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Measured and calculated profiles are compared for the two neutral helium lines, He1 (A = 4471 and
A = 6678 A) and their forbidden components at electron densities between 1.6 X 10! and 4.4 X 10"
cm~3. The partially ionized helium plasma was created in the reflected shock of an electromagnetically
driven T tube. The electron temperature was measured as ~25000 K. The calculated profiles include
a random-phase approximation for the electrons to second-order in the frequency-dependent shift and
width operators, and the quasistatic approximation for the ions. Calculations were done at the measured
plasma conditions and are compared direcily with the experimental profiles. Agreement between theory
and experiment is good even though in this density range the line He1 (A = 6678 ;\) passes from the
“isolated-line” to the “overlapping-line” regime, while the line He1 (A = 4471 A) passes from the
“overlapping-line” to the ‘“‘degenerate-hydrogenic” regime.

I. INTRODUCTION

Now that it is generally accepted that the GBKO
(Ref. 1) type®'? calculations adequately describethe
shapes of isolated neutral helium lines, more atten-
tion has been focused on the overlapping neutral he-
lium lines. Because of its astrophysical interest,
the line HeI(A=4471 A, 4°D-23%P), has received
the most attention.?™® But in many laboratory
plasmas this line is also interestoing because the
“forbidden component” (A=4470 A, 4°F-2°P) has
become as intense as the allowed line. The
broadening of the combined line should then be
described by a hydrogenic calculation similar to
that of Hg and the line should become a useful
diagnostic for these high-density plasmas.

The line HeI(A=6678 A, 3 'D-2'P) has received
far less attention, but in these same high-density
laboratory plasmas this line becomes interesting
because the 3 'P energy level begins to mix with
the 3 'D level, thus requiring the line to be treated
by an overlapping-line theory. This mixing of en-
ergy levels permits emission in the forbidden line
A=6632 K, 3!P-2'P, and a consequent decrease
in the broadening of the allowed line. Even when
the peak intensity in the forbidden line (measured
above the wing of the allowed line) is only ~ i the
peak intensity of the allowed line, the width of the
allowed line is already decreased from the would-
be isolated line width by ~ 15%.

The range of electron densities covered in this
work is such that we observe both the changg from
isolated to overlapping for the line A=6678 A and
from overlapping to completely degenerate for the
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line A=4471 A. Thus we provide a comparison
between theory and experiment in the critical
transition regions at both ends of the overlapping
line regime. At the same time, we extend the
comparison between theory and experiment to
electron densities not covered in previous experi-
ments.” "2

It should be pointed out that the formalism used
here to calculate the profiles incorporates fre-
quency-dependent shift and width operators and
that the distinction between isolated, partially
overlapping, and degenerate lines is academic.

II. APPARATUS AND EXPERIMENTAL
PROCEDURE

The T-type shock-tube apparatus used in this
work was used previously by Elton and Griem."?
For this work it had a Pyrex expansion tube ap-
proximately 85 cm long and 25-mm inside diame-
ter. Helium gas was leaked in through the elec-
trodes and was pumped out through two small holes
diametrically opposite each other located ap-
proximately 3 mm in front of the reflector (Fig.
1). After each shot the tube was pumped out to
about 10 mTorr using a rotary pump and liquid-
nitrogen trap via the inlet port at the electrodes,
and a burst of gas was flushed in at B to prevent
debris collecting in the two small holes (~0.5 mm
diam).

Observations were made on the partially ionized
helium plasma produced in the reflected shock
through these two small holes along the optic axis
AA. By operating in this way with the Pyrex

44



9 HIGH-DENSITY STARK PROFILES OF TWO NEUTRAL... 45

\\\\\\\\

EXPANSION TUBE

e

REFLECTOR

ELECTRODES

.
WHIN,

"
Y
4 ANNAAANRARNRIRNNY
;

z

MUY

1IN

PYREX WINDOW

FIG. 1. Schematic representation of the reflector end
of the T tube. Measurements were made by viewing
spectroscopically along axis AA.

windows separated from the plasma by about 5 cm
of low-pressure (~1 mTorr) helium, we removed
the problem of having either a cold boundary layer
or rapidly deteriorating windows.

The shock tube was energized by the same 108-
UF capacitor bank used by Elton and Griem. How-
ever, to maintain good reproducibility over large
numbers of shots (~70) we ran a low-current glow
discharge in the T'-tube prior to firing by connect-
ing a 10-MQ resistor in parallel with the seven
spark-gap switches. This only became necessary
after we had replaced the air-filled spark gaps
with pressurized gaps filled with dry nitrogen. In
all these runs the capacitor bank was charged to

+9 kV and the spark gaps were triggered by apply-
ing a pulse of - 15 kV to the parallel connected
trigger pins. The three different plasma condi-
tions were obtained by varying the filling pressure
of the shock tube as shown in Table I.

Four monochromators were used simultaneously
in all runs, two on each side of the shock tube.
Two of the monochromators, one on each side,
were used as reproducibility monitors. One of
these observed the total intensity in the neutral
helium line Hel (A=3889 A). This line has similar
upper-state excitation energy to the two lines
being studied and therefore has the same tempera-
ture dependence. The other monitor observed the
continuum intensity at a wavelength of 5200 A. By
observing the gradual decay (30% per run) of both
monitors we were able to correct for the dirtying
of the windows. In practice, the continuum inten-
sity and the two line intensities were both cor-
rected to constant A =3889 A intensity,

I(corr) = -L{meas) | Lulav).

Lggo(meas
Then shots for which the continuum intensity fell
outside the range +20% of the average continuum
intensity were discarded. Less than ~5% of the
shots were discarded for this reason. Of course
some shots (~5%) were discarded because of ab-
normal variations in the A =3889 A monitor and
very occasionally for gross misfiring.

Such misfirings were readily detectable by the
change of shape of the intensity-time variation of
the monitors. In a normal shot the intensity rose
in ~0.5 usec, remained constant for ~2 usec, then

TABLE I. Summary of diagnostics.

Temperature (units of 10°°K) Averaged
Fill pressure Scan Wavelen(ﬁth N, (units of 10! cm™)  Line Line to cont.  Averaged N,  temperature
(cm of 0il) No. of line (A) Continuum Width intensity ratio (cm™?) (°K)

33.5 1 6678 1.7 1.4 21.7 22.7 1.6x 107 2.4x10*
4471 coed 1.2° 17.3 ceea
2 6678 1.8 1.4 26.6 29.0
4471 ceed 1.2° 26.9 ceed

22.5 3 6678 5.5¢ 3.3 27.1 seeC 3.4x 107 2.4x104
4471 seed 3.6 20.6 see 2
4 6678 5.6 3.3 25.5 see®
4471 ceed 3.4 21.1 ceed

14.0 5 6678 4.0 3.74 28.0 25.8 4.4x 10! 2.6x10%
4471 soed 3.9 22.0 eeed
6 6678 5.0 3.74 28.0 28.5
4471 seed 4.5 24.7 ceed

2Not displayed since continuum under the He1 Q =4471 A) line is uncertain due to the wings of other neutral helium

lines.

b Not used in average since the upper level of the He1 (A =4471 A) line is not yet completely degenerate.
°Not used in average since continuum uncertain due to hydrogen impurity concentration.
dNot used in average since the upper level of the He1 (A = 6678 A) line is no longer isolated.



46 GREIG, JONES,

rose to a nonreproducible level. We believe that
the plateau region represented emission from the
shock-heated helium plasma and this was followed
by nonreproducible emission from the impurity-
laden piston plasma. All line-profile measure-
ments were made on the plateau. A very useful
check on the reproducibility of the plasma condi-
tions was the arrival time of the first luminous
front (actually the reflected shock) preceding the
plateau of intensity. The total time between the
firing of the spark gap switches and the arrival of
this luminous front at the observation point varied
from 60 to 70 usec with increasing filling pres-
sure. Within any run the arrival time varied by
less than +0.25 usec.

The other two monochromators were used to
scan, on a shot-to-shot basis, the profiles of the
two lines He I (A=4471 &) and (\=6678 A). The
instrument widths (~0.5 A) were in both cases
quite negligible. Absolute sensitivity calibrations
were made using a tungsten ribbon lamp and an
optical pyrometer.

Approximate electron temperatures were deter-
mined from the total line intensities for the two
lines, Hel (A=4471 &) and (A=6678 A) and the line
to continuum ratio of A=6678 A. These are given
in Table I; their accuracy is not important because
of the very weak dependence of the line shapes on
temperature. For the line-shape calculations (Sec.
III) a typical temperature of 25000°K was accepted.
Electron densities were determined from three
separate calculations. First (i) we used the mea-
sured continuum intensity under the Hel (A =6678
&) line and our own calculations of the variation
of this intensity with electron density using the
equations given by Griem.' (These calculations
agree within +5% with those of Eberhagen and
Lunow.'®) Second (ii) we used the half-intensity
width of the line Hel (A=4471 &) and the hydrogenic
calculations by Griem.'® And finally (iii) we used
the half-intensity width of the line Hel (A =6678 A)
and the GBKO calculations.'” All three measure-
ments for each of the three plasma conditions used
in this work are given in Table I. At the lowest
electron density (N,~1.6%x10'" cm™3) we used the
averages of the electron densities measured by (i)
and (iii). That obtained from (ii) we felt to be
untrustworthy since the line Hel (1 =4471 A) has
not yet developed the full hydrogenic dependence
on electron density. At the middle density (N,
~3.4x10" em™®), the electron density obtained
from the half-widths of the two lines agree quite
well, whereas that (gbtained from the continuum
under Hel (A=6678 A) is too high. We believe the
large observed continuum is due to the fact that
these two scans were done first, immediately
after the liquid-nitrogen cold trap was added to
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the pumping system. And therefore there was a
considerable amount of hydrogen still impregnated
in the tube walls. This would mean that the H,
wing is the cause of the anomalously high continu-
um measurement. This hypothesis is supported
by the fact we observed a rise in intensity near
H, for these two scans. And at the high-density
(N,~4.4X10"" cm ™) measurements (i) and (ii) were
averaged to obtain the electron density, since at
this condition the broadening of Hel (A=6678 &) is
no longer that of an isolated helium line and the
electron density given by (iii) should now be too
low. We have accepted the average electron den-
sities given in column eight of Table I as the true
plasma densities and calculated full line profiles
for each of the two lines at these densities in or-
der to compare theory and experiment.

The transition of the 6678-A profile from one
well described by an isolated line formalism to
one requiring an overlapping line theory occurs
at approximately a density of 3X10'" em ™. This
is estimated by comparing the splitting w,, be-
tween the upper state of the line and its nearest
perturbing level, with the quasistatic (half)-half-
width w; whose upper state has the same principal
quantum number % as the line of interest.’® Since
wy will overestimate the width of a line whose
upper state is not completely degenerate in /, the
orbital quantum number, the electron density be-
low which a line can be considered isolated is
given by'® (with w,, in angular frequency units)

N, =(w,,/1.20%)%"% cm™.

In the case of 4471, the levels 43D, 43F become
completely “degenerate” at about 3x 10"’ cm’:.
Here the estimate used for the HeI (A=6678 A)
line is inappropriate because we are interested in
the change from partially overlapping to complete-
ly degenerate lines. Thus, since the hydrogen
2-4 transition Hg is a completely degenerate line
similar to Hel (A =4471 &), a good test of the
transition to a degenerate regime is to compare
when the Hel (A=4471 A) line becomes Hg-like.
This is verified by comparing the Hy profile with
the profile of the HeI (A=4471 A) line for similar
conditions and finding when the two profiles are in
relative agreement from the wing to the region just
inside the half-intensity points. To do this one can
use either tabulated values or the asymptotic wing
formula for Hg.

III. THEORY

In order to calculate the line profiles of interest,
approximations were employed in three areas.
That is, approximations were used for (a) the
atomic model, (b) the plasma model, and (c¢) their
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mutual interaction. The majority of these assump-
tions have been used before, so their validity will
not be discussed here, but, instead references
will be given to the appropriate works.

In the case of the helium atom we specify its
wave function as the representation of the model
used. Here we assume that the independent-elec-
tron model is adequate and thus the total wave
function for the two electron atom ¥ (1, 2) is as-
sumed to be of the form

Vr(1,2) =U(n, lm,)*U(n,lm,),

where the U(rlm) is a hydrogenic wavefunction.

It is also assumed that only one electron is opti-
cally active, so we have Y= U(100)X U(nim).
Further, when the hydrogenic radial matrix ele-
ments are significantly different from the Coulom-
bic values, the Bates-Damgaard®® correction
factors are used to alter these values. For exam-
ple, the radial matrix element for ((4p/R/4s))* is
multiplied by a correction factor of ~0.85. A brief
discussion of this model is given in Gieske and
Griem.®

In the case of the lower level 2°P, there is a
j splitting of about one wave number?' between the
J=0and J=1, 2 states. However, at the densities
calculated in this paper this should not affect the
outcome of the resultant calculations and therefore
has been ignored.

The interaction between the plasma and the atom
is most easily dealt with in terms of the static
broadening and the dynamic (collisional) broaden-
ing separately. For the static-ion field, which is
an infinite-order contribution in the interaction,
the microfield distribution functions of Hooper??
were used. In the only case, i.e., Hel (A=4471
A) at 1.6x10' cm™, where it was felt the elec-
trons might contribute statically we find that the
static wing has not been reached. In all other
cases we are closer to line center, thus implying
that the neglect of static electrons will not affect
the profiles significantly.

The Stark interactions involving the lower levels
of the transitions are assumed to be negligible.
This should be a good approximation due to the
very large inherent spacing in the lower levels and
the relatively large static broadening of the upper
levels. The static broadening is calculated allow-
ing for the upper levels 3'S, 'P and 'D, and 4°S,
3P, °D, and °F.

For the plasma electrons we use a fully quantum-
mechanical system. It is assumed that the inter-
action between the electrons and atoms is charac-
terized, and dominated, by weak collisions, where
“weak” is used in the sense of small momentum
transfer. The validity of this assumption has been
discussed,''? and implies that the random-phase

approximation (RPA) yields a good description of
the electrons in the plasmas we are concerned
with. For these calculations we have assumed
that effects due to ion motion can be neglected.?

The dynamic, or collisional broadening, is
treated perturbatively. Here the Dyson series, or
equivalently the self-energy expansion, which de-
scribes the electrons in their perturbation of the
atom, constitutes an infinite-order contribution
in the exact atom-perturber interaction. Approxi-
mations are made to this self-energy expansion
in two ways. First, the exact potential is expanded
in terms of multipoles and then truncated. Second,
the infinite-order perturbation series is expanded
in terms of the approximate potential and also
truncated.

The perturbation expansion is truncated after the
first nonvanishing term, thus we have included
second-order contributions to the line profile from
the dynamic perturbation of the plasma electrons.
In general this leaves us with “shift and width
operators”?* of the form

f e A (Vo (1) Vip )y dit, Q)

where Aw is separation from line center and V, is
the atom-plasma interaction. The ( ), represents
the average over the plasma coordinates.

The multipole expansion for the exact atom-plas-
ma interaction, Vap, is then truncated after the
dipole term. However, to verify the accuracy of
this approximation the quadrupole term was cal-
culated®; this will be discussed later. The poten-
tial of interest is then

2 duF

3(d,- )2 -F233
Vap =€ I?,|3P+ A2 L4

2|-fpls ’ (2)

where the first term is the perturber monopole-
atomic dipole interaction and the second term is
the monopole-quadrupole interaction.

Although the RPA treatment does not yield diver-
gent shift and width operators, the strong colli-
sions are incorrectly treated. Thus a minimum
impact parameter is needed. The electron impact
parameter was determined by requiring unitarity
of the total shift and width operator, with the
strong collision accounted for approximately. The
Lorentz-Weiskopf term® is used to estimate the
effects of strong collisions.

The collisional broadening is calculated for all
the upper and lower levels concerned. Thus all
the proper self-energy contributions are included,
but the interference terms?® which constitute the
vertex corrections are ignored.

The theoretical accuracy of these approximations
is discussed in detail by Griem.* To determine
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the validity of the multipole truncation we evaluated
the quadrupole effects on the shift and width oper-
ators. The evaluation of the appropriate matrix
elements was carried out using the hydrogenic
states. The contribution to the integral in Eq. (1)
was treated approximately. Here the evaluation
employed by Cooper and Oertel® was used. Fur-
ther, consideging the similarlity between the
Hel()A=4471 A) profile and the Hy, hydrogen 2-4,
transition, the estimate employed by Kepple and
Griem,?® for quadrupole effects, i.e., just the
addition of a constant +kT/Ey to the shift and
width operator, serves as an independent verifica-
tion of the truncation procedure. The results of
these estimates show that the maximum contribu-
tion to the shift and width operator is less than 1%
aand this arises for the lowest density HeI (A = 4471
A) profile. For here the dipole broadening is
diminished by large separation from line center
[Fig. 2(b)].

To estimate the accuracy of the truncation of
the perturbation e§pansion, again the lowest den-
sity Hel (A=4471 A) is used as an example. For
here exists the best possibility that the strong
collisions will need detailed treatment. We esti-
mate the percentage of the electrons that should
be treated by higher-order terms in the dipole
series pessimistically by evaluating®’

N.(static)= [ £() a, ®)

where Yo = % Phin Aw/2KT, and Fly)=(2/n 2yt
e~. For the largest frequency separation of
interest, this is found to be less than ~10% of the
electrons for the lowest density Hel (A=4471 A)
case. And it is lower for all other cases calcu-

lated.
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The inclusion of lower-level broadening should
reduce, but not appreciably, the estimate of 10%
accuracy for the collisional broadening introduced
by Griem.? In an analogous manner the accuracy
of the static broadening should be limited to about
10%, the main inaccuracy arising from the ap-
proximate treatment of quadratic Stark effects and
the neglect of levels with different principal quan-
tum numbers.

IV. RESULTS AND DISCUSSION

To compare the calculated line profiles with the
experimental data, we have taken all the experi-
mental data points below about 70% of the line peak
intensity and fitted these points to the calculated
profile. The fitting was done numerically® and
on each line profile allowance was made for a
constant continuum intensity under the line, a
small error in the monochromator wavelength
reading, and a constant factor relating the theo-
retical and experimental intensity scales. Un-
fortunately, absolute wavelength calibrations were
only done at the beginning of the series of mea-
surements and these were invalidated by severe
increases in temperature on several occasions
during the series. Therefore no absolute shift
measurements have been made and the error in
the monochromator wavelength reading varied by
as much as 2 & from run to run. Experimental
points close to the line maximum intensity were
not used in the fitting process because for the line
Hel (A =4471 4) these points include the dip be-
tween the forbidden and allowed components, and
for both lines there is always doubt about absorption
or emission inthe layer of gas betweenthe windows
and the plasma at the unshifted line center.

[ (b)

T = v T T T
.

WAVELENGTH [A]

FIG. 2. Plot of relative intensity vs wavelength for two neutral helium lines: (a) He1(A=6678 A) and (b) He1(A=4471
A. Experimental points (x~ scan No. 1 and @ ~ scan No. 2) and calculated profiles (solid lines) are shown. The elec-

tron density equals~ 1.6 x 107 cm™3,
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Figures 2-4 show the comparison between theory
and experiment. In each case two quite separate
sets of data points taken at the same shock-tube
conditions (filling pressure, bank voltage, etc.)
have been superimposed. The good agreement
(x 20%) around the line maxima shows that there
is in general very little boundary-layer problem.
However, at the unshifted line center of Hel (A
=6678 A) there is often a sharp peak of emission
or absorption due presumably to the low-density
plasma in the gas between the plasma and the
window. For Hel (A =4471 A), although there is
scatter in the data in the dip between the allowed
and forbidden components, there is clearly no
systematic difference between theory and experi-
ment as is usually found with Hg.?°"*® However,
there is a significant difference between theory
and experiment for this line with regard to the
intensity of the peak of the forbidden component at

20 T T M T T
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n P PO  ——
6550 6600 6650 6700 6750 6800
WAVELENGTH [ R]

40 T T T T T
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FIG. 3. Plot of relative intensity vs wavelength for
two neutral helium lines: (a) He1(A =6678 &) and (b)
Her (A =44171 A). Experimental points (x ~scan No. 3
and @ ~ scan No. 4) and calculated profiles (solid lines)
are shown. The electron density equals ~3.4 x 10!7 cm™3.
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the lowest electron density (1.6 X107 ¢m™3).
Whereas in practice the two peaks are already
equaliy intense, our calculation makes the for-
bidden component ~12% less intense. In this re-
spect and in width, our calculated profile is in
good agreement with those of Griem* and Barnard,
Cooper and Shamey®. The excess measured in-
tensity of the short wavelength maximum is com-
parable to the “blue” asymmetry of the Hy line.®!
The Stark interaction with the additional levels
which affect these transitions, although not pro-
ducing the over-all structure of the profile, does
affect tlf})e profile’s details. In the case of Hel (x
= 4471 A) (2°P-43D, 4°F) the forbidden line be-
comes more intense than the allowed line due to

(a) xx

RELATIVE INTENSITY

6900 7000

RELATIVE INTENSITY

4200 4300 4400 4500 4600 4700
x
WAVELENGTH [A]

FIG. 4. Plot of relative intensity vs wavelength for
two neutral helium lines: (a) Hel (A =6678 A and (b)
Her (A =4471 A). Experimental points (x ~scan No. 5 and
e~ scan No. 6) and calculated profiles (solid lines) are
shown. The electron density equals ~4.4x 107 cm™3.
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the interaction 43P-43D. The 4 °P-23P forbidden
component is almost completely lost and does not
come up in either theory or experiment. Again,
this is largely due to the combined 4 3P-4°D, 4 35-
43P interactions. In the case of Hel (A=6678 A)
the forbidden component is increased in intensity
due to the 3'S-3 'P interaction. This is also the
cause for the extended forbidden wing of this
component.

It is clear from Figs. 2,3 and 4 that within our
experimental accuracy the theory used here ade-
quately describes the broadening of both these
lines even though the upper state of the one [HeI (A
=4471 A)] may be thought of as changing from an
overlapping to a completely degenerate system,
while the upper state of the other [Hel (A=6678 A)]
may be thought of as changing from an isolated to
an overlapping system.

To compare these results with earlier work both
on the lines of neutral helium’~'? and on Hg,*:29:3°
we note that neglecting the effects of ion motion in
the calculations has not caused significant discrep-
ancies between measured and calculated profiles
either in the forbidden component (3 'P-2'P) of the
singlet line (6678 A) or in the dip of the triplet line
(4471 A). Although our measurements are made
at higher electron densities than previous mea-
surements and thus cannot be directly compared,
the temperature of our plasma (~25000°K) is
higher than those of Burgess and Cairns® and
Birkeland et al.® and approximately equal to those
of Jenkins and Burgess,” Ya’akobi et al.'' and
Bekefi et al.’* Therefore, we would have expected
to find similar discrepancies due to ion motion if
the importance of this effect depended only on

temperature (ion velocity). If on the other hand,
the importance of ion motion were also density
dependent®® we should still have seen discrepancies
similar to those found by Ya’akobi et al.'* and
Bekefi et al.’* Since we do not see those discrep-
ancies and yet our calculated profiles are in close
agreement?® with those of Griem* and Barnard,
Cooper, and Shamey,® we suggest that previously
reported discrepancies are not all due to ion mo-
tion. For instance, we believe the discrepancies
between theory and experiment reported by
Ya’akobi et al.'! are in fact due to an error in the
calculation of their theoretical profiles. Their
experimental profiles are in good agreement with
profiles one of us® has calculated for their plas-
ma conditions and it has been found that their
calculated profiles can be obtained by omitting the
unshifted 2 'P(m =+1)-3 'D(m - +2) allowed com-
ponent.

In comparing our measurements in the dip of the
line Hel (A =4471 A) with previous measurements
on Hg, it is perhaps interesting that the neutral
helium line is much less susceptible to boundary
layer problems, because of its higher excitation
potential, than Hg and we find no systematic dis-
crepancy with the neutral helium line in this ex-
periment.
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