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Shifts and asymmetry parameters of hydrogen Balmer lines in dense plasmas
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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 result$§S1063-651X97)01501-§

PACS numbdps): 52.25.Rv, 32.70.Jz

[. INTRODUCTION The aim of this paper is to calculate such line profiles that
Spectral i itted f d | broad llow the determination of shifts an_d asymmetry parameters

opectral fines emitted Irom dense plasmas areé broadeneyl, v, same manner as from experimental data. Therefore, a
shifted, and asymmetric due to the interaction between thg, o etical approach based on a Green's-function technique
radiator and the plasr_na environment. Numerogs theorieg,s peen applied, which has been developed in a number of
have been develpped in Qrder t_o calculate the W|dth of hyaarlier paper§11-15. This approach treats the perturbing
drogen spectral lines. By inclusion of the effects of ion dy-glectrons quantum mechanically. Strong collision contribu-
namics via computer simulations, excellent agreement bejons for collisions between radiator and perturbing electrons
tween theoretical and experimental linewidths has beemave been calculated via partial summation of the corre-
reached 1-4. spondingT matrix as described ifil4,15. The influence of

Up to now, the deviations between theoretical and experithe perturbing ions on the line profile is described via the
mental results are larger for the line shifts and especially fokvell-known model microfield methotMMM ) [16—18. The
the asymmetry parameters. Considering previous theoreticMiMM has been applied successfully to the calculation of
approaches to shift and asymmetry of hydrogen lines, onbydrogen spectral line profiles for the moderate plasma den-
finds at least two causes of important uncertainties of theities that are considered in this paper. It has been found,
theoretical results. however, that the MMM underestimates ion dynamic effects

One of them is the treatment of strong electron-radiatoespecially for low electron densities. As it will be shown in
collision contributions to the shift. Most of the shift calcula- Sec. Ill, the influence of ion dynamics on the investigated
tions apply the theory developed by Grig¢66]. Since this  shifts and asymmetry parameters is rather small. Therefore,
theory is based on a Born approximation for the radiatorthese shortcomings of the MMM will not have a measurable
perturber interaction, it is restricted to weak collisions only.influence on the final results.
Therefore(and to avoid divergences that occur within the  The time development operator for a constant ionic mi-

applied semiclassical approach cutoff procedure has been crofield strengthU(Aw|E) has been modified in order to
applied at a minimal impact parameter. Unfortunately, theaccount for shift and asymmetry. Thereby, the shift due to
resulting shifts depend strongly on the choice of this parammhomogeneities of the ionic microfield has been included as
eter. Applying Baranger’s relation between the electronicproposed by Halenka if9]. Besides the ion quadrupole ef-
shift contributions and the phase shifts for elastic scatteringect, further contributions to the asymmetry of spectral lines
of the perturbing electrons at excited atomic states, in prinsych as the trivial asymmetry, the asymmetry due to the dif-
ciple, this problem does not occur. Using this theoreticakerent electronic shifts of the various Stark components, and
approach, calculations have been carried out for hydrogefhe asymmetry due to the frequency dependence of elec-
lines by Unnikrishnan and Callawdy,8]. Since they in-  tronic width and shif{20,21] are included. Additionally, the

cluded explicitly only the statess] 2s, 2p, 3s, 3p, and  quadratic Stark effect approximately has been taken into ac-
3d in the corresponding close-coupling equations, the resultegunt.

ing shifts are too small, except for the,Line.

The second problem concerning line-shift calculations is
the inclusion of the ionic contributions to the shiifi,6,9].
Often the theoretical shift simply is regarded as a superposi- In previous paper§l1-15 a Green's-function approach
tion of electronic and ionic contributions to the line shift to spectral line profiles has been developed. Decoupling the
[10,5]. To be correct, however, all contributions to shift andionic and the electronic subsystems and applying the quasi-
asymmetry should be included in the line-profile calculationsstatic approximation for the perturbing ions, the theory
in such a way that shifted and asymmetric line profiles resultcomes out with the following formula for the line profile:

II. THEORY
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- o been applied14,15, which leads to
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is the intensity of the transition— f including the trivial ~ With

asymmetry. Within our Green’s-function approach the radia- N
tor is considered as a quasiparticle. All interactions between .1 dq’
the radiator and the plasma environment are contained in tHfe(n:@.P.d) EZ,, J 23
self-energy?, and the vertex terni’”, which corresponds to “

the well-known upper-lower interference term.

0) Sn 0 Sn_ = " S~
The self-energy can be written as the sum of ionic and XMme(_q IM (A" =a) V(q")V(q"—Qq)
electronic contributions MO (—q) V(q)
Si(Aw,B)=3"(B)+2f(Aw,B), 1
. | X : 5)
S (B)=2B) A+, i#i 3) Ent+Ep—Ej_cr—Egr

Thereby, the self-energy caused by the interaction betweeyiia partial summation of the three-particlematrix for the
the radiator and the plasma ions depends only on the normaberturber-radiator-interaction strong collisions between the
ized microfield strengthB. The electronic contributions, radiator and a perturbing electron also have been included in
however, are frequency dependent. Therefore, they deperadsystematic manner. The tery) which leads to corrections
on both the detuning\w and the shift of the energy levels of the Born approximation result due to strong collisions, has
due to the ionic microfield. Since the main contributions tobeen given in detail in14,15.
widths and shifts arise from the upper level of the radiating Taking into account the ionic contributions to the self-
transition, only the frequency dependence for that level hasnergy, besides the well-known linear Stark effect, the quad-
been taken into account. The same is true for the verterupole interaction between the radiator and inhomogeneities
contributionI™. of the ionic microfield also has been considered. Within
In order to determine the electronic contributions to theparabolic states for the resulting ion quadrupole shift one
self-energy, a quantum-mechanical many-particle theory hafnds

( T : : i . . . .,
Face’ne(n)2yni(n'—ny)(ny+1)(n' =3~ 1)B,(A), m=ny—1, m=n;+1
S8(8)=4 gase’ndn)7[(n)*~1-6(n\—n)2IB,(B), i=i" ®)

T 2.0 N RN BTV P N i il it
L3aoe Ne(nN) V(N +1)(nN"—=n;—=1)ny(n'—n3)B,(B), ny=n;+1, n,=n,—1.

The functionB,(B8) has been given by Halenk&]. It is a . 1 _ S
generalization of the Chandrasekhar—von Neumann function 2i(B)=— E(n')4[17(n')2—3(n'1_n'2)2

B(B) [22] introduced by Demura and Sholj23] into line

broadening theory. It is different because it takes into ac- —9(m')2+ 19 8%E2. (7)
count the screening of the ionic microfield by the plasma

electrons as well as ion pair correlations. Accounting for ion dynamics by applying the model mi-

Further, the quadratic Stark effect has been included aperofield method, the line profile is described by the time
proximately using the well-known formul24] development operatdsee[17])



SHIFTS AND ASYMMETRY PARAMETERS OF HYDROGEN ... 909

55
10.0 T T . T — . x . 15 T : . .
e —— dip- shift (this theory)
/// O dip- shift (D6hm/Helbig) expt.
vl A dip- shift (Halenka et. al.) expt.
8.0 | e e ] === ELC- shift (this theory)
i @ ELC- shift (Wiese et al.) expt.
o~ 10 A ELC- shift (Halenka/Musielok) expt.
// - shiift according to Griem (theor.)

60 | - Y e -
IS S A T T =z
= VA e £
= /7 7 N .= =
= / o __.-- g
_': ! A 9_ ____ O Helbig and Nick {expt.) £ o5}
= 401y A .- O Okasaka et al. (expt.) ’

II g ol A Chotin et al, (expt.)
I ‘ —-— Demura (theor.)
I/ ——=-Kudrin und Sholin (theor.}
20 -’I ---- Halenka (theor.)
[ "!_—-I- this theory 00
i/ et
O'0(').0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 0.0 1.0 2.0 30 4.0 5.0 6.0 7.0 8.0 9.0 10.0
electron density n, [10 m"]

electron density n, [10%m?

FIG. 2. Shift of the hydrogen Kl line according to different
definitions. The dip shifts have been measured by¢31] and
Halenkaet al. [37]. The ELC shifts stem fronj26,3§. For the
theoretical values of Griem, see RE3).

FIG. 1. Asymmetry parameter of the hydroger Hne. The
experimental data refer tf27,35,34. The theoretical data have

been taken from28,29,9.

<U(Aw)>KP:<U(Aw|E)>S+<Q(E)U(Aw|é)>s IIl. RESULTS
X[(QUE))s—(QXE)U(Aw|E))s]* Within the theory developed in Sec. II, shifted and asym-
- metric profiles of the first Balmer lined,, Hg, and H,)
X(QE)U(Aw|E))s ® have been calculated. From these profiles, it is pos;ible to

evaluate the asymmetry parameter of Hhg line

if, as usual, a “kangaroo process” is chosen to describe the
stochastic variation of the ionic microfield strength. The av- | blue__ | red
erage has to be carried out with the ionic microfield distri- A= —Be (13)

bution function as given by Hoop¢t9], i.e.,
(where|™® and |°'“® are the peak intensities of the linas

_ = well as the line shift.
<>S_J dEW,(E)- . ©) In order to determine the shifts of spectral lines from ex-
perimental profiles, various definitions have been applied,
The time development operator for a constant ionic mi-2@mong them the maximum shiffor lines with a central

crofield as given in[17] has to be modified, however, in Stark componentand the dip shiftfor lines without a cen-
order to evaluate shifted and a_symmetric line prof”es tral Componer)t respectlvely. Wiese introduced the shift of
the estimated line cent€ELC) [26]. Further, sometimes the

center-of-mass shift

- Pk K2
U(Aw|E)= Aw—V—W—Re{E(Aw,E)}HQ(E) As
A—J’ P(AN)d(AN) (12
-1 —-As
+ilm{Z(Aw,E)}+iT?| . (10
is applied. Due to the asymmetry of the spectral lines, the

resulting shifts depend strongly on the applied shift defini-

Q(E) is the jumping frequency, which is determined by thetion. Therefore, for comparison with experimental results we
field autocorrelation functiori25]. The self-energy2, has use the same shift definitions as the experimentalists have

been given above. done.

TABLE I. Shifts of the H, line for different experimental conditions and shift definitions.

Shift Ne (10 cm™3) T (K) Al reor (A) A gypr (R) Reference
Maximum 9 12600 0.44 0.41+0.06 [30]
10 12 000 0.48 0.43 [31]
61 16 500 3.30 1.8600.2 [32]
100 62 700 5.35 5.380.3 [33]
Half maximum 8.8 13000 0.38 0.380.4 [34]
ELC 9 12 600 0.41 0.4%0.08 [30]

9.21 13 000 0.42 0.52 [26]
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20 . . r . “ Stark components, a linear behavior of the shift results. For
18| ®--® ELC-shifi this theory ] the ELC shift, however, the different shifts of the outer Stark
+x8 O Wiese et al. (1972, expt.) . .
6l shift of the line maximum, this theory ] components become important. They cause a nonlinear be-
havior with respect to the electron density.

Whereas the theoretical dip shift agrees excellently with

] corresponding experimental results, the theoretical ELC
s ] shifts are larger than the experimental ones for lower elec-
9 88 tron densities. As it has to be expected, the theory gives no
1 ELC shift for vanishing electron density. Assuming, how-
ever, a nearly linear behavior of the ELC shift for low den-
sities, from experimental values a negative shift figi—0
results.
02 , . . . The shift given by Grienfi10,5] agrees very well with our
00 20 o densnyno?f}?ﬁ 80 100 theoretical ELC shift. However, Griem did not calculate a
shift from a complete shifted and asymmetric profile. He

FIG. 3. ELC and maximum shifts of the hydrogen, kine. The ~ Obtained his values by a superposition of the electronic con-
experimental ELC shifts are from ReR6]. tributions to the shift and the shift caused by the ionic mi-

) _ crofield at a quarter of the maximum intensity. This purely

In Fig. 1, the theoretical asymmetry paramet&rsf the  theoretical shift definition considers the line asymmetry and
H line are compared to experimental and former theoreticahppears to be a good approximation for the ELC shift.
results. Of course, there are many experimental data that pye to the central component, the,Hine is much less
could be used for comparison. For clarity, however, only agsymmetric than the piline. Therefore, the influence of the
few results are included in Fig. 1. The concrete evaluationgarious shift definitions is less important. In Table | we com-
have been carried out for exactly the same plasma conditiongare our theoretical shifts with various experimental results.
as those in the experiment of Helbig and NI@&]. It canbe  The agreement with the experimental shifts of the line center
stated that the agreement between the theoretical and the excellent, whereas the ELC shift appears to be somewhat
corresponding experimental results is excellent. Former theggy small.
retical results by Kudrin and Sholir28] and Demuraet al. The ELC and the maximum shift of the Hine are given
[29], however, strongly differ from any experimental results.ip Fig. 3, The theoretical ELC shift agrees very well with the
For lower electron densities the theoretical results given byneasuremer26]. Unfortunately, there are no experimental
Halenka[9] also agree very well with the experimental data. gata for the maximum shift up to now.

Considering Eqst1)—(7), it becomes obvious that several  gjnce the motion of the plasma ions is relevant only in the
effects lead to an asymmetry of the resulting spectral liDe: |ine center, it does have a small influence on the ELC shift
the trivial asymmetrysee Eq.(2)], (ii) the ion quadrupole 4nq the asymmetry parameter defined in Bd). Only the
effect[see Eq/(6)], (iii) the different electronic shifts of the i and the maximum shift are slightly sensitive to ion dy-
various Stark componentSy) the quadratic Stark effefsee  amic effects. The dip shift of the Hline, e.g., becomes
Eq. (7)], (v) the frequency dependence of the electronicsomewhat largef+4%) if ion dynamics are included. Thus
width and shift(se€[20]), and(vi) the fine structure splitting. ihe influence of ion dynamics on the shift and asymmetry
The fine structure splitting is not relevant for the plasmaysrameters seems an almost immeasureable effect. This is
parameters considered and therefore has not been accouniggt necessarily true for the Lyman lines which are influenced
for. The influence of effect$i)—(v) on the asymmetry pa- much more by the motion of the plasma ions.
rameter of the H line has been investigated in detail for an
electron density of 9.810' cm™2 and a temperature of
12 000 K. Taking into account each time only one of the
effects (i)—(v), one finds for the asymmetry parameter the
values(i) 0.47%,(ii) 2.50%,(iii) 0.98%,(iv) 3.81%, andVv) Asymmetric and shifted line profiles for the first three
—0.18%. The asymmetry parameter determined from a@almer lines of hydrogen have been calculated including ion
shifted and asymmetric theoretical line profile has beerdynamics. Besides the electronic shift, the ion quadrupole
found to be 7.07%. The inclusion of ion dynamics dimin- shift as well as the quadratic Stark effect have been ac-
ishes the asymmetry parameter to 6.81%. The sum of theounted for. The frequency-dependent electronic widths and
several contributiongi)—(v) to the asymmetry parameter shifts have been calculated using a Green's-function tech-
gives 7.59%. Obviously, one has to calculate shifted ancdhique. Strong collision contributions have been included via
asymmetric line profiles including all the effedtig—(v) in partial summation of the corresponding perturbation series.
order to reach an agreement with experimental results. For comparison with experimental results, the asymmetry

Considering the shift of the flline in Fig. 2, our calcu- parameter and the line shift have been determined from theo-
lations yield clearly distinct results for different shift defini- retical profiles according to the same definitions as has been
tions. For the dip shift one finds from experimental as well agdone in the corresponding experiments. For the shifts of all
theoretical results a linear dependence on the electron defines investigated, good agreement between experimental
sity. Since the dip shift, in principle, is given by the sum of and theoretical data has been achieved. The agreement is
the electronic shift contributiongroportional ton.) and the  even excellent for the lasymmetry. The theory sucessfully
ion quadrupole shiftproportional ton;) of the two inner reproduces the difference between the ELC and the dip shift.

line shift [A]

‘
\
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IV. CONCLUSION
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