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PLASMA EFFECTS ON LEVEL SHIFTS OF H AND He*

I. Introduction

The intevaction of plasma microfields with highly charged ions 1is
attracting considerable attention 1in dense plasma physics research,
particularly in the diagnostic area of laser driven pellet implosions where

024 -3

it is anticipated that electron densities will exceed 1 cm . It is

fairly well established that as the electron density increases to values in

016 cm_3, a host of effects omset that cause atomic

excess of say above 1
energy level splitting, shifting and broadening, spectral 1line profiie
modifications, level merging, and ionization lowering as well as a variety
of other many-body phenomena. All these effects are, of course, related
and probably derive from a single unified theory. However, in the absence
of such a theory, each process 1is generally treated individually and
compared with experimental results and other theoretical calculations in
the hope of gaining further insight into the dense plasma physics influence
on fundamental atomic structure and processes. In addition to the basic
and fundamental nature of this problem, there is an immediate and applied
aspect also. The spectroscopy of dense hot plasmas still remains omne of
the most viable, and oftentimes the only, means of diagnosing conditions
within the plasmas” interior. Therefore, it is essential that we explore
the possibilities of extending conventional theoretical spectroscopic
techniques into regions of higher density.

In this paper we will focus attention on level shifts. While the
broadening of spectral lines is thought to be better understood concept-
ually, the line shift still remains a rather controversial subject both
theoretically as well as experimentally. We will assume that in dense
plasmas, atomic level shifts are the results of the following effects: (a)
Quadratic Stark effect, (b) ion quadrupole interaction, (c) electron colli-
sions, and (d) plasma polarization in the vicinity of the radiating atom.
Oftentimes processes (a)-(d) collectively are referred to as the "plasma

24

polarization shift™ (PPS). In very dense plasmas (Ne Z 10 cm_3), the

individual effects cannot, strictly speaking, be separated from each other,

a3 19 done at moderate and low densities (Ne < L018 cm—3), and studied

Manuscript approved June 28, 1983.




separately. We will be more restrictive and assume the PPS to refer only
to process (d), i.e., the contribution to level shifts arising from
nonuniform charge distribution in the neighborhood of the radiator.

1 and

The status of the PPS prior to 1980 has been reviewed by Griem
Volontéz. A number of estimates of level shifts due to plasma polarization
are based on the hydrogenic effective charge approximation in which the
effects of electric charges outside the bound electron orbit are ignored.
The PPS is then derived under various assumptions according to the form of
the free electron charge distribution inside the orbit. More recently,

there is a paper by Cauble3

that includes the electric charge both inside
and outside the bound electron orbit. Although this calculation is not
self-consistent in the sense that it is a static model and does not account
for charge redistribution, it does suggest that the contribution to the
level shift is dominated by the charges outside the orbit causing a red
rather than blue shift of the Lyman lines of ionized helium. Also, it is
worth noting that, except under special conditions, the effect of external
charges may be quite different when the atom 1is in either the upper and
lower level, respectively, and may contribute to the observed line shift.
A completely different model of the PPS based on the cecncept of the quantum
energy pressure has been introduced by Henrya, but even this model does not
represent a fully quantum-mechanical solution of the problem. However,
despite a number of simplifying assumptions in existing calculations, some
of the theoretical estimates of the PPS have met with a certain degree of
success in the case of ionized helium lines.["'7

In this investigation we will focus on the sensitivity of the PPS to
various forms of the electron and ion distributions, particularly on low
lying levels (n = 1 to 4) of hydrogen and ionized helium. In our approach,
the energy matrix element is evaluated for the interaction of the single
bound electron with the time averaged potential due to the plasma electrons
and ions. TFor simplicity, it is assumed that the distribution of electric
charges around the radiating atom is spherically symmetric. Similar

1, Berg et al.g, Greig et al.g, Burgess

assumptions were invoked by Griem
and Peacocklo, Volonté7, and Pittman et al.ll Both space and time
averaging of the potential is a questionable procedure for several

reasons. While the deBroglie wavelength of thermal electrons may be




comparable to the dimensions of the radiator, providing some justification
for the continuous nature of the distribution of electric charge, the
discrete nunature of the dion charges 1is completely 1ignored in our
calculation. At small distances, the radiator and perturbing ion may
instantaneously form a quasimolecular system giving rise to close satellite
lines instead of a shift of the whole line. Also, if the duration of the
interaction is short compared to the period of the orbital motion, then the
time averaging of the perturbing potential is clearly an 1nadequate
procedure. In spite of these obstacles, it should be possible within the
present calculational framework to obtain reasomnable estimates of the
PPS. It may also provide guidance to more detailed and mature
investigations in the future.

18 cm—3) the Debye shielding distance

In low density plasmas (Ne < 10
is much larger than the dimensions of the radiating atom and the 1level
shifts are produced mainly by the charge distribution in the vicinity of
the radiator. The method utilized here treats the motion of the plasma
electrons quantum mechanically while the ions are described by classical
Boltzmann statistics. Also, the potential for both the free electrons and
ions is derived from the nuclear charge and from the screening by the bound
electron. The effects of the ion distribution based on interatomic poten-
tials are included in several examples. Finally, the mutual interaction of
plasma electrons as well as that of the ions is neglected and consequently
near the radiator no account 1is taken of collisional redistribution of

electron velocities.

I1. General Considerations

In this calculation of atomic level shifts in one-electron systems due
to the plasma polarization effect we adopt the simplifying assumption that
the actual distribution of perturbing charges around the radiating atom can
be replaced by a continuous, spherically symmetric time independent charge
distribution. Even with this assumption, the problem of calculating atomic
level shifts may be approached from two different viewpoints: either the
charge distribution around the radiator corresponds to an average state of
excitation of the radiating atom (case A), or it corresponds to a partic-
ular level ng of the radiator (case B). Case A is equivalent to the
assumption that plasma particles do not have time to adjust to individual

atomic orbitals.




We will assume that only singly charged ions are present in the plasma
which may be partially ionized, and that the effect of neutral atoms
surrounding the radiator may be neglected.

The total energy Enz of the system <consisting of the ng-bound
electron in the field of the nuclear charge Z and the surrounding plasma in

a given volume may be written as a sum

Eg =B YEy+Ey+E, (L)
where E, is the expectation value of the operator - %-Vz -2 r-l (in
atomic units, which are used throughout the paper, unless 1indicated
otherwise) evaluated with the wave function of the bound electron in
the ng orbit, E, represents the electrostatic interaction between the bound
electron and the plasma, E5 is the interaction energy of the nucleus and
the plasma, and E, is the sum of all contributioans not explicitly included
in E,, E,, or Ej. Effects of exchange between the bound and free electrons
will be omitted in the present calculations. In the first approximation,

the energy of an emitted or absorbed photon is equal to

Enz - En'l' = (El + E2 + E3 + E4)n2

(2)
+ E3 + Ea)n‘

- (E1 + EZ ¢
where the quantities in parentheses ( )nz and ( )n'l' are to be evaluated
with respect to the nf and n"¢” atomic level, respectively. In wmost
experimental plasma conditions in which neutral hydrogen aand singly ionized
helium are observed, the perturbation of atomic wave functions is very
small and we can assume that (El)n

" 2
unperturbed Schrodinger equation for the hydrogen-like atom.

is equal to the eigenvalue €ng of the

The frequency shift Av of a spectral line due to the plasma inter-

action is then equal to

-1
Av = h~(E_ -E - + e ) .
LTI fie 0




‘

Because oanly energy differences are directly observable, it is convenient
to express all energies Enz with respect to the energy of the ground level

ls. As a relative shift of the n2 level we define a quantity

AEnJL =E., " E g~ (snZ - els) R (3)
’ 50 that
-1 A
Av = h Ax:.n2 ,

if ng+ls is an optical transitionm.

III. Method of Calculation

Define

2

-1 -1 oy 2,7 ® SR
W(r) = Zr © + 4nr Ojr p(r) r7%r +4n [T o (r ) T dr . (&)

p(r’) = pe(t’) + pi(r’), where Po and p; are the spherically averaged
charge densities of the plasma electrons and ions, respectively. The
potential energy Vy of the bound electron in the field of plasma particles
is given by
v, =+ 2t (5)
We assume that the plasma electrons have a Maxwellian velocity
distribution at large distances from the nucleus and that in the vicinity
of the radiating atom, in a low-density plasma, Pa and p; are determined
only by the electrostatic potentia! of the nucleus and the bound
electron. The mutual 1iateraction of plasma electrons and ions will be
ignored. Consequently, the potential used for the calculation of 0q and Py
behaves like (Z-1)/r at large r, while in a real plasma this interaction
leads to the formation of a charged cloud and to a faster decrease of
potential. 1In low-density helium plasmas with Z=2 the dimensions of this

cloud are several orders of magnitude larger than the size of low lying




atomic orbitals and the effect of distant charges on relative atomic energy

levels will be ignored.

In our procedure, Pe is defined by

1

oo (1) = =¥ [T ey (eDTh E arl) B (6) dk, (6)

where f(k) is the velocity distribution of free electrons normalized to

unity, N, 1s the average number density of plasma electrons, and the

functions F are solutions of the equation

ke
d2 (2+1) 2
[ - 2L -2v + k1 F (1) = 0 7
2 2 e k2
dr T
with the asymptotic form
P, (2) ~ k2 sin(kers, ) . (8)
kg ke
For scattering on a neutral target, skg is independent of r. From (6), (7)
and (8) it follows that P -Ne at large values of r. V, in Eq. (7) is the

potential energy of the plasma electron in the field of the nucleus and the

hound electron. If G is the spherically averaged charge density of the

bound electron, V, is given by

v (r) = =H(r) (9

with p in expression (4) for W(r) replaced by Py
CASE A.

In this ~ase, Eq and E, are independent of n¢ and AE;l is given by
AE” = (E,) - (E,) = [ (P2 - PZ )y v, dr . (10)
ng 2ng 2’1s ng 1s b

Pnz(r) and Pls(r) are unperturbed radial functions of the bound electron
normalized to satisfy the condition f Piz dr = 1, and Vb(r), given by Eq.
(5), is the potential energy of the bound electron at a distance r from the

nucleus iIn the field created by plasma electrons and ions.




oy nay be written as

7 -
oy = = (4nr%) Lo v 22 (o), (11)

ng nl ng

where the occupation numbers satisfy the condition %2 bnz =1. In a low-
density, low-temperature plasma, the occupation of excited states is very

small and we will assume that only the ground level 1ls is occupied.

With the assumption that only singly ionized ions are present in the
plasma, we adopt the following form for the positive 1ion charge

distribution:
py = N_ exp (-V /kT), (12)

where Vi(r) is the interatomic potential for the radiating atom and a

plasma ion. In our procedure

Vi(r) = -Ve(r). (13)

CASE B.

All three quantities E,, E5 and E, may depend on ng as well as the
potential energy Vb(r). We restrict our investigation to the calculation

of the quantity (EZ)nz - (EZ)ls as in case A, and adopt the assumption
that the sum E3+E4 does not depend on ng. Then

- 2 2
AEnz = f [(vb)nzpnl - (vb)lsPls] dr (14)

with Vb detined by (5). Furthermore,
2.~-1 .2 -
op = - (4nr”™) Pnz () , (15)

and Py Vi are defined by (12) and (13). 1In case B, both Ve and V; depend

on the state of the radiator.




Eq. (13) 4implies that the bound state wave function P . remains
n

essentially unperturbed by plasma ions. Other forms of intaratomic

potential Vi will be discussed in the Appendix.

The charge profile in (6) was obtained numerically from 7 different
values of k for which Eq. (7) has been solved. Number of angular momenta
included in the summation over ¢ in (6) varied from 10 to 50 for hydrogen

and from 20 to 60 for ionized helium, depending on k.

IV. Results for Hvdrogen and I.nized Helium.

Calculations of relative level shifts have been made for hydrogen for
temperatures from 0.5 to 2.0 eV and for singly ionized helium from 2.5 to
4.0 eV. Since the relative shifts in low-density plasmas are proportional
to the average electron density R (see Egs.  4), (5), (10), (12)), our
results are normalized to N, = 10t7 cn™3. Relative level shifrts AE;Q for
case A are shown in Figs. 1 and 3 for H and He+, respectively, and for case

B are displayed on Figs. 2 and 4.

Plasma interactions remove the degeneracy of g¢-sublevels. In our
approximation all effects of level brozdening are ignored and the -~plitting
is well defined.

In case A, relative level shifts for both hydrogen and ionized helium
are negative and lead to the red shift of spectral lines of the Lyman
series. The g-splitting of relative level shifts due to plasma
interactions is generally larger for Het than for H, and the values of

AEnz increase with 2.

In case B, the behavior of relative shifts for hydrogen is drastically
changed. Almost all values of AE;Q are positive, the g-splitting is so
large that some curves corresponding to different principal quantum numbers

cross each other, and relative shifts AE; increase with decreasiag 2. Tor

ionized helium, case B 1s not much di%ferent from case A due to the
dominant attractive force of the nuclear charge. All AE;z values are
slightly shifted upwards but remain negative as in case A.

Whea comparing the present results with the observed line shifts, one
has to bear in mind that (a) using d'fferences of level shifts to calculate

line shifts represents only an approxi..ation, (b) other effects mentioned




“

in the introduction contribute to the line shifts and may be larger or
comparable to the values of AE;Z, and (c) our relative shifts AE;2 in case

B (Figs. 2 and 4) do not include contributions from E3 and E, in Eq. (2).

For He+, our results predict a very small red shift of Lyman series
lines. The shifts are of the same order of magnitude as those obtained
from the Debye-Huckel potential. The experimental evidence, however,

| points to much larger blue shiftsz’s.

For the 3 - 2 transition of He' at
1640 A our calculations predict a negligible red shift in agreement with
experiment6, but the theoretical shift for the 4 - 2 transition at 1215 A
is again too small, except possibly for the temperature around 4 eV.

111,12

Pittman et a measured a red shift of 0.17 A for the transition 4 - 3

at 4686 A for T = 4 eV in ge™. However, the ion coatribution itself

g 12

(quadrupole and quadratic) has been estimate to be -0.24 &, so that our

theoretical result +0.113 for the 4f-3d component (Fig. 3) for the PPS

l.16 also measured red

cannot explain the observed red shift. Wiese et a
shift of Balmer series lines of hydrogen. Our theoretical results predict
blue shifts for i{a and elther blue or red shifts for HR, depending on
temperature and line component, but the calculated values are much smaller
than the observed ones. Measurements of the La shifts of hydrogen have
been reported by Fussman13. The blue shift, if any, was found to be less

than 0.015% at T = leV which agrees with our theoretical estimates.

We arrive at the conclusion that the PPS for hydrogen and ionized
helium as defined in the present investigation 1is too small to be
responsible for the majority of measured line shifts in contrast to the
results of theories based on the hydrogenic effective charge approxi-
mation, and that other mechanisms have to be taken into account in order to
obtain an agreement with observatiouns. A similar ’conclusion has been

3 who calculated the PPS for Het by a method similar to

reached by Cauble
that of Volonté7, but 1included screening effects of plasma electrons

outside the orbit of the bound electron.

In the present investigation, the potential energy Vi for the ion

. distribution in (12) was derived from the screening by the bound electron,
and it was assumed that the bound electron wave function remained
unperturbed during collisions with ions. Consequerntly there was no

difference between level shifts obtained for helium ions in a pure helium




plasma, and for helium ions in a hydrogen plasma containing helium ions
only as impurities. In the Appendix we will investigate the effects of
ions on level shifts by substituting actual interatomic potentials for Vi
in Eq. (12).

10




V. Appendix

During close collisions with ions, the bound electron wave functions
may be appreciably distorted by the strong electric field of the colliding
ion. 1In some cases a quasimolecule may be temporarily formed. The short-
range effects may influence the distribution of ions around the radiating
atom and can be taken into account, in the first approximation, by

replacing V; in Eq. (12) by true interatomic potentials.

Generally, more than one potential curve corresponds to a particular
state of a hydrogen atom or a hydrogenic ion and a plasma ion in its
ground state. Each of these potential curves 1s associated with a
different state of the united atom as the nuclear separation approaches
zero. E.g., there are two potential curves correspponding to a hydrogen
atom in the ground state, and a proton, associated with the lsag and 2pgu
states of the H; molecule. Instead of using Eq. (12), in this case we

calculate the ion charge distribution from the relation
-1
p; = Ne(§ gj) § 85 exp [-Vi(Aj)/kT] ’ (16)

where Vi(Aj) ~s8 the interatomic potential energy corresponding to the
molecular state Aj with the statistical weight 84 and the summation is
carried out over all molecular states leading to the same state of

separated atoms.

Potential curves Vi(Aj).+for h:lium ioni in a pure helium plasma
correspond to the process He2 + He (ng) + He (1ls). However, sufficient
data on interatomic potentials for excited states of He;+ are not
available, and therefore we restrict our calculations of Het level shifts
to the case of impruity helium ions in a hydrogen plasma. In this case we
consider potential curves for the process HeH++ > He+(n£) + H+3 and use

potentials calculated by Bates and CarSon14 for ng = 1s, 2s, and 2p.

For relative level shifts in hydrogen, we consider the process H¥

+ H(ng) + H+. The interatomic potentials are taken from Bates et al. for
ng = ls, 28, 2p, and 3s. The published potential curves were extrapolated

to larger values of nuclear separation, where needed.

11
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The interatomic potentials Vi(Aj) are compared with the screened

/,

potentials used in par. 4 in Figs. 5 - 10.

The ion distribution calculated from (16) using interatomic potentials
has a profound effect on the relative level shifts. As in the text, we
consider two cases: 1in case A, the relative level shifts AE;1 for all ng
levels are calculated from the same Vb(r). The distribution of plasma
electrons, given by (6), is obtained from the screening by the 1ls bound
electron, and the distribution of ions, given by (16), is obtained from the
interatomic potentials corresponding to H(ls) + ut or He+(1s) + H+,
respectively. In case B, the potential energies Vb(r) corresponding to
different n2 levels are different. For a given ng level, the distribution
of plasma electrons 1is determined from the screening by the ng bound
electron, and the ion distribution by interatomic potentials corresponding
to H(ng) + H+ or He+(n2) + H+. Results for AE;Z calculated from (10) or
(14), respectively, are shown in Figs. 11-14.

The attractive character of the potential curve for the lsog state of
H; at small r (Fig. 5) leads to the accumulation of protons in the vicinity
of the hydrogen atom in the ground state and to the lowering of the 1s
level. Therefore all relative shifts AE;2 rapidly increase with

decreasing temperature as shown on Figs. 11 and 12. The large difference

of AEES and AEEp in hydrogen (case B, Fig. 12) 1s the result of the same
effect: potential curves of H(Zs)+H+ are repulsive, while the curves

representing the 2p1ru and 3dcg states of the H(2p)+ﬁ+ system exhibit
minima. Consequently the upward shift of the 2p level is reduced by the

accunulation of positive charges, and AEip < AEES.

The potential curve corresponding to He+(1s)+ﬂ+ has no minimum and the
values of relative shifts for He' (Figs. 13,14) do not increase towards
lower temperature in contrast to hydrogen. This interatomic poteantial is
very similar to the potential obtained from the simple screening by 1s
electron (Fig. 8) and therefore there is not much difference between AE;

L

on Fig. 3 and 13. The large differences of AEES and AE] in case B (Fig.

2p
14) again arises from the difference of potential curves associated with

the He+(2s)+ﬂ+ and He+(2p)+ﬂ+ systems.

12




I~ spite of these changes in relative level shifts, the general
conclusion about the magnitude of the shifts obtained within our
approximation, which has been discussed earlier, remains valid. The
calculated relative shifts of levels for which the interatomic potentials
V. are known, appear to be small and additional mechanisms must be

i
considered for the explanation of measured line shifts.
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Fig. 1. Relative level shifts AE;2
1017cm-3. Case A (All relative shifts are calculated from the same perturbing

for hydrogen. Hydrogen plasma, N, =

potential. The distribution of plasma electrons and ions around the radiating
atom is determined from screening by the ls bound electron). The curves for

4p and 4d lie between those for 4s and 4f. They are not shown for clarity.
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Fig. 5. Effective charge acting on the proton in the system H(ls) + ut. Full
curves: Interatomic potentials Vy from Ref. 15. Dashed curve: Potential Vi

derived from screening by the ls bound electron.
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Full curves: V; from Ref. 15. Dashed curve: V; from screening by the 2s

electron.
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Fig. 7. Effective charge acting on the proton in the system H(2p) + Y. Full
curves: V; from Ref. 15. Dashed curve: V; from screening by the 2p

electron.
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Fig. 8. Effective charge acting on the proton in the system He+(ls) + ut.
Full curve: V; from Ref. 14. Dashed curve: V; from screening by the 1s

electron.
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Fig. 9. Effective charge acting on the proton in the system He+(2s) +ut.
Full curve: V; from Ref. l14. Dashed curve: V; from screening by the 2s

electron.
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Fig. 10. Effective charge acting on the proton in the system He+(2p) +ut.
Full curves: V; from Ref. 14. Dashed curve: V; from screening by the 2p

electron.
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Fig. 11. Relative level shifts AE;£ for hydrogen. Hydrogen plasma, N, =
1017cm-3. Case A (Same as in Fig. 1, but the proton distribution is derived
from interatomic potentials corresponding to H(1ls) + #* shown in Fig. 5). The
curve for 3p lies between those for 3s and 3d, and the curves for 4p and 4d

lie between 4s and 4f. They are not shown for clarity.
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Fig. 12. Relative level shifts AE;2 for hydrogen. Hydrogen plasma, N, =
1017cm-3. Case B (Same as in Fig. 2, but the proton distribution is derived
from interatomic potentials corresponding to H(2s) + H+, H(2p) + H+, and H(3s)

+ H+, respectively).
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Fig. 13.
N = 10 7cp™3

Relative level shifts AE;2 for ionized helium in a hydrogen plasma,

e « Case A (Same as in Fig. 1, but the proton distribution is

derived from the interatomic potential corresponding to He+(ls) + HY shown in

Fig. 8).

27




3 l l
2s )

e = —
)
x
¢
Q
-
b
T
[7p]
J I —
w
>
w
-
W
=
b
p |
VE]
@

O~ —

2p
~ |} —
| L
25 3.0 35 40 '
kT{eV)

Fig. 14. Relative level shifts AE; for ionized helium in a hydrogen plasma,

)
Ne = 1017cm-3. Cagse B (same as in Fig. 2, but the proton distribution is
derived from interatomic potentials corresponding to He+(25) + H+ and He+(2p)

+ H+, respectively, shown in Figs. 9 and 10).
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