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Stark-profile calculations for resonance lines of heliumlike argon in dense plasmas

Hans R. Griem and Milan Blaha
Laboratory for Plasma Research, Uniuersity ofMaryland, College Park, Maryland 20742

Paul C. Kepple
Plasma Physics Division, Naval Research Laboratory, Washington, D.C. 20375

(Received 22 March 1989)

The photon energy distributions of the first three resonance lines of heliumlike argon broadened

by the local fields of both ions and electrons are calculated for dense H, D, or T plasmas containing
small amounts of argon. The electron collisions are treated by an impact theory allowing for both
widths and shifts in the distorted-wave approximation to all significant orders of the multipole ex-

pansion for the electron-radiator interaction. Ion effects are treated in the quasistatic approxima-
tion for dipole interactions between ions and radiators. These interactions between states of a given

principal quantum number are calculated in the intermediate-coupling representation, using ion-
field-strength distribution functions calculated by Boercker with the method of Iglesias et al [Phys.
Rev. A 28, 1667 (1983)]. The profiles obtained were corrected for thermal Doppler broadening and
also for ion-dynamical effects according to Stamm et al. [Phys. Rev. A 34, 4144 (1986)].

I. INTRODUCTION

Stark-broadened spectral lines emitted or absorbed by
dense high-temperature plasmas are of interest in three
contexts: determination of charged-particle densities, ra-
diative energy transport, and, possibly, in measurements
of electric fields. Lines from one-electron iona have so far
been given the most theoretical attention, both because of
the perceived simplicity of their profiles and also because
hydrogen and one-electron ion lines are especially sensi-
tive to Stark effects. In measured spectra, lines from
two-electron ions are usually more prominent, because
they have significant intensities over a broader range of
plasma conditions. They are accordingly very useful in
density measurements of laser-driven implosions of DT
pellet plasmas seeded with argon. ' The calculated
Ar xvII profiles used in this early work to fit the observed
profiles had been obtained by scaling electron collisional
broadening calculated for one-electron ions and by re-
placing the usual linear Stark effect treatment of the qua-
sistatic effects of ion-ion interactions by Stark effects val-
id for any field strength. The latter treatment also al-
lowed inclusion of the effects of intermediate coupling.

We have performed distorted-wave calculations for the
electron-ion scattering on the various initial states of
Arxvii involved, to all significant orders in the electric
multipole interaction. Moreover, recently progress has
been made on three important aspects of the line-
broadening problem for one-electron ions, namely on the
dynamical effects of ion-ion interactions, and in regard
to calculating shifts from electron-ion interactions ' and
ion-field-strength distribution functions for high-density
plasmas. We include such and other line shifts and also
estimate ion-dynamical corrections, i.e., profile smooth-
ing relative to profiles obtained with the quasistatic ap-
proximation (and using field-strength distribution func-
tions) for the broadening by ions.

In Sec. II of this paper the general theory used is sum-
marized. Section III describes the result of our electron
broadening calculations. We then discuss electron-
collisional shifts before presenting in Sec. V calculated
profiles for optically thin and homogeneous plasmas.

II. GENERAL THEORY

Our starting point is the line-shape expression derived
from the generalized impact broadening approximation
for the effects caused by electrons, convolved with the
quasistatic Stark profile corresponding to the ion-
produced plasma microfield:

1 QO

L (heo) = ——Re Tr f dFW(F)
0

X I D (F)[i b to i b eo( F)+P j—

The expression in curly brackets is the generalized im-
pact profile, and Am is the frequency separation from the
unperturbed line due to a transition from (Isnp )'P~ to the
ground state, i.e., (ls )'So. The quantity beo(E) gives the
positions of the various nl levels as a function of the elec-
tric field strength I' relative to the zero-field position of
( lsnp)'P, . The distribution of the field strengths is de-
scribed by the function W(F), Re indicates the real part,
and the trace Tr is over the field-dependent states of the
radiating ion for which the principal quantum number
equals that of the upper state of the line in question. The
operator D (F) generates products of dipole matrix ele-
ments which describe relative intensities of allowed and
(field-induced) forbidden components corresponding to
transitions to the ground state. An implicit assumption
here is that all contributing upper levels of given princi-
pal quantum number are equally populated. The opera-
tor P describes the effects of electron collisions. Its ma-
trix elements will be evaluated in Secs. III and IV.
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To calculate the quasistatic Stark effects for arbitrary
field strengths, although they should not be so large as to
cause significant mixing of states with different principal
quantum numbers, one has to solve the system of equa-
tions

This system is obtained from the Schrodinger equation
for the perturbed ion in a given external field F, using the
Im basis. The quantum numbers I, m are the usual quan-

tum numbers for the excited electron, while k=1,3

designates the dominant multiplicity. In other words, we

use, e.g. ,

I
'Im &

=a lt'D & +b
I

'D &, (3a)

(3b)

with the coefficients a and b taken from intermediate-
coupling atomic structure calculations. Corresponding
multipliers of hydrogenic Inatrix elements to obtain the
matrix elements ("I'm ~z~ "1m & =z&"i" are given in Table
I, together with relative energies of the zero-field levels. '

We neglect direct singlet-triplet mixing of the S and P
levels, for which actual values of the squares of the
minority admixture coefficients '" are less than 2% for
n ~ 4, averaged over J values and corresponding to rela-
tive intensities of the intercombination lines of less than
2% of the optically thin resonance lines at high densities,
where relative upper level populations are statistical.
Especially for 2 P, this may be an underestimate, and a
suitable normalized line should then be added with about
the same shape as the resonance line but shifted by —16
eV to lower energies. Fine structure is neglected also,
which is easily justified, e.g. , compared to thermal
Do pier broadening, except, perhaps, for 3p P and
4p P, where the fine-structure splitting reaches -1 and
0.4 eV, respectively. These levels are involved because
field strengths are often high enough for significant Stark
mixing of 'P and D levels, which in turn Stark mix with
P and S. Under these conditions, there are also

significant Stark shifts so that the neglected fine-structure
splitting is not important numerically.

Since we neglect intercombination lines caused by in-
termediate coupling, the matrix eleinents of D(F) can be
written as

(a" ~D(F)~a" &
=

—,'(a" ~'lm &(a" ~'lm &, (4)

because the dipole matrix elements between the
~

'lm
&

states and the ground state cancel on area normalization
of the profiles. The required matrix elements of P are

(a"'~(t ~a" &
= g &a"'~ ""Im &(a" ~k "Im &P„

in terms of the field-free (and diagonal, m-independent)
matrix elements of P. Before describing their evaluation,
we note that any additional field dependence introduced
by changes in relative level positions, etc. , used in the

k(O) k (F)]fik'k+ F k'k(
) ( ak'

~
lm &

—
O

l, k

(2)

TABLE I. Multipliers for hydrogenic matrix elements and
zero-field energies (in electron volts) of the nl levels (see text)
relative to the n 'P levels.

Zero-field

energy (eV)

—15.0
—4.4

0.0
—0.3
—9.8
—4.6
—0.7
—1.9

0.0
—0.1

—0.1

0.08
—4.0
—1.5
—1.5
—0.3
—0.04

Levels

's-'p

's-'p
1p 1D

1D 3p
's- p
P- D

3D-'P

's-'p
1p 1D

'D-'F
'D-3F
'F-3D
s- p

3p 1D

P- D
3D 1p

F-D

Multipliers

1.00

1.00
0.88
0.47
1.00
0.88

—0.47

1.00
0.90
0.97
0.27
0.27
1.00
0.43
0.90

—0.43
0.97

electron-scattering calculations, is almost certainly negli-
gible because Debye-shielding effects will be seen to be
more important that hn =0 level splittings under all con-
ditions of physical interest. For similar reasons, no
significant errors are expected from the use of P&& values
calculated for singlet levels also for triplet levels.

III. ELECTRON BROADENING

The electron broadening of the various Stark com-
ponents is controlled by the real part of P, which in terms
of cross sections for inelastic and elastic scattering can be
written as

4n= —,
' X ~&.(,.i v&&. .

The sum is over all final states of the ion reached by
electron-ion scattering, and the average over the electron
velocity distribution f (v) is indicated by ( &. We can
safely neglect collisions with ground-state ions, except
that the corresponding elastic scattering must be allowed
for by calculating o.„I,I using an expression in which the
usual elastic scattering amplitude is replaced by the
differences of these amplitudes for scattering on the nl ex-
cited state and the ground state. This modification only
affects the A=O (monopole) term in the multiple expan-
sion for the interaction between free and bound electrons.

The various cross sections for n =2, 3, and 4 were cal-
culated using a distorted-wave code for 6=0, 1, 2, and 3
interactions and including enough interacting n, 'I' levels
to assure convergence of the sum in Eq. (6) to within
—1%. (A similar accuracy is expected for the multipole
expansion). The present distorted-wave approximation is
formally identical to the nonunitarized Coulomb-Born
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approximation, in which the elements of the reactance
matrix R are expressed in terms of radial integrals involv-

ing Coulomb functions of the colliding electron. In the
distorted-wave method, the Coulomb functions are re-
placed by functions Fk& describing the scattering on a po-
tential due to the nucleus and the bound electrons (see
Sec. IV), and the monopole elastic part of the R matrix
elements is replaced by —,

' sin2e&, where e& is the phase
shift. The scattering matrix therefore was not unitarized,
but the error introduced into widths and shifts is always
less than 1%. For example, for the strongest transition
considered in our calculations, namely, 4p-41, the unitar-
ized cross section [obtained from the relation
T= 2iR—(1 iR)—' instead of T= 2iR]—at E =0.2 Ry
(i.e., close to threshold) is only 1.2% smaller than the
nonunitarized one, and the octupole terms contribute less
than 1% to the total value. The largest absolute value of
an R matrix element in this case is 0.2 (for L =0 partial
contribution which represents only 1% of the total), and
the values of matrix elements rapidly decrease with L .
At higher energies, which are of real importance at tem-
peratures considered in the paper, as well as for other
types of transitions, the effect of unitarization is even
smaller. The target wave functions for the ion are ob-
tained using a semiempirical method' which allows for
exchange. However, exchange with the free electron is
neglected. This should not cause significant errors be-
cause typically very many partial waves contribute to the
answer.

Again, use of the distorted-wave method as such
should be practically exact, because all phase shifts, etc. ,
are small at all relevant energies for the electron scatter-
ing on highly charged ions. For this reason, there are
also no significant coupling effects between the various
multipole terms.

Convergence of the partial wave series for A = 1,
n'=n(hn =0) transitions is very slow because of the
small level separations, and because of the long-range na-
ture of the dipole interactions. This difficulty has, how-
ever, no real significance, because correlations between
free electrons cannot be ignored for these long-range in-
teractions. Rather than attempting to solve the corre-
sponding many-body problem, we simply cut off the sum
over partial waves at

2m
]/2 2 2

N, — (n —I —I —1)
n

m ' z

X C t+ —,
' e —dx

e) j

X
(9)

with the parameter y determined from
2 '2

Lmin An
2

COp

EHk~ TLmax

(10)

X(n —I —I —1)

X C + 1
—x

V

It was used to determine C„& values by comparison with
the distored-wave result, namely,

o ) .(v
n', I'

' 1/2~Ea e' 1

ksT A 21+1

Here EH = 13.6 eV is the ionization energy of hydrogen,
and z = 17 the screened nuclear charge acting upon the nl
electron (see also the discussion of the C„& below). The
quantity L;„corresponds to collisions whose impact pa-
rameters is about equal to the bound-state radius
r„=n ao/z of the target ion. This omission of collisions
with L &L;„ is required in the semiclassical dipole ap-
proximation to avoid overestimates of the effects of close
collisions. It is not needed in our distorted-wave, mul-
tipole expansion calculations, which also account for the
zero-field hn =0 level separations.

The Maxwell-averaged values of g„&o„&, „, &
u, in units

of 2ao(nEH/kT)' e /R and of a hn =0 dipole strengh
factor 6(n/z) (n —I —I —1), for n =2, 3, and 4 and
1=1 are listed in Table II as functions of temperature
and density. From Eqs. (6) and (9), the corresponding
semiclassical expression is seen to be

1/2
2

' 2

, ~EH e' n
u )„=2ao

Z

mv
max

%COD
(7) X g J [Q(E)]„&„&.exp( E/ksT) d—E, (12)

1

I /I k, T

i.e., use as screening length -v /co, where co is the elec-
tron plasma frequency

co =(4m%, e /m)'

Since the cross section depends only logarithmically on
L,„, the error corresponding to the uncertainty in L
should not be more than —10% for most conditions.
However, it probably exceeds any errors of the scattering
calculations per se.

As in our work on hydrogenic ion lines, we found it
convenient to compare our electron broadening calcula-
tions to the following semiclassical estimate:

where the 0„&„& are our calculated collision strengths.
Such C„& values are also listed in Table II, where they are
compared (at iV, =10 cm ) with corresponding
calclations "' for hydrogen.

In Ref. 7(a), the C„& values were assumed to be in-
dependent of density. We therefore make the comparison
at a density where the variation of C„& with density is
weak. Whether or not the increase of C„& with density at
low temperatures is significant is questionable, because
Debye shielding might then reduce other than A=1,
An =0 contributions as well. The increase amounts to
~ 15' of the electron-produced widths. Under these
conditions, errors due to uncertainties in the Debye
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shielding correction of, say, —10% in the electron
broadening must therefore be expected. (Remember that
errors in our distorted-wave calculations as such should
be much smaller. ) Differences between our C„i values for
He-like ions and those of Ref. 7(a) for H-like ions, except
for n =2, correspond to smaller errors than this, and we
therefore use the results of Ref. 7(a) for all nl states other
than I =1 in our profile calculations. For n =2, use of
C„, values from Ref. 7(a) would increase collisional
widths by —10% at high densities and temperatures. We
also made comparisons with recent calculations for He-
like ions, ' ' again finding —10% agreement.

Semiclassically, the C„I may be interpreted as the con-
tribution from strong or close collisions. In the
distorted-wave calculations a corresponding term certain-
ly arises from A=O monopole interactions in the region
where the radial coordinate of the scattered electron is
smaller than that of the nt bound electron, and also from
b n %0, 4= 1, and any A ) 1 interactions. Having nearly
temperature-independent C„i would have indicated a
dominant role of A =0 collision strengths, since the vari-
ation of A =0 collision strenghs, summed over n ', is quite
small. (They decrease by less than 20% in the range from
E=EH to E=300EH for the initial kinetic energy. )

However, inelastic contributions from A 1 interactions
increase with energy, as various thresholds are exceeded,
and are evidently quite important.

We finally mention other electron broadening processes

not explicitly accounted for in the present and previous
calculations. Broadening due to collisional ionization of
the nl levels can be estimated according to Sampson and
co-workers' . It usually amounts to less than 1%, except
for n =2 at high temperatures where it reaches —5% at

N, =10 cm . Radiative recombination rates are a
small fraction of a percent of the broadening rate for
n =2 and less than that for n & 2. Radiationless capture
rates for the 1s2p states, mostly accompanied by excita-
tions to 1s3d states with the plasma electron also going
into 3d, can be estimated to contribute about 20% of the
total broadening rate at 400 eV and N, =10 cm, with

the relative contribution decreasing faster than 1/T i .
For this estimate calculated Auger rates' for doubly ex-
cited states of heliumlike ions were used together with
the principle of detailed balancing. Capture rates for
1s3p and 1s4p are much less important in comparison to
their broadening rates, both because, e.g. , 3p-4d excita-
tions are relatively less important than 2p-3d excitations,
and because the threshold energies are well below k~ T in

these cases.
Three-body recombination must also be considered as a

line-broadening process. ' Again using the principle of
detailed balancing, we can estimate recombination rates
into principal quantum number n" =2, 3, and 4 levels for
the additional electron from the corresponding collisional
ionization rates. ' The n"=4 rates come to -20% of
the n =2 broadening rate at k&T=400 eV, N, =10

TABLE II. Collision strengths 0„I„ I for (1snp)'P levels in units of (2I +1)6(n/z) (n —I —I —1),
integrated over energy (in k~T units) with exp( —Elk~Tj as weight factor and summed over final
states. Strong collision constants C„t from Eqs. (11) and (12) are in parentheses. At N, =10 ' cm ', C„I
values from Ref. 7(a) are listed for comparison.

N, (cm ')

k~T (eV)

400
800

1200
1600
2000

1p22

5.36(0.52,0.35 )

6.31(1.13, 1.17)
6.89(1.50, 1.70)
7.31(1.78, 2.06)
7.62( 1.97,2.32)

1Q23

4.24(0.56)
5.17( 1.14)
5.75(1.51)
6.15( 1.77)
6.45( 1.96)

n =2

1p24

3.13(0.60)
4.04( 1.16)
4.61(1.52)
5.03( 1.80)
5.35(2.01 )

1025

2.30{0.90)
3.08( 1.34)
3.60( 1.66)
3.98( 1.90)
4.30(2. 11)

N, (cm ')

k~T {eV)

400
800

1200
1600
2000

1021

5.25(0.07 )

5.90(0.38)
6.26(0.53 )

6.48(0.59)
6.66(0.67 )

n =3

1Q22

4.13(0.11,—0.05)
4.76(0.39,0.37)
5.10(0.52, 0.55)
5.33(0.61,0.66)
5.49(0.66,0.71)

1Q23

3.06(0. 19)
3.65(0.43 )

3.98(0.55 )

4.19(0.62)
4.36(0.68 )

1024

2.08(0.35)
2.59(0.52)
2.89(0.61)
3.09(0.67 )

3.25(0.72)

k~T (eV)

400
800

1200
1600
2000

X, (cm )

lp21

4.90(0.30)
5.43(0.48 )

5.70(0.55 )

5.88(0.58)
6.01(0.60)

n=4

]Q22

3.77(0.32,0. 12)
4.28(0.48, 0.34)
4.54(0.54, 0.45)
4.72(0.57,0.53)
4.84(0.58,0.59)

10 '
2.71(0.41 )

3.17(0.52)
3.41(0.56)
3.58(0.58)
3.70(0.59)

10'4

1.79(0.62)
2.14(0.63)
2.34(0.63)
2.48(0.63 }
2.59(0.63)
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cm, the n"=3 and 2 rates to -4% and 0.5%, respec-
tively, all of them decreasing rapidly with increasing tem-
perature. Before adding these rates to the collisional
linewidth, one should account for the fact that three-
body recombination rates are about the same for 1s ions
as for 1s2p ions and that, e.g. , 1s 3d —1s2p3d transition
energies are often very close to the 1s -1s2p resonance
line. Extrapolation of the results of Ref. 14 for the corre-
sponding transitions in neon suggests that about a quar-
ter of the recombinations into n" =3 and 4 levels result in
satellite lines that fall within the collisional full width at
half maximum (FWHM) width of the Ar xvtt resonance
line at N, =10 cm, as would almost all of the n"=5
satellites. Therefore, the effective broadening due to
three-body recombination at 400 eV, 10 cm is es-
timated at -15%. At 400 eV, 10 s cm 3 most n"=3
and 4 satellites are unresolved, leaving the n" =2 contri-
bution and about a quarter of the n" =3 contribution to
give again - 15% of the broadening rate. Effects of
three-body recombination on the broadening of the lines
from the n =3 and 4 levels are considerably smaller in
relative terms, and neglecting three-body recombination
is therefore not likely to cause more than 10% error in
n =3 and 4 linewidths even at low temperatures. For
n =2, further analysis is needed. Pending this, we pro-
pose to add 15% at low temperatures, decreasing as
I/T, and to account for the radiationless capture pro-
cess and for collisional ionization by also adding these
rates as discussed above.

IV. SHIFTS FROM ELECTRON COLLISIONS

In almost all calculations of Stark profiles for one-
electron ions, shifts were neglected. They also have elud-
ed experimental detection, ' at least for z 6. For ion-
ized helium, however, there are some measurements and
calculations' which mostly suggest relatively small red
shifts from A=1 electron-ion collisional effects. Corre-
sponding effects for the Ar xvII lines were estimated to be
small ( & 10%) compared to the major collisional effect to
to be discussed shortly. From the experience with He II
calculations, ' A & 1 contributions should be negligible as
well, which leaves A =0 "penetrating" monopole interac-
tions. This is not only consistent with the recent calcula-
tions for one- and two-electron ions where these A=O
shifts were also found to be dominant, but can also be
seen by estimating the otherwise dominating A = 1,
b,n&0 shifts as follows: From the characteristic shift
functions in semiclassical calculations [see Fig. 9(b) in

Ref. 3] follows a ratio of shifts and FWHM widths
S n /40', where the 0* are the reduced collision
strengths in Table II. Since only interactions with levels
of different principal quantum numbers (b,nAO) contrib-
ute in this ratio, this estimate must still be multiplied by
the relative values of An%0 matrix elements, which can
be determined from Eq. (467) of Ref. 3 to
(n +17)/10(n —1). These factors multiplied by ~/40'
give shift to (full) width ratios of ~0.24, 0.12, and 0.07,
respectively. Anticipating our results for the A=O shift,
this suggests very strongly that A &0 shifts are less than
10% of the A=0 shifts.

We calculated electron-collisional shifts from

n.E~d= —2
k, r
@EH= —4
ksT

]/2
00

N, ao g (2L +1)sin2b, et
Qp I o

' 1/2
oo

N, Q03 g (2L +1)sinb, el coster,
L=0

(13)

d2 L(L+1) 2m Z e
+

2 g2 p
Uo+E

(14)

Uo is the monopole part of the interaction energy of the
colliding electron and two bound electrons in the 1snl
configuration, and Z„ is the nuclear charge. The phase
shifts are slowly increasing with electron energy E, and
we therefore calculated the Maxwell average of the sum,
using 1/v as weight factor. These averages for the vari-
ous nl target states are presented in Table III. They
agree to within ~5% with the results of Ref. 7(a), for
z = 17, where the electron-collisional shifts are written as

10
Rd = — D (eV) .

Z2
(15)

where the hei are the differences of the A=O, partial-
wave L phase shifts for scattering on upper and lower
levels.

In the distorted-wave calculation, the phase shifts ei
were determined from the asymptotic form of the radial
part Fkz of the wave function representing the colliding
electron with energy E. At large r, Fkl is proportional to

sin[kr —,~nL+aln2kr+argl (L +1 ia)+e—l ],
where k=mv/fi, a=Ze /fiv, and Z is the asymptotic
charge of the ion. Fkl satisfies the equation

TABLE III. Thermal averages of the sum over partial waves of the products of sinhez and cosAez .
The b el are phase shift differences for scattering on {1snl)'L and (1s )'S target states (see text).

k~T (eV)

400
800

1200
1600
2000

2$

0.636
0.678
0.717
0.753
0.788

2p

0.471
0.500
0.527
0.553
0.579

3$

2.490
2.763
3.010
3.246
3.476

3p

2.247
2.486
2.700
2.904
3.102

3d

1.673
1.832
1.969
2.092
2.204

4s

6.515
7.412
8.103
8.684
9.199

4p

6.100
6.936
7.596
8.169
8.691

4d

5.264
5.969
6.540
7.043
7.507

3.996
4.495
4.916
5.298
5.654
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The correspondence is therefore IO

1/2

D ="4z 27.2X 10 ao
k~T

X g (2L+1)sindhi cosbeL
L=0

d;/

2s
2p

-I0
IO

CJ
47
th

L3
O

O

Agreement with the more recent results for He-like
ions '"' is equally good, confirming the above conclusions
regarding AAO terms.

As already noted in Ref. 7(a), these shifts are relatively
large, namely, comparable to the FWHM widths at high
densities of the electron-broadened n =3 and 4 lines and
over a factor of 2 larger than this width in case of n =2.

. [See Fig. 1, upper half, compared to the half width at half
maximum (HWHM) widths in the lower half. ] This rela-
tively large shift is reduced some by the Stark shift of the
resonance line arising from ion-produced fields or from
ion-ion collisions, which is in the opposite direction. The
ion impact shift and width coeScients shown in Fig. 1 for
comparison with the electron effects were obtained using
Eqs. (151), (185), and (195) of Ref. 3, i.e., using the
impact-parameter method with characteristic width and
shift functions for the repulsive case. ' However, the im-
pact approximation is valid even for light ions only at
densities so low that Doppler broadening dominates. In
Sec. V ion effects are therefore evaluated using the quasi-
static approximation for the ions. This approximation is
appropriate at high densities, where the shifts discussed
here may be important.

At least at the highest densities for our calculations,
N =10zs cm

—3 for n =2 and 3 and N=10 cm for
n =4, the electron-collisional shifts exceed thermal
Doppler widths (FWHM) by factors -4—35. For n =3
and 4 it is also important that the shifts of the mostly
rather closely spaced nl levels are different. These
differences effectively increase the overall width of these
lines, but their average shifts should also be observable at
high densities. Some of the electron-collisional shifts are
substantially larger than predictions from (linearized) De-
bye or uniform electron-gas models. This is especially
true for n =2, presumably because of the large strength
of the Coulomb interaction relative to the thermal ener-
gies. We also note that the Fermi energy, e.g., EF=54
eV at N, =10 cm, is well below kz T for all conditions
considered here. Neglecting degeneracy of the free elec-
trons should therefore not cause any substantial errors.
However, in contrast to the width calculations, small L
partial waves do dominate the calculated shifts, so that
exchange with the bound electrons could be important.
We therefore recalculated the shifts with exchange,
finding increases of 10%%uo, 8/o, 6%, and 5%%uo as the tem-
perature was varied from 400 to 2000 eV. We finally
point out that the phase shifts are all small so that what
we calculate is actually the time average of the effective
interaction. This explains the agreement with self-
consistent field models ' which amount to calculate the
ensemble average. Also, the complications concerning
the separation of static and dynamic contributions do not
arise to this order.

-9
IO

O
tu

O

Z,'

-lO
IO

2s

2p

p +
+

-( I
IO

IO I

400
I I i I

800 l200 I600 2000
k T(e V)

FIG. 1. Coefficients for the impact shifts (upper half) and
widths (lower half) of the 1'S-2'P line, d/N and u/N, respec-
tively, as functions of temperature. Shown are the correspond-
ing contributions by the electrons (dotted curves), those for the
shifts multiplied by —0.1, and those for the widths evaluated at
N, =10 cm ', for this line and for its forbidden component,
1'S-2'S. Also shown are impact-parameter method estimates
for the corresponding ion collisional effects from dipole interac-
tions (solid curves) and from dipole and quadrupole interactions
(dashed curves).

V. CALCULATED LINE PROFILES AND DISCUSSION

We calculated profiles using the methods discussed in
Secs. II—IV for temperatures ranging from 400 to 2000
eV and electron densities from 10 to 10 cm for the
resonance line (n =2), 10 to 10 cm for n =3, and
10 ' to 10 cm for the n =4 line. Such electron-
impact, quasistatic ion profiles are shown for k~T=800
eV in Figs. 2 —4 as the narrowest and most structured
profiles. The intermediate profiles also include thermal
Doppler broadening, while the broadest and smoothest
profiles were further corrected for ion-dynamical effects
following Ref. 5 and assuming an equal mixture of D+
and T+ as perturbing ions.

The computer simulations of ion-dynamical effects in
Ref. 5 were for lines of one-electron ions. We found that
they could be represented to within better than 5% by
convolutions of Gaussian and quasistatic profiles. The
Gaussian widths, determined empirically as fit parame-
ters and scaled according to N, ' T' /M, ', where M;
is the hydrogen, etc. , ion mass, were then used to similar-
ly smooth the quasistatic profiles obtained here for the
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two-electron ions.
Such corrections are appropriate only for lines resem-

bling profiles of corresponding one-electron ion lines,
i.e., for the n =3 and 4 lines and for the conditions of in-
terest here. The n =2 line profiles, however, remain
quite different from hydrogenic profiles even for the
highest density considered. As can be seen from Figs.
2(b) and 2(c), ion-dynamical corrections are probably not
important for N, ~10 cm, but according to Fig. 2(a)
are quite important for N, & 10 cm . For the vicinity
of the allowed line, it turns out that the ion impact width
according to Fig. 1 is only 0.017 eV and the electron-

impact width 0.043 eV according to Sec. III. The corre-
sponding 0.060-eV FWHM Lorentzian width is too small
to account for the broadening of the line core in Fig. 2(a)
over and above the Doppler broadening. This suggests
that ion-dynamical effects are actually smaller than es-
timated from Ref. 5. However, since Doppler broadening
is dominant here, no significant errors would be incurred
in applications.

The effects of additional electron broadening from
three-body recombination, etc. , as discussed at the end of
Sec. III were found to affect pure Stark profiles by as
much as 20% at the highest density and lowest tempera-
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ture. However, after allowance for quasistatic and dy-
namic broadening by ions and for Doppler broadening,
the corresponding changes are almost always less than
S%%uo and therefore not important.

The lines from n =3 and 4 shown on Figs. 3 and 4 ex-
hibit significant Stark broadening from N, =10 or 10 '

cm, respectively. Much of the detailed structure of
their pure Stark profiles at these relatively low densities is
smoothed out by Doppler broadening and by the ion-
dynamical corrections. However, even at N, 2 10
cm, some of the structure remains, and the lines begin
to resemble rather closely calculated Ly-P and Ly-y
profiles of one-electron ions. We also note that charac-
teristic features, e.g., the separation of the two intensity
maxima (see Fig. 3) and various fractional intensity

widths of the n =3 line scale very closely as N, from
1023 1025 cm

—3
e
This close adherence to the classical Holtsmark scaling

in case of the n =3 line is not what one would expect
from the ion-field distribution functions, which become
increasingly narrower relative to the Holtsmark distribu-
tion as the density increases. Evidently this deviation
from the Holtsmark scaling, which is due to Debye
shielding of ions by electrons and to ion-ion correlations,
is compensated by a faster than N, increase in the
broadening caused by electrons, with a significant contri-
bution from differences in the electron-collisional shifts of
the various nl levels.

Shifts of the entire profiles are also quite noticeable, as
are asymmetries. Both of these attributes are somewhat
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uncertain, because the dipole approximation was used to
calculate the quasistatic broadening. However, estimates
of shifts produced by quadrupole interactions, using an
extrapolation with respect to the effective nuclear charge
from 2 to 17 of the calculated ion-quadrupole shifts for
He II lines, ' predict shifts of only —1 eV near the half-
intensity points increasing to 2 or 3 eV, respectively, be-
tween —,

' and —,
' of peak intensity points, all at N, =10

cm . Such quadrupole shifts are therefore negligible,
also at lower densities, since they are linear in the densi-
ty.

Profiles for n =4 are shown on Fig. 4. In this case
characteristic structures in the pure Stark profiles are
effectively smoothed by Doppler and ion-dynamical
effects at N, =10~' cm 3, and the profiles begin to resem-

ble L„profiles as the density increases. Whether or not
inclusion of higher multipole terms' ' in the ion-ion in-
teraction and of interactions with n =5 levels would
reduce the shoulders that remain in the profiles for
N, ~ 10 cm is an open question, but shifts from ion-
ion quadrupole interactions are again found negligibly
small. Compared to the n =3 line, changes in profile
shapes as function of density are relatively large. There-
fore we do not find a simple scaling law for half-widths,
etc.

All of our calculations assume that the argon ions are
not important as perturbers. At fixed electron density,
the lines would probably become somewhat broader with
increasing argon abundance, although reduction of ion-
dynamical effects and even larger deviations from the
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Holtsmark field-strength distribution both mitigate the
additional broadening. Finally, for pure argon plasmas
and at the highest electron densities considered here one
should probably also question the validity of the basic no-
tion of a perturbation approach beginning with unper-
turbed states of isolated argon ions and free Coulomb
states for the plasma electrons.

Calculations of lithiumlike and berylliumlike lines of
krypton also based on the quasistatic approximation for
ions but a relaxation theory dipole interaction approxi-
mation for electrons, and a comparison with laser implo-
sion experiments were recently published be Woltz and
Hooper. ' Their method when applied to heliumlike lines
should give profiles very similar to those in Figs. 2-4, ex-
cept that their electron broadening and shifts would be
smaller. Deviations between relaxation theory and im-

pact approximation calculations as such would be numer-
ically important only for the n =3 and 4 lines at the
highest densities and for large AE.

Lastly, after our paper was written, recent work by
Gaisinsky and Oks, came to our attention which is con-
cerned with the relative intensities of forbidden com-
ponents caused by quasistatic fields. These authors esti-
mate that quadrupole interaction shifts of the 2'P level
lead to a decrease in the relative intensity by as much as a
factor of 2. However, they neglect electron effects, which
are partially responsible for the -30-eV 2 'S-2 'P sepa-
ration at N, =10 ' cm [see Fig. 2(c)], to be compared
with a quadrupole shift of (3 eV (see above). Moreover,
these authors assume that only quasistatic fields contrib-
ute to the forbidden component. This assumption is not

correct, which can already be seen from the fact that os-
cillating fields are about as effective as dc fields in causing
so-called plasma satellites. We have also used a unified
theory modification of the impact approximation for ions
in order to estimate the line shape in the vicinity of the
forbidden component, starting with Eq. (442) of Ref. 3.
With an approximation for the characteristic width func-
tion corresponding to the unit Gaunt factor approxima-
tion for electrons and assuming statistical populations for
the 2'S and 2'P populations we find integrated intensi-
ties of the forbidden component which agree within a fac-
tor of 2 with those from the quasistatic approximation at
low densities. Their widths are also about the same as in
Fig. 2(a), but the valley between allowed and forbidden
components is shallower by about 30%. Whether or not
the corresponding uncertainties in the profiles presented
here would lead to observable differences between mea-
sured and calculated spectra is questionable, because Li-
like satellite lines in the vicinity of the forbidden com-
ponent and finite optical depth of the allowed component
would have to be included in the calculations.
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