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Abstract

A density-matrix theoretical model to calculate spectral line profiles of general multielectron ions in plasmas is de-
scribed. The line-profile calculation involves electron collisional and radiative relaxation of ionic states, the emitter’s
motion ~Doppler effect! and its interaction with a quasi-static ion microfield. Using the LineDM computer package
implementing this model, line-profile calculations of theK- andL-shell transitions in Al XII, Ar XVII, Ar XVI, Cu XX,
and Xe XLV ions have been performed in the context of plasma diagnostic issues of recent laboratory experiments.
Comparisons of the calculated line profiles with experimental and other theoretical data show the applicability of the
model and package for the detailed computational analysis of line radiation spectra from multielectron emitters in hot
dense plasmas.

1. INTRODUCTION

In recent years, experimental and theoretical studies of line
radiation spectra from high-Z emitters in high-temperature
laboratory plasmas have largely been stimulated by the in-
tensive investigations into the problems of inertial confine-
ment fusion~ICF! and the development of high-brightness
table-top sources of X-ray radiation.Adetailed theoretical de-
scription of X-ray transition line profiles of high-Z ions is of
particular interest for diagnosing and probing hot, dense lab-
oratory plasmas~Yaakobiet al., 1979; Hauer, 1981; Moreno
et al., 1993; Keaneet al., 1994a; Hammelet al., 1994; Man-
cini et al., 1996!, appropriate treatment of line radiation trans-
fer ~Iglesiaset al., 1987; Olsonet al., 1994; Manciniet al.,
1994!, and evaluation of potential laser gains in various lab-
oratory X-ray laser schemes~Derzhievet al., 1986; Griem,
1986; Morenoet al., 1989; Elton, 1990; Calistiet al., 1990;
Lykov et al., 1992; Lobodaet al., 1992, 1993, 1997!.

Until recently, line-profile studies were performed mostly
for the simplestK-shelln5 22 4r 1 transitions in H- and
He-like ions withZ5102 20 as applied to X-ray diagnos-
tics of laboratory plasmas~Yaakobiet al., 1979; Hauer, 1981;
Akhmedovet al., 1985; Stammet al., 1987!. In the last de-
cade, owing to considerable improvement of experimental
techniques of registering X-ray line radiation spectra~Sko-
belevet al., 1995; Faenovet al., 1996; Rosmejet al., 1997!

and the increasing capabilities of computing facilities, grow-
ing attention is being given to theoretical modeling of more
complex line radiation spectra. This refers primarily to the
lines ofK-shell transitions from highly excited and autoion-
izing states, and transitions between the excited states as
well as to theL-shell transitions in more complex ions~Woltz
& Hooper, 1988; Calistiet al., 1990; Manciniet al., 1991,
1996; Lykovet al., 1992; Lobodaet al., 1992, 1993; Ham-
mel et al., 1994; Keaneet al., 1994a,b!.

The emitter’s line profile in plasmas is formed under the
effect of various broadening mechanisms. For high-Z ions,
the main types of line broadening are those due to the elec-
tric microfields produced by plasma ions and electrons~Stark
broadening!, natural, and Doppler broadening~Baranger,
1962; Griem, 1974; Derzhievet al., 1986!. Stark broadening
due to plasma electrons is generally described by using the
results of the nonadiabatic impact theory~Baranger, 1962;
Grien, 1974!, which is valid in the majority of cases of prac-
tical interest. Ion Stark broadening is most commonly con-
sidered in the quasi-static approximation~Griem, 1974!
which neglects the motion of perturbing ions. This approx-
imation implies that the typical fluctuation frequencies of
plasma ion microfield at the emitter are much smaller than
the average Stark line shifts produced by this microfield.
Relevant estimates and calculations show that for a wide
range of applications the quasi-static approximation can of-
ten be found valid and therefore is generally used in practi-
cal line profile calculations~Yaakobiet al., 1979; Haueret al.,
1981; Stammet al., 1987; Woltz & Hooper, 1988; Moreno
et al., 1989, 1993; Calistiet al., 1990; Manciniet al., 1991,
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1996; Lykovet al., 1992; Lobodaet al., 1992, 1993, 1997;
Hammelet al., 1994; Keanseet al.1994a,b!.

However, even with the quasi-static approximation for
plasma ions and impact approximation for electrons, the
practical line-profile calculations for multielectron ions
encounter significant computational difficulties. There-
fore, appropriate numerical models have only recently been
developed~Woltz & Hooper, 1988; Calistiet al., 1990,
1994; Mancini et al., 1991! with the advent of high-
performance computers and the progress of sufficiently
reliable and general-purpose methods of atomic data cal-
culations~Froese Fischer, 1978; Cowan, 1981; Dyallet al.,
1989; Parpiaet al., 1992, 1996!. The relevant line-profile
models of Woltz & Hooper~1988! and Calistiet al. ~1990!
are based on the results of traditional line-broadening theory
and involve the computation of the Fourier transform of
the dipole autocorrelation function under the assumption
that atomic density matrix is diagonal with respect to the
emitter states~Baranger, 1962; Griem, 1974!. This ap-
proach, however, gives no way to consider the main line-
broadening mechanisms along with the effect of plasma
ion microfields on the populations of the emitters’ states
that can appear to be important in the cases of Non-LTE
distribution of populations and essential Stark mixing within
the sets of the upper$a% or lower $b% states corresponding
to the transitions$a% r $b% of interest. Specifically, such
a situation may occur for the manifolds of doubly-excited
upper states ofK-, L-shell transitions~satellite transitions!,
which emission spectra can serve as a powerful diagnostic
tool for probing the Non-LTE plasmas driven by ultrashort
laser pulses~Mancini et al., 1996; Osterheld, 1997; Elton
et al., 1997!. Another example is given by the problem of
evaluating small signal gain for the recombination and res-
onantly photopumped X-ray laser schemes on the$a% r

$b% transitions with different population inversion densi-
ties ~Gasparyanet al., 1994; Lobodaet al., 1997!.

Apparently, the most consistent approach allowing us to
account for the both effects simultaneously is to formulate
the line-profile and spectral gain~absorption! calculation
model within the framework of density matrix formalism
~Zhidkov & Yakovlenko, 1985; Zhidkovet al., 1986; Anu-
frienko et al., 1990; Gasparyanet al., 1994; Lobodaet al.,
1997; Loboda & Popova, 1997!.

In this paper, we describe a generalized model and the
LineDM computer package to calculate line profiles for
arbitrary multielectron ions in plasmas using the density
matrix approach. This generalized model is an extension
of previously developed approximate density-matrix model
for then to n' transitions of simple ions~H-, He-, Li-, and
Na-like! implemented in the HELM code~Lobodaet al.,
1992, 1997; Loboda & Popova, 1997! and is largely free
of its limitations. We also present some examples of line-
profile calculations for theK- and L-shell transitions of
He-, Li-, and Ne-like ions done with the LineDM package
as applied to some diagnostic issues of recent laser-plasma
experiments.

2. MODEL FORMULATION

Line-profile calculations for high-Zemitters in plasmas using
the density matrix approach are based on the solution of
quantum kinetic equation for density matrix elementsr of
an emitter, interacting with plasma ion microfield and spon-
taneous radiation field or a probe plane electromagnetic wave
with a frequencyv, close to the frequencies of transitions of
interest. Considering the interaction with electromagnetic
field Vm as a small perturbation, the equation for density
matrixr can be solved to the first-order approximation inVm

~Rautianet al., 1979!:

r 5 r0 1 rm,

@]0]t 1 vvvvi¹#r0 5 2
i

\
@H 1 VF ,r0# 1 Rr0 1 Q,

@]0]t 1 vvvvi¹#rm 5 2
i

\
@H 1 VF ,rm # 1 Rrm 2

i

\
@Vm ,r0# . ~1!

Here, vvvvi is a velocity of the emitter,rm is a small value
induced by the quasi-resonant interactionVm of the emitter
with the electromagnetic field modem, andH is the diago-
nal Hamiltonian matrix of the isolated emitter.

The perturbationVF induced by an ion microfieldF is
described by the nondiagonal operatorVF 52dF, whered is
the emitter dipole operator. In high-temperature multicharged
ion ~MCI ! plasmas, typical perturbation valuesVF for upper
and lower states$a0% and$b0% of spectrally resolved X-ray
lines$a0% r $b0% are essentially less than the transition en-
ergiesEab. Therefore, the states$a0% and$b0% are mixed by
plasma ion microfield only with the closely spaced states
$a '% and$b '%, 6Ea0a ' 6, 6Eb0 b ' 6 ,, Ea0 b0

, thus comprising the
sets of states$a% 5 $a0% J $a '% and $b% 5 $b0% J $b '%
relevant to the perturbed-transition line profile$a% r $b%
of interest. The statesi 5 a, b of the emitter are specified as
i [ 6gi Pi Ji Mi & wherePi 5 61 is the parity,Ji andMi 5 ~Ji !z

are angular momentum quantum numbers, andgi represents
a set of all other quantum numbers.

The operatorR5 Rc 1 Rr 1 Ra responsible for ion-state
relaxation due to electron collisional~Rc!, radiative~Rr ! and
autoionizing~Ra! transitions is a tetradic, or four-index op-
erator in the Liouville space, with the elements

~Rr!ab 5 (
a'b'

Rab
a'b' ra'b' , ~2!

wherea,b, a',b' denote the emitter states.
Diagonal source operatorQ represents the external

~recombination-ionization! feeding of the emitter states.
The elements of the radiative relaxation operator in Eq.~1!

can be represented as the sum of two elements:

~Rr !ab
a'b' 5 ~Rr

~1! !ab
a'b' 1 ~Rr

~2! !ab
a'b' , ~3!
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comprising the matrices of radiative depletionRr
~1! and ra-

diative feedingRr
~2! of the emitter states~Mollow, 1977;

Zhidkov & Yakovlenko, 1985; Lobodaet al., 1997; Lo-
boda & Popova, 1997!:

~Rr
~1! !ab

a'b' 5 Re$~Rr
~1! !ab

a'b' %

5 2 2
12$~D1D!aa' db'b 1 ~D1D!b'bdaa' %

1 ~Rr
ph!ab

abdaa' db'b,

~Rr
~2! !ab

a'b' 5 Daa'Db'b
1 ~4!

where the transition operatorsD describe both spontaneous
and stimulated radiative transitions driven by an external
radiation field with photon modal densitiesSnv ~Lobodaet al.,
1997!:

D 5 (
a,b
S46vab63

3\c3 D102

dba! Sn6vab61 u~vab!6b&^a6. ~5!

Here,dba andvab 5 ~Ea 2 Eb!0\ are the dipole matrix ele-
ment and the frequency of the transitionar b between the
statesa andb with the energiesEa,b; u~vab! is the step func-
tion: u~vab , 0! 5 0, u~vab . 0! 51. Photoionizing contri-
bution to radiative relaxation in Eq.~4! is included through
the diagonal terms

~Rr
ph!ab

ab 5 2 2
12~Ga

ph 1 Gb
ph!, ~6!

where Ga
ph,Gb

ph represent the total photo-ionization rates
of the ionic statesa,b. Therefore, the diagonal elements
~Rr

~1! !ab
ab comprise the radiative widthsGab

r of thea 2 b tran-
sition lines:

~Rr
~1! !ab

ab 5 2Gab
r 02 5 2 2

12~Ga
r 1 Gb

r !,

Gi
r [ Gii

r 5 2~Rr !ii
ii ~i 5 a,b!, ~7!

whereGi
r ~i 5 a,b! specifies the radiative widths of the states

a,b. The elements~Rr
~2! !ab

a'b' in Eq. ~4! are responsible for
radiative feeding of the statesb 5 a from the statesa'5 b'

with the rates~Rr
~2! !aa

b'b' 5 6Dab' 62 . 0, b' Þ a, as well as the
interference coupling of$aÞ a'% and$bÞ b'% states driven
by the radiative relaxation.

The imaginary part of the radiative relaxation operator
Im$Rr

~1! r% responsible for radiative~Lamb! shifts ~see, e.g.,
Mollow & Miller, 1969!, is included inH, assuming radia-
tive corrections to be incorporated into the calculation of the
energy spectrum of an isolated ion.

The relaxation of ionic states under the effect of binary
electron collisions can be appropriately described with a gen-
eral expression for the elements of collisional operatorRc

obtained in relaxation theory by Smith & Hooper~1967!.

Including the contribution toRc due to collisional transi-
tions to the nearby ionization stages,Rc

i , in the similar way
as for the radiative relaxation in Eq.~4! and using the impact
approximation within the frequency range of interest~Dvpq5
v2vpqr 0, see Baranger, 1962; Cooper, 1967! one obtains:

~Rc!ab
a'b' 5 2

8e4a0
2

3\2 NeSpm

2Te
D102

3 H(
c

@dbb' dacdca'Gaca'
cb 1 daa' db'cdcbGb'cb

ac #

2 daa' db'b @Gab'a'b
ab' 1 Ga'bab'

a'b #J
1 ~Rc

i !ab
abdaa' db'b. ~8!

Here,NeandTeare plasma electron density and temperature,
respectively,Gijk ~l !~Dvpq 5 0! is a function describing bi-
nary electron-ion collisions in the impact approximation.
Other notations are conventional. Diagonal elements~Rc

i !ab
ab

have the form similar to Eq.~6!:

~Rc
i !ab

ab 5 2 2
12~Ga

ci 1 Gb
ci!, ~9!

whereGa
ci ,Gb

ci represent the sums of total rates of collisional
ionization, radiative, three-body, and dielectronic recombi-
nation from the statesa,b.

From the Eqs.~4! and ~8! one can readily see that the
structure of the collisional operatorRc is similar to that of
radiative relaxation operatorRr . It is the fundamental con-
sequence of the fact that radiative and impact-collisional re-
laxations are both described in the unified form using the
scatteringT-matrix representation~Zhidkov & Yakovlenko,
1985!. The third term in the brackets in Eq.~8! describes
collisional feeding of the statesb5 a from the statesa'5 b'

in the dipole approximation with the rates

~Rc!aa
b'b' 5

16e4a0
2

3\2 NeSpm

2Te
D102

6dab' 62Gab'b'a
ab' , ~10!

as well as the interference coupling of$aÞ a'% and$bÞ b'%
states caused by electron collisions. This term vanishes for
the diagonal elements~Rc!ab

ab that are responsible for the col-
lisional width and shiftGab

c andDab
c of the isolated linea2 b,

and may be expressed in the form~Cooper, 1967!:

~Rc!ab
ab 5 2Gab

c 02 2 iDab
c , Gab

c 5 Ga
c 1 Gb

c,

Gi
c [ Gii

c 5 2Re$~Rc!ii
ii % ~i 5 a,b!, ~11!

where Gi
c~i 5 a,b! specifies the collisional widths of the

statesa,b. The influence of the collisional shiftDab
c is gen-

erally rather small due to cancellation of partial contribu-
tions of different sign from the perturbing states~Griem,
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1974; Vainshtein,et al. 1979!. Moreover, in the MCI-
plasmas, electron collisional broadening is rarely found dom-
inant, therefore the line collisional shifts are usually omitted
~Woltz & Hooper, 1988; Calistiet al., 1990! or treated ap-
proximately~Griem, 1974!. In the present model, electron
collisional shifts of line components are not included.

If the transitions of interest$a% r $b% also involve auto-
ionizing states, the relevant elements of relaxation operator
Ra, are evaluated similarly to Eq.~8! with Ga,b

ph substituted by
the total autoionization widthsGa,b

Auto of ionic statesa,b.
Collisional relaxation, governed by Eq.~8!, is con-

veniently expressed as the sum of two contributions
responsible for the transitions within the sets of closely-
spaced states$a% or $b%~Rc

~1! ! and transitions to all other
states of the emitter, including continuum states~Rc

~2! !. The
difference between these contributions is governed by their
G-functions~see Appendix!.

Thus, Eq.~1! provided the necessary information on the
state populations and radiative properties of the emitter
within the spectral range of transitions$a% 2 $b% at some
values of ion microfieldF and ion velocityvvvv. The state pop-
ulations are described by the diagonal elements of density
matrix r0 ~ r0 is normalized to the number density of the
emitters, cm23!, while the line profile and spectral gain~ab-
sorption! at the transitions$a% 2 $b% are governed by the
frequency dependence of reduced nondiagonal elements
of density matrixrab

m ~v!, free of explicit dependence on
resonant exponential factor of electromagnetic field:rab

m 5
rab

m ~v!{exp@2i ~vt 2 kr !# ~Rautianet al., 1979!.
The problem considered will next be treated in the local

formulation for the quasi-stationary conditions~Derzhiev
et al., 1986! under the assumption of quasi-static ion broad-
ening. Therefore, the equations for the elementsr0 in Eq.~1!
become algebraic ones. Moreover, the diagonality of the
quasi-static field perturbation matrixVF 5 2dzF, F 5 Fz, in
magnetic quantum numbersM 5 Jz ~ the z-axis is chosen
to be in the direction ofF ! and the symmetry properties of
the relaxation operator elements result in the fact that the
r0 matrix is also diagonal inM ~Gasparyanet al., 1994;
Loboda & Popova, 1997!. This enables one to remove the
explicit dependence of the equations for the elementsrab

m ~v!

on the vector components of the electromagnetic field, com-
ing from Vm through the dipole-interaction scalar products,
by writing

rab
m ~v! 5 (

q

Cq
m* rab

q ~v!dq, Ma2Mb
, a [ $a%, b [ $b%, ~12!

where the spherical tensor componentsCq
m ,~q 5 0,61! are

proportional to the amplitude and the polarization vector
q-componenteq

m of the electromagnetic field modem
~Lobodaet al., 1997!.

For the emitter interaction with a plane electromagnetic
wave ~absorption and stimulated emission!, the equations
for the elementsrab

q ~v! are reduced to the form

rab
m ~v!@i ~v 2 vab 2 kvvvvi ! 2 Gab#

1 (
a 'b '

'
Rab

a 'b ' ra 'b '
m ~v!

2
i

\ (
a 'b '

@~VF !aa ' ra 'b
q ~v! 2 rab '

q ~v!~VF !b 'b#

5
i

\ (
a 'b '

@ raa '
0 ~dq!a 'b 2 ~dq!ab ' rb 'b

0 # , ~13!

where the elementsraa '
0 are found from the equations:

raa '
0 ~ivaa ' 1 Gaa ' ! 2 (

aa'

a,a'[$a%

'
@~Rc

~1! !aa '
aa' 1 ~Rr

~1! !aa '
aa' #raa'

0

2 (
cc'

c,c'Ó$a%

'
@~Rc

~2! !aa '
cc' 1 ~Rr

~2! !aa '
cc' #rcc'

0

1
i

\ (
a[$a%

@~VF !aa raa '
0 2 raa

0 ~VF !aa ' # 5 Qaa ' daa ' ~14!

~similar for rbb '
0 !, where the radiative transitions between

the closely-spaced states are neglected due to their minor
values. It is also supposed for Eqs.~13! and ~14!, that the
upper and lower states coupled by the radiative-collisional
transitions are not mixed by ion microfield, that is, the ele-
ments like~VF !ab are vanishingly small.

The interaction with spontaneous emission field is de-
scribed by the analogous equations with the right-hand side
of Eqs.~14! substituted by~Loboda & Popova, 1997!:

(
a '

raa '
0 ~dq!a 'b . ~15!

Equation~14! formulates the local quasi-stationary ki-
netic model of emitter state populations in the density ma-
trix approach. It can easily be shown, that nondiagonal
elementsrab

0 in Eq. ~14! should be considered only for the
non-LTE-populated statesa Þ b well-mixed by the plasma
ion microfield. Contribution of the other states is described
only by the diagonal elementsraa

0 ,rbb
0 , that is populations,

calculated in the framework of the traditional collisional-
radiative ~CR! model. Using the similar formulation, the
problem of spectral gain calculation accounting for the ion
microfield effect on the emitter-state populations was solved
previously for the model case of then 5 4 to 3 andn 5 3
to 2 transitions of H-like Ni XXVIII ~Gasparyanet al.,
1994!. We have implemented another variant to solve this
problem~Lobodaet al., 1997!: using a “dressed” basis of
Stark states, reducing the perturbed Hamiltonian matrix
H 1 VF to the diagonal form, an open system of the upper
and lower Stark states$a% J $b%, coupled with radiative-
collisional transitions$a% Rr $b%, was considered, where
the contribution of the other ionic states was described
with the effective source termsEQa, EQb and depletion rates
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EGa, EGb from the CR-model calculations~Politovet al., 1992!.
However, owing to inconsistencies in the atomic models
employed and, thus, the need of special-purpose process-
ing of CR-model calculated data, further practical de-
velopment of this approach within the framework of the
generalized density-matrix kinetic model has encountered
unreasonable difficulties. Therefore at the moment, the lo-
cal quasi-stationary model described by Eq.~18! is being
implemented to consistently calculate microfield-affected
populations of emitter states.

Simultaneous solution of the sets of Eqs.~13!, ~14! or
~14!, ~15! enables us to obtain the spectral gain~absorption!
profile G~v! for the emitter lines formed by the$a% 2 $b%
transition manifolds:

G~v! 5
4pv

3c
{ReKi (

ab

~dq!ab
* rab

q ~v!L
vi , F

, ~16!

or spectral functionS~v!

S~v! 5
I ~v!

I`
, I`5E

0

`

I ~v!dv, ~17!

specifying the line profile of spontaneous emission, where

I ~v! 5 2
4v4

3pc3 {ReK (
ab,q

~dq!ab
* rab

q ~v!L
vi , F

~18!

is the spectral power of spontaneous emission summed over
the polarizationm 5 1,2 ~Loboda & Popova, 1997!.

If one neglects the variations in the factorv4 throughout
the $a% 2 $b% line according to the quasi-resonant approx-
imation, spectral function of spontaneous emission line
can be expressed as follows@cf. Rautianet al. ~1979! and
Anufrienkoet al. ~1990!#:

S~v! 5
I ~v!

I`

5 2
1

p

ReK (
ab,q

~dq!ab
* rab

q ~v!L
vi , F

(
a,gb Jb

6^gb Pb Jb7d7ga Pa Ja&62

2Ja 1 1
^ raa

0 ~F!&F

. ~19!

Here, the notation̂. . .&vi , F [ *2`
1` f ~vi !dvi*0

`W~F!dF denotes
the averaging over the distributionsf ~vi ! andW~F! of the
emitter velocities and ion microfields~Griem, 1974! and
^gbPbJb7d7gaPaJa& represents reduced matrix element of a
dipole transitiona 2 b.

In high-temperature laboratory plasmas, high-Z emitter
velocity distribution can always be considered as the Max-
wellian one:

f ~vi !dvi 5
1

!p
exp@2~vi 0vi 0!2#d~vi 0vi0!,

wherevi 0 5!2Ti 0mi is the average thermal velocity of the
emitter with the massmi at an ion temperatureTi .

For the line-profile model considered, a modified
two-temperature Hooper model~Akhmedov et al., 1985;
Loboda & Popova, 1997!, consistently allowing for the
Coulomb electron-ion interactions in plasmas, will be em-
ployed to evaluate ion microfield distribution functionW~F!
in Eqs.~16!–~19!.

3. ATOMIC DATA

High-Z ions are typically featured by the multilevel energy
spectra of the excited states stemming from the significant
contribution of the relativistic and correlation effects~Cowan,
1981!. Therefore, the calculation of high-Z emitter line pro-
file should generally start from the construction of appro-
priate atomic model, that is, the consistent set of atomic data
calculated to a required accuracy. Apparently, the most ver-
satile tool to calculate atomic data for high-Z multielectron
ions is offered by the multiconfigurational Dirac-Fock
method~Dyall et al., 1989!. Using this method, effective
numerical algorithms were created, which, in particular, were
implemented in the most up-to-date GRASP and GRASP2

codes of Dyallet al. ~1989! and Parpiaet al. ~1992, 1996!.
These codes are able to calculate atomic energy levelsEgPJ

and radiative properties of multipole transitions with rea-
sonably good accuracy and thus are employed to construct
the atomic models for the line-profile calculations.

Using these codes, it is also possible to infer the equiva-
lent values of reduced dipole-transition matrix elements~in
atomic units, a.u.!:

^gb Pb Jb7d7ga Pa Ja&

5 !pc~2Jb 1 1!

2Eab
3

3 ^gb Pb Jb7O~1! 7ga Pa Ja&, Ea . Eb . ~20!

Here, c 5 137.036 is the speed of light~in a.u.!,
^gbPbJb7O~1!7gaPaJa& represents the reduced matrix ele-
ment of multipole transition operator~Dyall et al., 1989!
for dipole radiation~L 51!, taken in the gauge correspond-
ing to the relativistic length form. These values are calcu-
lated in the codes developed by Dyallet al. ~1989! and
Parpiaet al. ~1992, 1996! to obtain the oscillator strengths
and radiative transition probabilities.

Matrix elements of the dipole operator component
dq~q 5 0,61! are given by the Wigner–Eckart theorem
~Cowan, 1981!:

~dq!ab 5 ~21!Ja2MaS Ja 1 Jb

2Ma q Mb
D

{^ga Pa Ja7d7gb Pb Jb&, ~21!
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whereS Ja 1 Jb

2Ma q Mb
D is the 3-j symbol, which is nonzero

only for q 5 Ma 2 Mb. From the general symmetry prop-
erties of matrix elements of irreducible tensor operators
~Cowan, 1981; Karazija, 1987!, it follows that

~dq!ab
* 5 ~21!q~d2q!ba

^gb Pb Jb7d7ga Pa Ja& 5 ~21!Jb2Ja ^ga Pa Ja7d7gb Pb Jb&. ~22!

By using Eqs.~21!, ~22! along with the orthogonality
and summation properties of 3-j symbols~Cowan, 1981;
Karazija, 1987!, the summation over the intermediateM-
states in Eqs.~4! and~8! is reduced to the summation over
the energy levels:

~D1D!aa' 5 (
c

Dac
1Dca'

>
4

3\c3 @Ja#21dJa, Ja'
dMa, Ma'

dPa, Pa'

3 (
gcJc

6vac63 @ Sn6vac61 u~vac!#

3 ^gc PcJc7d7ga PaJa&

3 ^gc PcJc7d7ga'Pa' Ja' &

(
c

dacdca'Gaca'
cb 5 @Ja#21dJa, Ja'

dMa, Ma'
dPa, Pa'

3 (
gcJc

^gc PcJc7d7ga PaJa&

3 ^gc PcJc7d7ga'Pa' Ja' &{Gaca'
cb , ~23!

where@Ja# [ ~2Ja 1 1!. It is also assumed, that the statesa
and a' ~b and b'! have close energies, since only these
states actually enter into the relevant components of the
relaxation operator. The remaining terms, describing radia-
tive-collisional feeding, are nondiagonal inM and pro-
vide the symmetry property of the elements of radiative-
collisional relaxation operatorRab

a'b' relative toq:

q 5 Ma 2 Mb 5 q' 5 Ma' 2 Mb' . ~24!

This relation formally provides the above mentionedM-
diagonal property of ther0 elements and significantly sim-
plifies the coefficient matrices for therq in Eqs.~13! and~15!.

Using the irreducible-component representation for den-
sity matrix~Blum, 1981!, one easily shows that the density-
matrix elements obey the following symmetry relations:

^ga PaJa 2 Ma6r0 6ga PaJa 2 Ma&

5 ^ga PaJa Ma6r0 6ga PaJa Ma&

^ga PaJa 2 Ma6r2q 6gb PbJb 2 Mb&

5 ~21!Ja2JbPa Pb

{^ga PaJa Ma6rq 6gb PbJb Mb&. ~25!

Coupled with the general symmetry property of density-
matrix elements,

rab
* 5 rba, ~26!

these symmetry relations essentially reduce rank of matrices
in Eqs.~13!–~15!.

4. NUMERICAL IMPLEMENTATION
OF THE MODEL

Theoretical model, described in the previous section, was
implemented in the numerical model and the computer pack-
age LineDM. The package includes special-purpose pro-
grams of input data generation and processing, a code to
calculate ion microfield distribution function, and the main
computation module that evaluates density-matrix elements
rab

q ~v!,raa
0 ~ rbb

0 ! and performs necessary integrations and
convolutions to obtain the spectral distributions in Eqs.~16!–
~19! of interest. The LineDM code also incorporates a special-
purpose module for the less-square-fit comparisons of
the calculated line profiles and experimental spectra with
smoothing the experimental spectra over the given number
of adjacent points, if necessary. The set of algebraic linear
Eqs.~13!–~15! in complex variables are solved by using elim-
ination technique with the selection of principal element.

To solve the particular problem, the following input data
are to be specified.

• Frequency range@vmin,vmax# , in which the spectral dis-
tributions are calculated. The step of frequency grid, is
generally nonuniform and is adjusted as the calculation
proceeds to reliably represent theS~v!,G~v! functions
in the ranges of spectral features.

• Atomic numberZA and weightA of the emitter and its
spectroscopic symbolz.

• Plasma parameters: mass densityr @g0cm2# , ion
and electron temperaturesTi ,Te @keV#; ionization bal-
ance, defined by the set of Coulomb charges, atomic
weights and relative abundances of plasma ions
Zi , Ai ,Ci ,(i

k Ci 5 1 ~k is the number of ionic species!.
• The set of energy levelsEj ~a.u.!, their degeneracies

gj 5 @Jj # , paritiesPj , principal quantum numbers of va-
lent electrons, partial relaxation widths due to ionization-
recombination processes~if necessary!, and array of
reduced dipole-transition matrix elements between these
levels^ j ' 7d7 j &.
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If for the states of interest non-LTE population distribu-
tion occurs and kinetic effects due to ion microfield are van-
ishingly small~or neglected!, input data of line profile and
spectral gain calculations also involve level populations
N~gaPaJa!@N~gbPbJb!# from the CR-model calculations.
Here, Eq.~14! for the elementsr0 are not solved, and the
populations ofM-states$a%~$b%! in Eqs.~13! and~15! are
just defined as

raa
0 5 daa 'N~ga Pa Ja!0ga . ~27!

When it is essential to allow for radiative transitions driven
by an external radiation field, photon modal densitiesSnv of
the relevant radiation source are also specified.

Sets of the upper and lower levels$a% 5 $a0% J$a '% and
$b% 5 $b0% J $b '%, involved in the transitions of interest,
are formed in every specific case depending on the fre-
quency interval and plasma density considered. This is done
first by using the condition that the energiesEa0 b0

of radia-
tive transitionsa0 2 b0 fall within the interval@Emin, Emax#
and then expanding these sets$a0%,$b0% to include all other
closely-spaced states$a '%,$b '% well-coupled by plasma ion
microfield either to$a0%,$b0% or to themselves:

~ PVF !a0a ' 06Ea0a ' 6 $ da ,

~ PVF ! Ja 'a ' 06E Ja 'a ' 6$ da , Ja ',a ' [ $a ' % ~28!

~same for the lowerb-levels!. Here, the coupling parameters
da~db! control the inclusion of ion-microfield effect among
the upper~lower! levels, and

~ PVF !a0a ' 5 S ^ga0
Pa0

Ja0
7d7ga 'Pa ' Ja ' &

3{ga0
D102

3 F0,

F0 5 0.52{~^Z302&!203 ~ r0^A&!203 ~29!

~in a.u.! represents a characteristic value of interaction with
the Holtzmark ion microfieldF0.

By now, a substantial set of line-profile calculations for
the K, L-shell transitions of H-, He-, Li-, Ne-, and Na-
like Al, Mg, Ar, Cu, and Xe has been performed using the
LineDM package in the context of plasma diagnostic issues
in recent laboratory experiments~Hammelet al., 1994; Keane
et al., 1994b, Bollantiet al., 1995; Faenovet al., 1996;
Faenov, 1998; Stepanovet al., 1998; Osterheld, 1998!. Some
results of these calculations are presented below.

5. SOME RESULTS AND DISCUSSION

Currently, X-ray spectroscopy has already become a tradi-
tional tool of diagnosing the parameters of high-temperature
laboratory and astrophysical plasmas. The methods of X-ray
spectroscopic diagnostics are based on fitting of the observ-
able characteristics of calculated and experimental line ra-
diation spectra from high-Z emitters in plasmas registered

with various dispersive elements~flat and bent crystals or
gratings!.

Due to significant improvement of resolution and lumi-
nosity of crystal spectrographs achieved during the last
decade, the methods of plasma density and temperature di-
agnostics using the lineshapes and intensity ratios of high-Z
ion spectral lines have found a wide utility in the present-day
laboratory experiments. Specifically, the evaluation of the
ICF plasma parameters is usually inferred from the fitting of
calculated and experimental line radiation spectra from di-
agnostic dopants seeded into the shell or fuel regions of laser
targets.To probe the plasmas of electron densitiesNe. 1022–
1024 cm23, the fuel region of ICF capsules is typically doped
with a small abundance of Ne or Ar. In this connection, pri-
mary emphasis is centered on theKb-shell emission lines
of H-, He-, and Li-like ions since these lines, as a rule, are
found to be optically thin and susceptible to the sufficient
Stark broadening, while the emitters themselves have rather
simple atomic structure.

Specifically, line profiles of Ar Heb ~1s3l 2 1s2! and its
dielectronicKb-satellites 1snl3l '21s2nl ~n5 2,3!, located
at the long-wavelength side of the Ar Heb line, were regis-
tered in the NOVA-laser experiments with indirectly driven
DD-filled capsules doped with a trace abundance of Ar.
Analysis of the experimental data has shown that the ac-
count of the contribution due to satellite lines at moderate
plasma temperaturesT # 1 keV allows us to avoid an over-
estimation of plasma densities inferred with the Ar Heb

line-profile calculated data and to implement a combined
technique of plasma density and temperature evaluation from
the broadening and red-wing intensity of observable spec-
tral feature~Heb 1 1snl3l '2 1s2nl % ~Hammelet al., 1994;
Keaneet al., 1994b!. For that purpose, detailed calculations
of the relevant line profiles were done using the TOTAL
~Calistiet al., 1990! and MERL~Manciniet al., 1991! codes.
The calculations, however, show that these two codes pro-
vide somewhat different results while using the same atomic
data. In this connection, a need for additional comparisons
of calculated line profiles has been noted.

Figure 1 presents the line profiles of Ar Heb in DD-
plasma doped with Ar at the 0.1% atomic level at an elec-
tron densityNe 5 1024 cm23 and temperatureTe 5 Ti 5
1 keV calculated using the HELM and LineDM codes in
comparison with the TOTAL- and MERL-calculated data
of Calisti et al. ~1990! and Manciniet al. ~1991!. The com-
parison reveals the LineDM results practically coincident
with the profile obtained using the MERL code~distinc-
tions do not exceed 1–2%!. On the other hand, the LineDM
calculation considering the electron-collisional operator in
the same manner as in the TOTAL model of Calistiet al.
~1990!, that is, with no factor of12

_ coming from the aver-
aging over the Maxwellian velocity distribution~see above!,
has yielded a rather good agreement with the TOTAL-
calculated profile. The remaining minor differences are
likely to be caused by different models for calculating ion
microfield distribution functions: TOTAL code uses the
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APEX model of Iglesiaset al. ~1983! while MERL and
LineDM both utilize the variants of Hooper distribution
~Tighe & Hooper, 1977!. Therefore, our calculations allow
us to suggest that the differences between the results pro-
vided by the TOTAL and MERL codes are attributed to the
different models employed to calculate ion microfield dis-
tribution functions as well as to overestimated contribu-
tion of electron broadening in the TOTAL model. It can
also be seen from Figure 1b that the calculation done with
the HELM code yields practically the same result for the
FWHM linewidth as both the LineDM and MERL codes
do, but provides somewhat smaller depth of the central dip.
The reason is that the HELM code considers only diagonal
elements of relaxation operatorRab

ab in the Stark-state basis
set ~Loboda & Popova, 1997!, or isolated Stark compo-
nents approximation, and this is consistent with the results
obtained by Calistiet al. ~1990! and Keaneet al. ~1994b!
also using the diagonal approximation for the elements of
relaxation operator.

The line profile calculations of the satellite transitions
1s2l 3l ' 2 1s22l in Li-like Ar, performed by using the
LineDM computer package for the same conditions,
showed, that our results also yielded very good agreement
with the MERL-calculated profile also being inconsistent
with the TOTAL-code calculations of Keaneet al. ~1994b!
in this case~see Fig. 2a!. The agreement revealed is rather

important, because this calculation is much more compli-
cated than the previous one for the Heb line: here the sets
$a% and $b% respectively comprise 66 upper and 3 lower
levels withJb 5 1

2
_, 3

2
_ ~against 10 upper and 1 lower levels

with Jb 5 0 Heb has! thus essentially increasing the rank
of coefficient matrix in the equation for the elements
rab

q ~v!. We also note that in this case, the profile calcu-
lated under the diagonal approximation for the elements of
relaxation operator, that significantly simplifies the calcu-
lations, differs by only within 4% from the line profile ob-
tained in the full-scale mode and presented in Figure 2.

Contrary to theKa-satellites 1s2l 2l ' 2 1s22l to the Hea
line of Ar XVII ~Woltz et al., 1991!, the profiles of the
1s2l3l '21s22l satellite lines of interest are much more sus-
ceptible to the ion microfield effect. As one can see from
Fig. 2b, the line profile calculated with the account of quasi-
static ion broadening~Stark profile!, is 2.5 times broader
then the Voigt profile, employing only Doppler and relax-
ation ~that is, homogeneous! broadening. Thus, for the ap-
propriate numerical modeling of the experimental spectra
near the Heb line at a temperatureT# 1 keV, ion Stark broad-
ening should be included for all the lines comprising the
observed spectral feature$Heb 1 1snl3l '2 1s2nl %.

It is worth noting that consistent calculations of such net
profiles should generally involve microfield-induced ki-
netic effect on the populations of autoionizing 1snl3l ' levels:

Fig. 1. Line profiles of Ar Heb calculated at plasma conditions typical for the NOVA-laser experiments of Hammelet al. ~1994! and
Keaneet al.~1994b! with indirectly driven DD capsules. Solid and dotted lines represent the LineDM and TOTAL results, respectively.
Dashed lines display the profile calculated with the MERL~a! and HELM~b! codes. Thin solid line represents the LineDM-calculated
profile considering the electron-collisional operator in the same manner as in the TOTAL model of Calistiet al. ~1990!.
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Stark mixing of the relevant states with different parities can
essentially stimulate the processes of resonant~non-radiative!
capture of electrons at these levels~Woltzet al., 1991!. Theo-
retical model implemented in the LineDM package is rea-
sonably suitable for solving this problem and later on we are
planning to perform such calculations to analyze the emis-
sion spectra of ultrashort-pulse-driven plasmas, where these
effects may appear to be even more significant~Osterheld,
1998!.

Using the LineDM package, a set of line-profile calcula-
tions have been performed for then55, 6 to 1 resonant lines
of He-like Al in Al plasmas at electron densitiesNe5 1020–
1022 cm23 and temperaturesTe550–250 eV. The calculated
data were fitted to the relevant high-resolution experimental
spectra of Stepanovet al. ~1998! and Faenov~1998!, regis-
tered with spherically bent mica crystal spectrometer. These
fittings enabled us to evaluate effective values of plasma
temperature and density at different distances from the sur-
face of Al target driven by a XeCl-laser pulse~Faenovet al.,
1996!.

The profile-fitting procedure was done by using a special-
purpose module of the LineDM package mentioned above
and its result is exemplified in Figure 3a,b. The values of
electron densityNeand temperatureTe5Ti given in the plots
provide the best agreement of calculated profiles to the rel-

evant experimental spectra recorded at a close distance
x , df ~df is the focal spot diameter! from the target surface.
From Figure 3 we notice that the fittings of then5 5 to 1~a!
andn 5 6 to 1~b! lines yield rather close electron densities
Ne 5 1.93 1021 cm23 and 1.53 1021 cm23, respectively,
while the relevant temperatures differ as much as nearly
twice. The latter difference should, nevertheless, be consid-
ered as a reasonable one, because the net temperature sen-
sitivity of the central-feature line profiles, like that of the
n 5 6 to 1 line, is somewhat blurred. The reason is that the
electron collisional broadening strongly affects the central
features of these lines, while its temperature variations have
an opposite impact on the line profiles, compared to Dopp-
ler and ion Stark broadening.

Moreover, such a comparison of the calculated and ex-
perimental spectra at a certain distance from target surface
actually yields just some effective values of plasma elec-
tron density and temperature. These values correspond to
the time- and space~resolved plasma layer!-integrated spec-
tra allowing for the actual spatial resolution and instrumen-
tal function of the spectrometer. In fact, for every distance
of registration, the emission in these lines is recorded at
different instants of time from the spatial points with dif-
ferent plasma densities and temperatures. For this reason,
realistic local density and temperature values of the ex-

Fig. 2. Line profiles for the 1s2l3l '21s22l transitions of Ar XVI, calculated at plasma conditions typical for the NOVA-laser exper-
iments of Hammelet al. ~1994! and Keaneet al. ~1994b! and the LTE distribution of the 1s2l3l '-state populations. Solid and dotted
lines represent the LineDM and TOTAL results, respectively. In the left subplot~a!, dashed line displays the MERL-calculated profile,
while in the right one~b! it shows the profile calculated with the LineDM code without the inclusion of ion Stark broadening~Voigt
profile!.
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panding Al plasma can be retrieved only by solving an
inverse problem of numerical reconstruction of regis-
tered spectra accounting for the actual experimental setup.
This modeling would involve detailed radiative hydro-
dynamics of the Al-plasma coupled with the ionization and
population kinetics of ionic states with follow-on calcula-
tion of time- and observation-plane-integrated Stark broad-
ened profiles convolved with the instrumental function of
spectrometer.

In the future, we plan to perform the numerical recon-
struction of the Al XIIn5 5, 6 to 1 line radiation spectra of
Faenov~1998! at various distances from the Al-target sur-
face to evaluate the inaccuracies introduced by using the
local Stark-broadened line-profile data to immediately re-
trieve the spatial distribution of average electron densities
and temperatures of expanding laser-produced plasmas.

The use of theL-shell spectra from the elements with high
Z ; 50 for diagnosing ICF capsules has some advantages
compared to theK-shell spectra from the elements with
lowerZ; 15–20 since the optically thick pusher regions are
more transparent for higher energyL-shell photons. This ap-
pears to be especially important in the investigations of high-
performance targets utilizing laser-pulse shaping technique
to provide lower-isentrope compression of the DD or DT
fuel ~Hammelet al., 1994!. In these targets, the increased
pusher opacity in the range of theK-shell emission photons

from the elements withZ # 20 does not affect the higher
energyL-shell spectra. Specifically, diagnostic properties of
the L-shell emission spectra in the wavelength rangel >
2–3 Å were investigated in the indirectly driven ICF implo-
sions on the NOVA laser~Hammelet al., 1994; Keaneet al.,
1994b! for the 2p53d 2 2p6, 2p54d 2 2p6, 2l 213l3l ' 2
2p53l transitions of Ne-like and Na-like Xe and I, doped to
the target DD-fuel and shell regions, respectively. Here, the
intensity ratios of the spectral features referred to the groups
of resonance~Ne-like! and relevant satellite~Na-like! tran-
sitions were found to exhibit a pronounced sensitivity both
to electron temperature and density.

In this connection, the detailed study ofL-shell transition
spectra from Ne-like and Na-like emitters in laser-produced
plasma is of particular interest for the development of prom-
ising methods of the ICF-target plasma diagnostics.

Figures 4 and 5 present the line profiles for the 2p54l 2
2p6 resonance transitions of Ne-like Cu calculated at an elec-
tron densitiesNe 5 1022,1023 cm23 of Cu plasma. Detailed
experimental studies of these transition spectra were previ-
ously performed on the Hercules XeCl laser facility~ENEA,
Frascati! by Bollantiet al.~1995! at typical plasma densities
Ne51022 cm23 to test the diagnostic methods for the NOVA-
laser experiments.

Figure 4 shows that at the densityNe 5 1022 cm23 the
interaction with plasma ion microfield gives rise to the well-

Fig. 3. Profiles of then5 5 to 1~a! andn5 6 to 1~b! resonance lines of AI XII at a close distancex' 30mm , df ~df is the focal spot
diameter! from the target surface. Solid curves represent LineDM-calculated profiles, while the pluses correspond to the experimental
data of Stepanovet al. ~1998! and Faenov~1998!. The values of electron densityNe and temperatureTe 5 Ti providing the best
agreement of calculated and experimental data are given in the plots.
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Fig. 4. Line profiles for the 2p54l–2p6 resonance transitions of Ne-like Cu calculated at an electron densityNe 5 1022 cm23 of Cu
plasma. Solid and dashed curves represent the profiles obtained with and without the inclusion of ion Stark broadening, respectively.

Fig. 5. Line profiles for the 2p54l–2p6 resonance transitions of Ne-like Cu calculated at the Cu-plasma electron densitiesNe 5 1022,
1023 cm23.
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pronounced forbidden components in the spectra of the
2p54d–2p6 transitions, though their intensities are small
enough for the experimental registration.

However, a tenfold increase of plasma density~Fig. 5!
results not only in significant broadening of all spectral fea-
tures in the wavelength rangel 5 9–9.6 Å, but also in
much the same, tenfold, lowering of the intensity ratios of
the allowed@2p102

5 4d302~J51!2 2p6,2p302
5 4d502~J51!22p6#

to forbidden~2p102
5 4f 2 2p6,2p302

5 4f 2 2p6! components near
9.07 and 9.12, 9.21, and 9.25 Å. So, this may well serve as a
rather sensitive tool of plasma density evaluation.

Figures 6 and 7 present line profiles for the 2l 214l '–2p6

resonance transitions of Ne-like Xe calculated at Xe-plasma
electron densitiesNe5 1023 2 531024 cm23. The emission
spectra from the Xe-filled capsule were investigated in the
NOVA-laser experiments aimed at the development of the
relevant L-shell X-ray diagnostics for the future experi-
ments with indirectly driven capsules on the NIF facility
~Osterheld, 1998!.

Figure 6 shows, that at the lower electron density consid-
ered,Ne5 1023 cm23, forbidden components of the Xe XLV
2p54d–2p6 transition spectra are more abundant, than for
Cu XX ~Fig. 4!. This is due to much greater energy splitting
of the 2p54l levels of Xe XLV and, consequently, to better
resolution of then 5 4 to 2 line components of Xe XLV.

As the density increases toNe 5 1024 cm23, the ratios of
the allowed-to-forbidden spectral feature intensities at the
wavelengthsl 5 1.9, 1.99, 2.09 Å, and 2.12–2.15 Å get

substantially lower up to 1–10, thus enabling to implement
the relevant plasma density diagnostics in the laser-target
experiments with anticipated values ofNe $ 1024 cm23.

We also note that with the Xe gas doped to the DD or
DT-filled capsules at approximately 0.02% atomic level
~Hammelet al., 1994!, the average Holtzmark field due to
plasma ions appears to be only trice as lower as in the case
of pure Xe filler at the same value of electron densityNe.
Therefore, keeping in mind the difficulties of retrieving
plasma densities through the linewidths of the 2p54d–2p6

lines due to their minor values~,10 eV! atNe # 1025 cm23,
plasma density evaluation from the ratios of the allowed-
to-forbidden spectral feature intensities seems to be even
more preferable. One can see from Figure 7 that the com-
ponents 2s4p~J 51! 2 2p6 and 2s4d 2 2p6, 2p102

5 4d302~J 5
1! 2 2p6 and 2p102

5 4f 2 2p6, 2p302
5 4d502~J 5 1! 2 2p6 and

2p302
5 4f 2 2p6 are well-resolved and have comparable inten-

sities atNe . 1024 cm23 and thus are well suitable for diag-
nostic use.

6. CONCLUSION

We have described a theoretical model utilizing the density-
matrix formalism to calculate spectral line profiles of arbi-
trary multielectron ions in plasmas. Line-profile calculation
involves electron collisional and radiative relaxation of ionic
states, emitter’s motion~Doppler effect! and its interaction
with quasi-static ion microfield. This model resulted from

Fig. 6. Line profiles near 2l 214l '–2p6 resonant transitions of Xe XLV, calculated for Xe-plasma densityNe 5 1023 cm23 with and
without ion Stark broadening.
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the extension of the previously developed simplified model
for calculating spectral line and gain profiles for the lines of
simple ions implemented in the HELM code~Lobodaet al.,
1992, 1997; Loboda & Propova, 1997!, and is generally free
of limitations set by the approximations of the previous
model. In particular, the sets of the upper or lower states
involved in the transitions of interest, are not fixed but formed
in every specific case depending on the frequency interval
and plasma density considered. The diagonal approximation
for density-matrix elements and the isolated Stark compo-
nents approximation are generally not adopted, but may be
used in particular cases.

Using the LineDM computer package implementing this
model, line-profile calculations of theK- andL-shell tran-
sitions inAl XII,Ar XVII,Ar XVI, Cu XX, and Xe XLV ions
have been performed in the context of plasma diagnostic
issues of some recent laboratory experiments. Comparisons
of the modeled line profiles with the experimental and other
theoretical data show the applicability of the model imple-
mented in the LineDM computer package for the analysis of
X-ray line radiation spectra from multielectron emitters in
hot dense plasmas.
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Appendix

Since the main contribution toRc
~1! is usually provided by

the collisions with sufficiently large values of electron an-
gular momenta, functionG can be correctly evaluated to
the second-order expansion terms of electron-ion inter-
action under the classical-path assumption for the perturb-
ing electron. Evaluations of this type were commonly used
for electron impact broadening calculations. Generally,
straight classical path approximation was employed and the
averaging over the Maxwell distribution of electron veloc-
ities was performed either approximately~Griem, 1974;
Anufrienkoet al., 1993; Loboda & Popova, 1997! or with
a fixed value of minimum impact parameterbmin chosen
equal to the radius of outermost Bohr orbit of the excited
electron,~Griem et al., 1979; Calistiet al., 1990; Loboda
& Popova, 1997!, an . n2a00z ~n is the principal quantum
number of the excited electron,z is the spectroscopic sym-
bol of the emitter, approximately denoting the effective
charge of the ionic core!.

However, using the straight-classical-path assumption, one
can obtain a general expression for theG-function free of
these simplifications and accounting for the dependence of
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maximum and minimum impact parameters ratio in the Cou-
lomb logarithm on the electron velocity:

lnSbmax~v!

bmin~v!D 5 f ~v!.

Skipping the derivation details and estimating a contri-
bution due to strong collisions with impact parametersb #
bmin similar to Kepple & Griem~1968!, we write the final
expression:

Gijk ~l !
pq 5

1

2
Ei~2y1

*! 1
1

2
Ei~2y2

*! 2
3

2
Ei~2ymin! 1

p

6
ymin

~A1!

where; Ei~x! is the integral exponential function, and pa-
rametersy1

* , y2
* , ymin are defined as follows:

y1
* 5 max$ ymin, y3%; y2

*5 max$ ymin, y2%;

ymin 5 maxH@~ y1
' !2y3

' #103, y1
' ,

~ y1
' !2

y2
' J

y3 5 min$~ y2
' y3
' !102, y3

' %; y2 5 max$~ y2
' y3
' !102, y2

' %.

Here

y1
' 5

|D~v0!

bmax
ijk ~l !, pq~v0!

, y2
' 5 S|D~v0!

an.
pq D2

, y3
' 5 S Lc~v0!

|D~v0!D2

,

bmax
ijk ~l !, pq~v0! 5

v0
~ EGpq

2 1 vp
2 1 vijk ~l !.

2 !102 , ~A2!

whereLc~v0! 5 @~z2 1!e2#0mv02 is the Coulomb parameter
of the perturbing electron at the average thermal velocity
v0 5 !2T0m, an.

pq is the Bohr radius of the excited state
with n. 5 max$np, nq%, and|D~v0! 5 \0mv0 is responsible
for the de Broglie impact parameter cutoff, that is, for the
limitation of classical description of the electron–ion col-
lisions. The strong-collision~Weisskopf! cutoff for non-
adiabatic electron broadening~Griem, 1974! in the cases
whenEaa' , Ebb' ,, Eab, Ea'b' ~ the statesa,a' andb,b' belong
to the nonoverlapping sets of levels!, was omitted: one
can readily see that for high-Z ions with z $ 10 in the
cases of practical interestbs # |D. Specifying the maxi-
mum impact parameter, finite value of the lifetime of the
p 2 q line components, represented by the total widthEGpq5
1
2
_~Gp

r 1 Gq
r 1 Gp

ci 1 Gq
ci! was taken into account as well as the

Debye screening and adiabatic cutoff, included through the
electron plasma frequencyvr and frequency interval be-
tween the closely-spaced states~Griem, 1974!, respectively,

vijk. 5 max$6vij 6, 6vjk 6%, vijkl. 5 max$6vik 6, 6vjl 6%.

If one lets that at all essential Maxwellian electron veloc-
ities v

bmin 5 max$Lc~v!,0|D~v!,an. % 5 an. ,

the functionG ~A1! takes the form:

Gijk ~l !
pq 5 2

1

2
Ei~2ymin! 1

p

6
ymin, ymin 5 S an.

pq

bmax
ijk ~l !, pq~v0!D2

.

~A3!

Equation~A3! is analogous to the expression forG~Dv50!
of Calisti et al. ~1990! to an accuracy of the factor12

_ at the
integral exponential function and substitution of the last term
by the strong collision constantCn. ~Griemet al., 1979!.

To examine the Eq.~A1!, the relevant collisional rates
Cb'a 5 ^vsab' & 5 ~Rc!aa

b'b' 0Ne ~8! of the electron impact transi-
tionsb'5 2s102 r a5 2p102,2p302 of H-like Ar XVIII were
compared to the data calculated by Zygelman and Dalgarno
~1987! using the close-coupling method, straight classic path
assumption withbmin 5 an. ~Griem et al., 1979!, and the
approximation formulas of Van Regemorter~1962! and
Mewe~1972! as well. At the temperaturesT $ z2Ry08, typ-
ical for the laser-produced plasmas, our expression for
transition rates was found to agree with the close-coupling
calculated data much better~within 3–5%! than all the other
results~from 25 up to 100%!.

For the elementsRc
~2! in Eq. ~8!, responsible for the sub-

stantially inelastic collisional transitions to the distant ionic
states,G-function is specified by using the effective Gaunt-
factor approach~Baranger, 1962!:

Gijk ~l !
pq 5

p

!3
g~ yij !

g~ yij ! 5 S Sg~6yij 6!@11 u~ yij !~exp~26yij 6! 2 1!# , yij 5
Eij

T
, ~A4!

where the valuesS Sg~6yij 6! are found either from the quantum-
mechanical calculations of collisional transition ratesCij 5
^vsij & or evaluated by using the approximation formulas of
Van Regemorter~1962! and Mewe~1972!.
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