XXIv, while the
emission spectra associated with the higher electron tem-
perature are dominated mainly by the prominent satellite
lines of the iron ions Fe XXIII and Fe XXIv.

The satellite spectra that have been predicted for
solar-flare plasma conditions, which are shown in Figs. 5
and 8, are found to be in very good qualitative agreement
with the results of high-resolution x-ray spectral measure-
ments.»2 171837 I particular, it is possible to identify the
strongest spectral features and to demonstrate good qual-
itative agreement between the observed and the predicted
satellite line intensities. Precise agreement is not expect-
ed for a variety of reasons, including the fact that the ob-
served spectra do not exactly correspond to the two
representative temperatures that have been selected for
our spectral syntheses. The implicit assumption of uni-
form temperature conditions within the x-ray emitting
plasma region is also likely to be a source of discrepancy,
but large errors are not expected to result from this as-
sumption. It can be seen that dielectronic recombination
provides the dominant mechanism for the excitation of
the solar-flare Ka satellite spectra. The lithiumlike
Fe XX1v satellite line at A=1.86598 A, which is desig-
nated by j in the alphabetical classification scheme that
was first introduced by Gabriel,” is the most well-known
spectral feature that is formed almost entirely by dielect-
ronic recombination. Among the strong isolated spectral
features that are produced predominantly by inner-shell-
electron collisional excitation, the most notable are the
lithiumlike Fe XX1V satellite line ¢ at A=1.86108 A and
the berylliumlike Fe XXIII transition at A=1.87051 A,
which has been customarily designated by B. It should be
noted that there are several spectral lines of the helium-
like ion FeXxXv which occur within the photon-
wavelength range considered in this investigation. In the
alphabetical classification scheme that was first intro-

JACOBS, DOSCHEK, SEELY, AND COWAN 39

TABLE II. Wavelength corrections AA(z) which have been
added to the calculated wavelengths for the K a satellite transi-
tions in order to obtain the theoretical satellite emission spectra.

AA(z)
Fe ion (A)
Fe xvill 0.003
Fe x1x 0.003
Fe xx 0.003
Fe xx1 0.002
Fe xx11 0.002
Fe xx111 0.0025
Fe xx1v 0.0025
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FIG. 5. Predicted Ka satellite emission spectra for low-
density plasmas (N, <10'2 cm~?) corresponding to the electron
temperature 7,=1.0X 10" K, taking into account dielectronic
recombination alone (upper spectrum) and dielectronic recom-
bination together with inner-shell-electron collisional excitation
(lower spectrum).



39 EFFECTS OF INITIAL-STATE POPULATION VARIATIONS . ..

duced by Gabriel” these Fe XXV lines include the reso-
nance line w at A=1.85046_ A, the magnetic-quadrupole
transition x at A=1.855 44 A, the spin-forbidden line y at

A=1.85961 A and the magnetic-dipole transition z at
A=1.86815 A. Since these FeXXV spectral lines are,
strictly speaking, not associated with inner-shell-electron
transitions and do not involve autoionizing states, they
have not been included in the present set of spectral
syntheses. These additional spectral lines should obvi-
ously be taken into account in any detailed comparisons
with the observed spectra. Doschek and Tanaka’! have
recently reported an investigation of the effect of
transient-ionization nonequilibrium conditions on x-ray
spectra from solar flares. They have calculated the Ka
satellite emission spectra assuming time-dependent none-
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FIG. 6. Predicted Ka satellite emission spectra for
intermediate-density plasmas (10 <N, <10" cm*) corre-
sponding to the electron temperature 7, =1.0X 10" K, taking
into account dielectronic recombination alone (upper spectrum)
and dielectronic recombination together with inner-shell-
electron collisional excitation (lower spectrum).
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quilibrium charge-state distributions, which differ from
the corona ionization-recombination equilibrium distri-
butions employed in the present investigation.

The Ka satellite spectra that have been predicted for
tokamak-plasma conditions, which are shown in Figs. 6
and 9, are found to be in surprisingly good qualitative
agreement with the high-resolution x-ray spectra that
have been observed from the Princeton large torus
(PLT).2*%?2 The PLT Ka satellite spectra have been
recorded for an electron density N, =5.0X 10"} cm~? and
for several values of the central electron temperature in
the range 800 = T, < 1800 eV The most recently record-
ed PLT K« sate]llte spectra®? have a high degree of reso-
lution which is comparable with that of the solar-flare
spectra, and the two different observed spectra show re-
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FIG. 7. Predicted Ka satellite emission spectra for high-
density plasmas (10" <N, <10* cm™3) corresponding to the
electron temperature 7,=1.0X10" K, taking into account
dielectronic recombination alone (upper spectrum) and dielect-
ronic recombination together with inner-shell-electron collision-
al excitation (lower spectrum).
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markable similarities. On the basis of our theoretical
model, we would predict a strong electron-density only in
the region near the lower electron temperature
T,=1.0X 10" K=862 eV. This is a consequence of the
fact that the ions Fe X1X through Fe xxi1, for which the
initial-state population variations can occur in the
relevant electron-density range, are abundant only in a
region near the lower value of the electron temperature.
The electron-density dependence is predicted to be less
important in the region near the higher value of the elec-
tron temperature, where only the Fe XXIII and Fe XXIv
spectral lines have significant intensities, and the ob-
served solar flare and tokamak spectra are then expected
to be closely similar. The results reported by Phillips, Le-
men, Cowan, Doschek, and Leibacher?® and by Lemen,
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FIG. 8. Predicted Ka satellite emission spectra for low-
density plasmas (N, <10'> cm™?) corresponding to the electron
temperature 7,=2.0X 10" K, taking into account dielectronic
recombination alone (upper spectrum) and dielectronic recom-
bination together with inner-shell-electron collisional excitation
(lower spectrum).
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Phillips, Doschek, and Cowan?’ are based on a rate-
equation description of the initial-state population varia-
tion, which is clearly more detailed than the statistical
distribution employed in the present investigation. How-
ever, their initial-state population distributions were not
obtained consistently with the ionization-recombination
equilibrium charge-state fractions and, accordingly, may
not provide a self-consistent representation of the
electron-density dependence.

The most probable sources of the small discrepancies
that have been found to occur between the predicted Ka
satellite spectra for tokamak-plasma conditions and the
observed PLT spectra are the strong spatial variations in
the electron temperature and density. The radial depen-
dence of the electron temperature gives rise to a well-
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FIG. 9. Predicted Ka satellite emission spectra for
intermediate-density plasmas (10*<N, <10 cm™3) corre-
sponding to the electron temperature 7,=2.0X 10" K, taking
into account dielectronic recombination alone (upper spectrum)
and dielectronic recombination together with inner-shell-
electron collisional excitation (lower spectrum).
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known shell structure of the various charge-state distri-
butions, in which the more highly ionized ions tend to
occur preferentially within the hot central core of the
plasma. The departures from the corona ionization-
recombination equilibrium distribution, which are the re-
sult of radial ion transport processes, are expected to be
most severe for the highest charge states, which require
relatively long times to attain their equilibrium distribu-
tions. Non-Maxwellian electron distributions with sub-
stantial high-energy tails and possibly even appreciable
anisotropic components are known to occur in tokamak
plasmas in which the usual Ohmic heating mechanism is
supplemented by an intense microwave absorption pro-
cess. The extension of the present theoretical model to
incorporate a description of nonequilibrium charge-state
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FIG. 10. Predicted Ka satellite emission spectra for high-
density plasmas (10'° <N, <10* cm™?) corresponding to the
electron temperature 7,=2.0X10’ K, taking into account
dielectronic recombination alone (upper spectrum) and dielect-
ronic recombination together with inner-shell-electron collision-
al excitation (lower spectrum).
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distributions and non-Maxwellian electron distributions
may provide valuable insight into the investigation of ion
transport and energy deposition processes in tokamak
plasmas.

The synthesized Ka satellite emission spectra for
laser-produced and vacuum-spark-produced plasma con-
ditions, which are presented in Figs. 7 and 10, are com-
posed of the entire set of transitions given in Table I and,
accordingly, represent the major new contribution in the
present investigation. High electron densities near
N,=10% cm ™3 have also been attained in the plasmas
that have been produced by pinches formed in single ex-
ploded wires®® or by implosions formed at the center of
symmetrical exploded-wire arrays,”® and the K a satellite
emission spectra that have been observed from these
high-density plasmas show about the same degree of reso-
lution as the spectra that have been reported for the
laser-produced and vacuum-spark-produced plasmas.
Unfortunately, it is not possible to derive any final con-
clusions from a comparison between the synthesized Ka
satellite spectra and the x-ray spectra that have been ob-
served from laser-produced,? vacuum-spark-produced,?!
and exploded-wire-produced®®>* plasmas, mainly because
of their relatively poor apparent resolution in comparison
with the observed solar flare and tokamak spectra. The
lower apparent resolution in these high-density spectral
observations may not necessarily be a property of the in-
strumentation used to obtain the data, but may instead be
the result of large-scale plasma motions, which could
have Doppler broadened the spectral lines substantially
beyond what would be predicted on the basis of their
thermal widths alone. The predicted Ka satellite emis-
sion spectra appropriate to the high-electron-density re-
gion reveal many additional features with respect to the
low- and the intermediate-density results in the case of
the lower value of the electron temperature, whereas the
differences are much less apparent at the higher value of
the electron temperature. The prediction of ‘“richer”
spectra at the lower temperature is a direct result of the
inclusion of transitions involving the additional bound
excited electronic configurations of the initial ions, which
not only alters the intensities of the satellite lines that are
important at the lower densities but also gives rise to ad-
ditional lines that occur at new photon wavelengths. The
importance of the electron-density sensitivity at the lower
value of the electron temperature is clearly the result of
the dominance of the K «a satellite emission from the ions
Fe x1x through Fe XXII, for which the initial-state popu-
lation variations can occur. Perhaps this electron-density
sensitivity of the Ka satellite emission spectra will pro-
vide a new spectroscopic technique for the study of high-
density plasmas, for which there is a particular need for
reliable determinations of the electron density and the
charge-state distribution.

In Table II1,> we present a list of the 2p — ls inner-
shell-electron radiative transitions that provide the dom-
inant contributions in the dielectronic recombination
processes. A list of transitions that are dominant in the
inner-shell-electron collisional-excitation processes is
given in Table IV.%> These transitions have been specified
by giving the initial and final values of the total electronic
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angular momenta J(j) and J(k), the calculated photon
wavelengths A(j—k), the spontaneous electric-dipole
emission rates A,(j—k), and the appropriate temper-
ature-independent factor that occurs in the expression for
the photon intensity. For dielectronic recombination, the
appropriate intensity factor is defined by

Bpr(j—k)=g; 4,j—k)Q " j,j) T A, (j—me;,) ,
(24)

and this quantity is routinely evaluated in the relativistic
multiconfiguration atomic structure calculations that are
carried out using the program of Cowan.?* Note that the
different bound electronic configurations of the initial
ions give rise to separate values for this intensity factor,
which have been presented in the individually labeled
columns in Table II1.5° In the case of inner-shell-electron
collisional excitation, the most natural temperature-
independent intensity factor is the dimensionless branch-
ing ratio for the radiatively stabilizing transition defined
by

B,(j—k)=A4;(j —>k)Q " '(j,j) . (25)

The Ka satellite spectra can be synthesized, for any
desired temperature, with good accuracy by employing
the reduced data sets given in Tables III and IV.>

IV. CONCLUSIONS

In this investigation we have carried out a systematic
evaluation of the Ka satellite emission spectra for the
iron ions from Fe XVIII to Fe XX1v, taking into account
all fine-structure components of the 2p — 1s inner-shell-
electron radiative transitions. Predictions for the x-ray
emission spectra at two representative values of the elec-
tron temperature have been presented for the electron-
density regions that are characteristic of solar flares,
tokamak devices, and laser-produced and vacuum-spark-
produced plasmas. These plasmas have been assumed to
have steady-state and optically thin excitation conditions.
The predictions that were obtained for solar-flare and
tokamak-plasma conditions are found to be in good
agreement with previously reported theoretical results,
but the present spectra have been obtained using a some-
what different model for inner-shell-electron collisional
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excitation. The substantially new results that are con-
tained in the present investigation are the synthesized
spectra for laser-produced plasmas, which are composed
of a large number of additional fine-structure transitions
involving bound excited electronic configurations
of the initial ions in the dielectronic recombination and
the inner-shell electron collisional excitation processes.
The inclusion of the additional excited -electronic
configurations of the initial ions gives rise to an electron-
density sensitivity, which may provide a new spectro-
scopic technique in the study of laser-produced plasmas.

A number of refinements should be incorporated into
future extensions of this investigation. Firstly, it would
be desirable to carry out a systematic and self-consistent
determination of the initial-ion populations together with
the charge-state distributions and to incorporate a com-
bined treatment of collisional and Stark broadening for
application to the very-high-density region N,>10%*
cm 3. The inclusion of precise fully relativistic calcula-
tions for the electron-electron correlation and quantum
electrodynamical energy corrections for each individual
fine-structure component appears to be of particular im-
portance for the exact determination of the location of
the various spectral features. More detailed, fully relativ-
istic, distorted-wave calculations for the electron impact
excitation rates would also be desirable for a more bal-
anced calculation, in which comparable treatments would
be achieved for the dielectronic recombination and
inner-shell-electron collisional-excitation processes. Fi-
nally, it would also be of interest to systematically include
the contributions from autoionizing configurations con-
sisting of n = 3 electrons, since these contributions could
produce detectable alterations in some of the prominent
spectral features.
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