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Shifts and asymmetry parameters of hydrogen Balmer lines in dense plasmas
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Universität Rostock, Fachbereich Physik, Universita¨tsplatz 1, 18051 Rostock, Germany

~Received 28 November 1995; revised manuscript received 9 August 1996!

Shifts and asymmetry parameters of hydrogen Balmer lines have been calculated and compared with ex-
perimental data. In order to determine these theoretical values, shifted and asymmetric line profiles have been
calculated. This way it is possible to employ the same definitions for shifts and asymmetry parameters as it has
been done in corresponding experiments. The resulting theoretical values are in excellent agreement with
experimental results.@S1063-651X~97!01501-8#

PACS number~s!: 52.25.Rv, 32.70.Jz
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I. INTRODUCTION

Spectral lines emitted from dense plasmas are broade
shifted, and asymmetric due to the interaction between
radiator and the plasma environment. Numerous theo
have been developed in order to calculate the width of
drogen spectral lines. By inclusion of the effects of ion d
namics via computer simulations, excellent agreement
tween theoretical and experimental linewidths has b
reached@1–4#.

Up to now, the deviations between theoretical and exp
mental results are larger for the line shifts and especially
the asymmetry parameters. Considering previous theore
approaches to shift and asymmetry of hydrogen lines,
finds at least two causes of important uncertainties of
theoretical results.

One of them is the treatment of strong electron-radia
collision contributions to the shift. Most of the shift calcul
tions apply the theory developed by Griem@5,6#. Since this
theory is based on a Born approximation for the radiat
perturber interaction, it is restricted to weak collisions on
Therefore~and to avoid divergences that occur within t
applied semiclassical approach!, a cutoff procedure has bee
applied at a minimal impact parameter. Unfortunately,
resulting shifts depend strongly on the choice of this para
eter. Applying Baranger’s relation between the electro
shift contributions and the phase shifts for elastic scatte
of the perturbing electrons at excited atomic states, in p
ciple, this problem does not occur. Using this theoreti
approach, calculations have been carried out for hydro
lines by Unnikrishnan and Callaway@7,8#. Since they in-
cluded explicitly only the states 1s, 2s, 2p, 3s, 3p, and
3d in the corresponding close-coupling equations, the res
ing shifts are too small, except for the La line.

The second problem concerning line-shift calculations
the inclusion of the ionic contributions to the shift@5,6,9#.
Often the theoretical shift simply is regarded as a superp
tion of electronic and ionic contributions to the line sh
@10,5#. To be correct, however, all contributions to shift a
asymmetry should be included in the line-profile calculatio
in such a way that shifted and asymmetric line profiles res
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The aim of this paper is to calculate such line profiles t
allow the determination of shifts and asymmetry parame
in the same manner as from experimental data. Therefor
theoretical approach based on a Green’s-function techn
has been applied, which has been developed in a numbe
earlier papers@11–15#. This approach treats the perturbin
electrons quantum mechanically. Strong collision contrib
tions for collisions between radiator and perturbing electro
have been calculated via partial summation of the co
spondingT matrix as described in@14,15#. The influence of
the perturbing ions on the line profile is described via t
well-known model microfield method~MMM ! @16–18#. The
MMM has been applied successfully to the calculation
hydrogen spectral line profiles for the moderate plasma d
sities that are considered in this paper. It has been fou
however, that the MMM underestimates ion dynamic effe
especially for low electron densities. As it will be shown
Sec. III, the influence of ion dynamics on the investigat
shifts and asymmetry parameters is rather small. Theref
these shortcomings of the MMM will not have a measura
influence on the final results.

The time development operator for a constant ionic m
crofield strengthU(DvuEW ) has been modified in order t
account for shift and asymmetry. Thereby, the shift due
inhomogeneities of the ionic microfield has been included
proposed by Halenka in@9#. Besides the ion quadrupole e
fect, further contributions to the asymmetry of spectral lin
such as the trivial asymmetry, the asymmetry due to the
ferent electronic shifts of the various Stark components,
the asymmetry due to the frequency dependence of e
tronic width and shift@20,21# are included. Additionally, the
quadratic Stark effect approximately has been taken into
count.

II. THEORY

In previous papers@11–15# a Green’s-function approac
to spectral line profiles has been developed. Decoupling
ionic and the electronic subsystems and applying the qu
static approximation for the perturbing ions, the theo
comes out with the following formula for the line profile:
907 © 1997 The American Physical Society
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L~Dv!; (
i , f ,i 8, f 8

I i f
i 8 f 8~Dv!E

0

`

db Wr~b!

3K iU K fU 1

Dv2S~Dv,b!1Gv U i 8L U f 8L . ~1!

HereWr(b) is the microfield distribution function accordin
to Hooper and

I i f
i 8 f 8~Dv!5^ i urWu f &^ i 8urWu f 8&S 11

Dv

v0
D 4expS 2

\Dv

kBT
D

~2!

is the intensity of the transitioni→ f including the trivial
asymmetry. Within our Green’s-function approach the rad
tor is considered as a quasiparticle. All interactions betw
the radiator and the plasma environment are contained in
self-energyS and the vertex termGv, which corresponds to
the well-known upper-lower interference term.

The self-energy can be written as the sum of ionic a
electronic contributions

S i i ~Dv,b!5S i i
ion~b!1S i i

el~Dv,b!,

S i i 8~b!5S i i 8
ion

~b!1S i i 8
el , iÞ i 8. ~3!

Thereby, the self-energy caused by the interaction betw
the radiator and the plasma ions depends only on the nor
ized microfield strengthb. The electronic contributions
however, are frequency dependent. Therefore, they dep
on both the detuningDv and the shift of the energy level
due to the ionic microfield. Since the main contributions
widths and shifts arise from the upper level of the radiat
transition, only the frequency dependence for that level
been taken into account. The same is true for the ve
contributionGv.

In order to determine the electronic contributions to t
self-energy, a quantum-mechanical many-particle theory
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been applied@14,15#, which leads to

S~En
01Dv!

52
2

e2(a E dqW

~2p!3
E dpW

~2p!3
V2~q! f e~Ep!

3
uMna~qW !u2

Ea~b!2En
02Dv1EpW 2qW2Ep

1

11 iA~n,a,pW ,qW !
,

~4!

with

A~n,a,pW ,qW !5
1

e(a9
E dqW 9

~2p!3

3
Mna9

~0!
~2qW 9!Ma9a

~0!
~qW 92qW !

Mna
~0!~2qW !

V~q9!V~qW 92qW !

V~q!

3
1

En1Ep2EpW 2qW 92Ea9

. ~5!

Via partial summation of the three-particleT matrix for the
perturber-radiator-interaction strong collisions between
radiator and a perturbing electron also have been include
a systematic manner. The termA, which leads to corrections
of the Born approximation result due to strong collisions, h
been given in detail in@14,15#.

Taking into account the ionic contributions to the se
energy, besides the well-known linear Stark effect, the qu
rupole interaction between the radiator and inhomogene
of the ionic microfield also has been considered. With
parabolic states for the resulting ion quadrupole shift o
finds
S i i 8
q

~b!55
p

3
a0
2e2ne~n

i !2An1i ~ni2n1
i !~n2

i 11!~ni2n2
i 21!Br~b!, n1

i 5n1
i 821, n2

i 5n2
i 811

p

3
a0
2e2ne~n

i !2@~ni !22126~n1
i 2n2

i !2#Br~b!, i5 i 8

p

3
a0
2e2ne~n

i !2A~n1
i 11!~ni2n1

i 21!n2
i ~ni2n2

i !Br~b!, n1
i 5n1

i 811, n2
i 5n2

i 821.

~6!
i-
e

The functionBr(b) has been given by Halenka@9#. It is a
generalization of the Chandrasekhar–von Neumann func
B(b) @22# introduced by Demura and Sholin@23# into line
broadening theory. It is different because it takes into
count the screening of the ionic microfield by the plas
electrons as well as ion pair correlations.

Further, the quadratic Stark effect has been included
proximately using the well-known formula@24#
n

-
a

p-

S i i
k ~b!52

1

16
~ni !4@17~ni !223~n1

i 2n2
i !2

29~mi !2119#b2E0
2 . ~7!

Accounting for ion dynamics by applying the model m
crofield method, the line profile is described by the tim
development operator~see@17#!
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^U~Dv!&KP5^U~DvuEW !&s1^V~E!U~DvuEW !&s

3@^V~E!&s2^V2~E!U~DvuEW !&s#
21

3^V~E!U~DvuEW !&s ~8!

if, as usual, a ‘‘kangaroo process’’ is chosen to describe
stochastic variation of the ionic microfield strength. The a
erage has to be carried out with the ionic microfield dis
bution function as given by Hooper@19#, i.e.,

^ &s5E dEWWr~E!•••. ~9!

The time development operator for a constant ionic m
crofield as given in@17# has to be modified, however, i
order to evaluate shifted and asymmetric line profiles

U~DvuEW !5FDv2
PW kW

M
2

k2

2M
2Re$S~Dv,E!%1 iV~E!

1 i Im$S~Dv,E!%1 iGvG21

. ~10!

V(E) is the jumping frequency, which is determined by t
field autocorrelation function@25#. The self-energyS has
been given above.

FIG. 1. Asymmetry parameter of the hydrogen Hb line. The
experimental data refer to@27,35,36#. The theoretical data hav
been taken from@28,29,9#.
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III. RESULTS

Within the theory developed in Sec. II, shifted and asy
metric profiles of the first Balmer lines~H a , Hb , and Hg)
have been calculated. From these profiles, it is possible
evaluate the asymmetry parameter of theHb line

A5
I blue2I red

I blue
~11!

~where I red and I blue are the peak intensities of the line! as
well as the line shift.

In order to determine the shifts of spectral lines from e
perimental profiles, various definitions have been appli
among them the maximum shift~for lines with a central
Stark component! and the dip shift~for lines without a cen-
tral component!, respectively. Wiese introduced the shift
the estimated line center~ELC! @26#. Further, sometimes the
center-of-mass shift

D5E
2Ds

Ds

P~Dl!d~Dl! ~12!

is applied. Due to the asymmetry of the spectral lines,
resulting shifts depend strongly on the applied shift defi
tion. Therefore, for comparison with experimental results
use the same shift definitions as the experimentalists h
done.

FIG. 2. Shift of the hydrogen Hb line according to different
definitions. The dip shifts have been measured by Do¨hrn @31# and
Halenkaet al. @37#. The ELC shifts stem from@26,38#. For the
theoretical values of Griem, see Ref.@5#.
TABLE I. Shifts of the Ha line for different experimental conditions and shift definitions.

Shift ne (1016 cm23) T ~K! Dl theor ~Å! Dlexpt ~Å! Reference

Maximum 9 12600 0.44 0.4160.06 @30#
10 12 000 0.48 0.43 @31#
61 16 500 3.30 1.8060.2 @32#
100 62 700 5.35 5.3360.3 @33#

Half maximum 8.8 13 000 0.38 0.3860.4 @34#
ELC 9 12 600 0.41 0.4760.08 @30#

9.21 13 000 0.42 0.52 @26#
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In Fig. 1, the theoretical asymmetry parametersA of the
H b line are compared to experimental and former theoret
results. Of course, there are many experimental data
could be used for comparison. For clarity, however, only
few results are included in Fig. 1. The concrete evaluati
have been carried out for exactly the same plasma condit
as those in the experiment of Helbig and Nick@27#. It can be
stated that the agreement between the theoretical and
corresponding experimental results is excellent. Former th
retical results by Kudrin and Sholin@28# and Demuraet al.
@29#, however, strongly differ from any experimental resul
For lower electron densities the theoretical results given
Halenka@9# also agree very well with the experimental da

Considering Eqs.~1!–~7!, it becomes obvious that sever
effects lead to an asymmetry of the resulting spectral line~i!
the trivial asymmetry@see Eq.~2!#, ~ii ! the ion quadrupole
effect @see Eq.~6!#, ~iii ! the different electronic shifts of the
various Stark components,~iv! the quadratic Stark effect@see
Eq. ~7!#, ~v! the frequency dependence of the electro
width and shift~see@20#!, and~vi! the fine structure splitting
The fine structure splitting is not relevant for the plasm
parameters considered and therefore has not been acco
for. The influence of effects~i!–~v! on the asymmetry pa
rameter of the Hb line has been investigated in detail for a
electron density of 9.931016 cm23 and a temperature o
12 000 K. Taking into account each time only one of t
effects ~i!–~v!, one finds for the asymmetry parameter t
values~i! 0.47%,~ii ! 2.50%,~iii ! 0.98%,~iv! 3.81%, and~v!
20.18%. The asymmetry parameter determined from
shifted and asymmetric theoretical line profile has be
found to be 7.07%. The inclusion of ion dynamics dimi
ishes the asymmetry parameter to 6.81%. The sum of
several contributions~i!–~v! to the asymmetry paramete
gives 7.59%. Obviously, one has to calculate shifted a
asymmetric line profiles including all the effects~i!–~v! in
order to reach an agreement with experimental results.

Considering the shift of the Hb line in Fig. 2, our calcu-
lations yield clearly distinct results for different shift defin
tions. For the dip shift one finds from experimental as well
theoretical results a linear dependence on the electron
sity. Since the dip shift, in principle, is given by the sum
the electronic shift contributions~proportional tone) and the
ion quadrupole shift~proportional toni) of the two inner

FIG. 3. ELC and maximum shifts of the hydrogen Hg line. The
experimental ELC shifts are from Ref.@26#.
al
at
a
s
ns

the
o-

.
y
.

c

ted

a
n

e

d

s
n-

Stark components, a linear behavior of the shift results.
the ELC shift, however, the different shifts of the outer Sta
components become important. They cause a nonlinear
havior with respect to the electron density.

Whereas the theoretical dip shift agrees excellently w
corresponding experimental results, the theoretical E
shifts are larger than the experimental ones for lower e
tron densities. As it has to be expected, the theory gives
ELC shift for vanishing electron density. Assuming, how
ever, a nearly linear behavior of the ELC shift for low de
sities, from experimental values a negative shift forne→0
results.

The shift given by Griem@10,5# agrees very well with our
theoretical ELC shift. However, Griem did not calculate
shift from a complete shifted and asymmetric profile. H
obtained his values by a superposition of the electronic c
tributions to the shift and the shift caused by the ionic m
crofield at a quarter of the maximum intensity. This pure
theoretical shift definition considers the line asymmetry a
appears to be a good approximation for the ELC shift.

Due to the central component, the Ha line is much less
asymmetric than the Hb line. Therefore, the influence of th
various shift definitions is less important. In Table I we com
pare our theoretical shifts with various experimental resu
The agreement with the experimental shifts of the line cen
is excellent, whereas the ELC shift appears to be somew
to small.

The ELC and the maximum shift of the Hg line are given
in Fig. 3. The theoretical ELC shift agrees very well with th
measurement@26#. Unfortunately, there are no experiment
data for the maximum shift up to now.

Since the motion of the plasma ions is relevant only in
line center, it does have a small influence on the ELC s
and the asymmetry parameter defined in Eq.~11!. Only the
dip and the maximum shift are slightly sensitive to ion d
namic effects. The dip shift of the Hb line, e.g., becomes
somewhat larger~14%! if ion dynamics are included. Thu
the influence of ion dynamics on the shift and asymme
parameters seems an almost immeasureable effect. Th
not necessarily true for the Lyman lines which are influenc
much more by the motion of the plasma ions.

IV. CONCLUSION

Asymmetric and shifted line profiles for the first thre
Balmer lines of hydrogen have been calculated including
dynamics. Besides the electronic shift, the ion quadrup
shift as well as the quadratic Stark effect have been
counted for. The frequency-dependent electronic widths
shifts have been calculated using a Green’s-function te
nique. Strong collision contributions have been included
partial summation of the corresponding perturbation serie

For comparison with experimental results, the asymme
parameter and the line shift have been determined from th
retical profiles according to the same definitions as has b
done in the corresponding experiments. For the shifts of
lines investigated, good agreement between experime
and theoretical data has been achieved. The agreeme
even excellent for the Hb asymmetry. The theory sucessful
reproduces the difference between the ELC and the dip s
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