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Variations in Balmer-line Stark profiles with atom-ion reduced mass
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Calculations of the Stark broadening of hydrogen lines treat the radiating atoms and the perturbing

ions as quasistatic. The present experiment represents an attempt to determine whether the possible

breakdown 'of this approximation near the center of the line can account, at least partially, for the

existing discrepancies between theoretical and experimental profiles in the core of the Balmer lines.

The central regions of H, +, H„,and Hs profiles have been measured in a wall-stabilized arc over

a range of atom-ion relative velocities by varying the atom-ion reduced mass. The cores of a11 four 1ines

exhibit a significant dependence on the reduced mass. With increasing reduced mass, the experimental

profiles gradually show more structure, but still less than the theories predict. Extrapolation of the

results for H and H& to infinite reduced mass, i.e., to the static case, gives results that agree quite

well with recent calculations.

I. INTRODUCTION

Two recent experimental investigations on the
broadening of hydrogen Balmer lines by plasmas
have yielded as one of their principal results an
appreciable disagreement with the theory for the
regions near the line centers. The.theoretically
predicted profiles' ' exhibit significantly more
structure than is experimentally observed. " One
of several reasons proposed for this discrepancy'
is the possible breakdown near the line center of
the approximation of static ions (the quasistatic
approximation) made by present theories Effe.cts
of ion motion may be tested experimentally by em-
ploying atomic radiator-perturber combinations
of different reduced masses at approximately con-
stant plasma conditions or by variation of the plas-
ma temperature for constant reduced mass and
electron density.

In an earlier experiment, ' it was observed by
two of us that the central minimum of Hs deepened
toward the theoretical value as the reduced mass
p, of the radiating-atom-perturbing-ion system
was increased. The relative minimum (with re-
spect to the peak) was observed to scale approxi-
mately as l/v p, for a fixed electron density. Val-
ues of the relative mini. mum extrapolated to the
static case (p, =~) yielded values only slightly
smaller than theoretically predicted.

In this paper we report results for three other
Balmer lines: H, H„, and Hs. For the sake of
completeness, we have also included a brief re-
view of our earlier results for HB and detailed
comparisons with all other experiments.

II. EXPERIMENTAL DETAILS

A steady-state axially symmetric plasma is gen-
erated by a wall-stabilized arc. A current-regu-
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FIG. 1. Schematic diagram of the wall-stabilized arc.

lated 150-kW dc power -supply is used to drive the
arc in the current range from 20 to 100 A within
a tolerance of about 0.3%. A schematic diagram
of the arc is given in Fig. 1. Stacks of insulated
water-cooled copper disks are used to form a
central channel about 10 cm long and from 2 to 5
mm in diameter, depending on the plasma (a nar-
row channel is particularly required for wall sta-
bilization of pure hydrogen).
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To avoid self-absorption, measurements of pure
hydrogen and deuterium were made side-on
through the window at the center of the arc. At
each wavelength a continuous scan is made across
the arc which is mounted and translated on a lathe.
The signal from the photomultiplier tube is ampli-
fied and integrated continuously over 50 1-sec in-
tervals. The data is stored on tape and subse-
quently Abel-inverted4 to yield relative intensities
at discrete radial positions. A computer code cor-
rects the raw data for finite integration time and
fits them to a 12-term Legendre polynomial with
odd terms included. The inversion is then per-
formed analytically about the center of the fitted
curve.

End-on observations down the central axis of the
arc were performed with a small amount of hy-
drogen or deuterium in a carrier gas. As indicated
in Fig. 1, a blanket of the pure carrier gas, most
frequently argon, was maintained in the regions of
the electrodes (Secs. 1 and 2, and 8 and 9 in Fig.
1). This assured that the hydrogen lines were
emitted only from the homogeneous central region
(Secs. S-V) of the arc. The end-on data for H„
were integrated for 0.5-sec intervals, with about
250 points taken over the profile and stored on
tape. Self -absorption measurements were made
end-on by collecting the light passing through the
back end of the arc with a spherical mirror and re-
focusing it back onto the arc axis. The optical
depth r is equal to in[(A —1)/(8 —1)], where A is
the ratio of the signals with and without the reflec-
ted light included, measured at an optically thin
region of the spectrum, and 8 the ratio at the
wavelength where v is desired to be measured.
Thi's expression is exact for the case in which,
along the line of sight, the temperature is uniform,
even if the absorption coefficient varies due to
concentration change s.

A 2.25-m Ebert monochromator with a 1800-line/
mm grating was used for these measurements. Its
apparatus profile was determined with a mercury
low-pressure discharge lamp, and the half-width
measured to be 0.1 A in first order with optimal
slit settings.

No absolute intensity measurements were made.
The electron density has been determined from the
Stark half-width of the Balmer line under study,
utilizing previously measured relationships be-
tween electron density and half-width. A precise
value of the temperature is not required for this
study. In general, the temperature has been de-
termined from the plasma equilibrium relations
by assuming local ther modynamic equilibrium. A
more extensive discussion of the temperature and
density determination, as well as of the arc and
data collection system, is given in Ref. 4.

III. 8

A. General remarks

The "unified" theory of Vidal, Cooper, and
Smith' (VCS) yields a much more pronounced peak
than is observed experimentally. " Calculations
based on a generalized impact approximation by
Kepple and Griem' (KG), on the other hand, pre-
dict much less structure than is observed. The
large difference between these two theories at the
peak of H is due mainly to the fact that the unified
theory retains the upper-lower state interference
term, while the Kepple-Griem theory does not.
There is still disagreement'2' as to whether or
not this term should be retained. A recent refine-
ment of the unified theory by Roszman" indicates
that the inclusion of time ordering (to all orders)
substantially reduces the discrepancy. An over-
view of the present situation is seen in Fig. 2,
where the theories are compared with our mea;
surements. Roszman's calculated peak is still on
the order of 20% higher for hydrogen than the mea-
sured one, while the remainder of the profile is in
excellent agreement with the experiment. All pro-
files in Fig. 2 have been normalized to unit area
and correspond to an electron density of about
6.4x10" cm

The two experimental profiles in Fig. 2 were mea-
sured end-on in a 3-mm-diameter wall-stabilized
arc operated in argon with approximately 0.3%%uo ad-
mixtures of hydrogen and deuterium, respectively.
It is seen that as the radiator-perturber reduced
mass [p, =m„m~/(m„+m~)] is increased from p. =1
to p, =2, agreement with the most recent theoreti-
cal profile by Roszman" improves. A more quanti-
tative presentation of these results will be given
after the following discussion of experimental
points critical to their measurement.

B. Critical experimental factors

1. Matching electron densities for H„and D„
The electron density%, was determined from the Stark
half-width of H„,using an experimentally deter-
mined relation between width and density. Pre-
cise (i.e., better than 10%%uo) values of N, were not
required for this study. However, it was critically
important that N, be the same for the measurement
of both the hydrogen H„and deuterium D~ profiles.
To this end, the argon continuum level at 5320 A
was made equal for both the small hydrogen and

,
deuterium admixtures. This was done by fin0 ad-
justing the current of the "deuterium" arc until its
continuum matched that of the hydrogen case. The
continuum intensity has been chosen since it de-
pends on the square of N, The selecte.d wavelength
is in a convenient spectral range, free of spectral
lines. The electron density was observed to re-
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FIG. 2. Theoretical and
experimental H~ profiles
for Ne=6.4x10~~ cm 3,
JI =12 000 K. All profiles
are area normalized. The
large difference at the peak
between the unified" theory
(Bef. 1) [time ordering
(T.O.) not included] and
the Kepple-Griem theory
{Bef.2) is mainly due to
the fact that the unified
theory retains the upper-
lower state interference
term, while the latter does
not. The profile of Bosz-
man (Ref. 1,0) takes time or-
dering into account for the
unified theory. Each ex-
perimental profile repre-
sents an average of three
scans, each scan having ap-
proximately 250 points over
the profile.
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spond quite sensitively to variations in the small
admixtures, especially for N, & 6&&10". The photo-
multiplier was left under voltage for several days
to assure constant sensitivity; this was directly
checked by making periodic remeasprements, dur-
ing a run, of the pure-argon continuum level at a
fixed current. While the absolute value for N, is
estimated to be uncertain to about 10%, we were
able to assure that N, was the same for both the
hydrogen and deuterium measurements to within
better than 1%.

2. Requirement of small oPtical dePth. The op-
tical depth of the H„(D ) peak was measured to
be 0.1 or less, depending primarily on the H (D)
concentration. The measurement was done with
the previously discussed optical arrangement, in
which a concave mirror in the extension of the op-
tical axis focuses the light back into the plasma.
The small first-order correction which was made
for optical depth may be expressed as I'(X)
= I(A.)/[1 —r(A. )/2], where I(A) is the total measured
intensity (including continuum) at wavelength X
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and v(A. ) = v(peak)I(A. )/f(peak). T(peak) is the op-
tical depth measured at the peak of the line, and
I'(A) is the corrected intensity. As a further pre-
caution, the concentration of deuterium in argon
was adjusted until the D peak matched that of the
previously measured H„peak. In this way, any
error in the measurement of the optical depth
would effectively cancel in the comparison of the
hydrogen and deuterium profiles.

3. Stark Prof-ile Purity. For the chosen experi-
mental conditions, Stark broadening dominates.
While the observed line profiles could also be in-
fluenced by other broadening mechanisms as well
as instrumental broadening, numerical estimates
show that the profiles are virtually pure Stark pro-
files for all but the lowest electron density. In
this case a 1/o correction in the relative width
and peak difference was required due to the Dop-
pler width, which was 0.5 A for hydrogen and 0.35
A for deuterium. The apparatus width, which was
set to 0.2 A for H„,as well as van der Waals and
resonance broadening, "were always negligible.
For the other Balmer lines, the Stark profiles
are much broader, so that other broadening me-
chanisms could be neglected entirely.

SPatial resolution and homogeneity of plasma.
Sufficient spatial resolution and plasma homogeneity
was achieved in the end-on observations by using
an f/140 optical system with a hydrogen- (or deu-
terium-) argon plasma of 40-mm length. In this
arrangement, with 100 p, m slits and a 2:1 image-
to-object ratio, a nearly uniform plasma column
of about 0.15-mm radius along the center arc
axis is observed. Pure carrier gas, i.e., pure
argon, is used near the electrode regions, so
that hydrogen (or deuterium) is confined to the
homogeneous central part of the arc column (Secs.
3-7 of Fig. 1). Of course, there remains a gra-
dient of T and N, in the transition layer between
the pure carrier gas and the mixture. In our case,
however, such gradients were very small since,
e.g. , the transition is from a region with about
99.7% argon to one with 100% argon, with all other
factors kept constant.

5. Continuous background under the /inc. The
continuum under H and D was determined in a
pure-argon arc. As with deuterium, the current
was adjusted until the argon continuum at 5320 A
matched that measured with the small hydrogen ad-
mixture. The pure-argon-continuum measurement
was made in between the hydrogen and deuterium
measurements.

6. H and 0 /inc Rings. The intensity distribu-
tions in the far wings, required for area normal. -
ization, were estimated by extrapolating our outer-
most points using an asymptotic Holtsmark wave-
length dependence'" (CAR. 'i', where C was chosen

to match the outermost data points). For both hy-
drogen and deuterium, the wings contributed about
10% to the area.

7. Effects of isotopic impurity. The elimination
of isotopic impurities, i.e., a deuterium admixture
free of any hydrogen impurity and vice versa, is
very important since the centers of H„and D„dif-
fer in wavelength by 1.8 A. The impurity was esti-
mated from the peak of the residual line not to ex-
ceed 5/0 of the 0.3% admixture. This contribution
was subtracted out as part of the continuum.

C. Results

In Fig. 3 are plotted the (full) half-width and in-
verse of the peak height (arbitrary scale) of the
area-normalized profiles versus N, on a log-log
scale. The straight lines represent a least-
squares fit through the data. All the points for the
H„widths fall exactly on a line by construction,
since a straight-line relationship was used to de-
rive N, from the H widths. The average devia-
tions of the data points from the fitted curves are
0.3/~ for the inverse peak of H„, 0 7/p fo.r the half-
width of D„,and 1.6% for the peak of D„.The
standard errors of the slopes of the fitted curves

turned out to be essentially the same as the above
figures. The larger uncertainties for the D points
are probably due largely to the random error in
setting the electron density of the deuterium mea-
surement equal to that of hydrogen. The peak val-
ues are understandably less precise than those
for the widths, since they reflect uncertainties in
the area normalization, which do not affect the
widths.

In Fig. 4 the relative differences between the
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FIG. 3. Half-width and inverse peak versus electron
density for H~ and D~. The half-width data for hydrogen
fall identically on the dashed line by construction, since
the electron density was determined from the measured
half-width of H~. The best-fit curves in this figure were
used to generate the curves in Fig. 4.
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half-widths of hydrogen and deuterium have been
plotted versus N, . The relative differences in the
peaks are also presented. The curves were gen-
erated using the best-fit curves of Fig. 2. The
electron-density dependence of the differences in
half-width appears fairly well determined, while
for the peak differences one may only state quali-
tatively that they are distinctly smaller than those
for the half-widths. This suggest that the H and
D profiles differ in character; if, for example,
both profiles were of the dispersion type with the
same area, then the relative difference in peak
heights would be equal (and opposite) to that for the
half-widths.

An extrapolation of the experimental H~ results
to p =~ is of considerable interest since this is
the case for which the theoretical calculations
have been made; i.e., the perturbing ion is treated
as stationary with respect to the atom. In a pre-
vious experiment, ' the "dip" of H& measured at
p, = 2, 1, and 2 was observed to scale linearly as
1/Dp, . For H„, the p. =2 (pure hydrogen) case
could not be measured because of the self-absorp-
tion problem. Since effectively only two data points
(p, = 1 and 2) are available, it has not been possible
to determine the p. dependence of the H„data. We
have therefore simply assumed the same 1/v p. de-
pendence in extrapolating the H half-width data to

p, =~. The results of this extrapolation at several
different electron densities are included in Fig. 5,
where the electron density is plotted versus half-
width on a log-log scale. Also presented in this
figure are the experimental data for p =1 (H-Ar')
and p, =1.9 (D-Ar'), as well as the theroretical
data of Kepple and Griem, ' the unified theory with-
out time ordering, ' and the unified theory with
time ordering included. " The electron-density de-
pendence of the measured half-widths is seen to
change slightly with reduced mass, and the slope
of the extrapolated data approaches the slopes of
all three theoretical curves, which are quite simi-
lar to one another.

The four extrapolated data points (p, =~) scatter
about the theoretical curve of Roszman, i.e., the
unified theory including time ordering. This agree-
ment over the whole measured range of electron
density is indeed remarkable, though the fact that
the agreement is as good as it is may be fortuitous.
While the extrapolated experimental results should
be treated with caution, it seems nevertheless rea-
sonable to conclude from the results in Fig. 5 that
ion dynamic or "reduced-mass" effects play a
significant role in the core of H .
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FIG. 4. Relative differences in the half-widths and
peaks of H~ and D~ versus electron density. The data
are taken from two independent runs. The straight lines
through the data were generated from the curves in Fig.
3.

FIG. 5. Electron density versus half-width of H„.The
solid line, H-Ar+, is taken from previously measured
data (Ref. 4). The H~ half-widths measured in the pre-
sent experiment were used to determine the electron
density according to these results. The half-widths of
D„in argon (p =1.9) were measured at these same elec-
tron densities (see text). The triangles represent an
extrapolation of the experimental data to p =~, assum-
ing a 1/up dependence. The temperatures for both the
theoretical and experimental curves range from 10 800 K
atN, =3xl0 6 to 12500 K atN, =1x10 ~
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IV. Hp

A. General remarks

Unlike H„(and H„),H8 has no central unshifted
Stark component, and therefore exhibits a dip or
minimum in the center. Many experimental studies
and applications of the Ha profile have been made,
and in general, good agreement with calculated
profiles has been found, but again with the marked
exception of the region at and near the central
minimum. The dips in high-density hydrogen plas-
mas have been measured to be about 15'%%up while
the calculated ones are about 40% (for the Roszman,
as well as VCS and KG calculations). [The dip is
here defined to be the quantity (peak- minimum)/
peak, where the peak is the average of the two
maxima. ] To test for ion dynamic effects in the

HB line center, we carried out a series of mea-
surements of the dependence of the central mini-
mum on the radiator-perturber reduced mass,
which we reported earlier in a letter. ' The results
of these measurements are summarized below
and are now also compared with data obtained re-
cently by other authors. """ (Since we discussed
the critical experimental factors in the earlier
paper, we shall not repeat this discussion here,
but want to point out that in the H& measurements
the critical factors are much less sensitive than
for H since no area normalization is involved and
the H& dip is only weakly dependent on electron
density. )

The relative minimum of H& was found to scale
linearly a.s 1/V p, at fixed electron density over the
measured range of p. =0.5 to p. =2. In Fig. 7 the
dip is plotted versus 1/vp at three different elec-
tron densities. The dashed lines indicate an extra-
polation to the static-particle case (p. =~). While
the validity of this rather extended extrapolation
is, of course, somewhat questionable, it is never-
theless of interest to compare the extrapolated val-
ues to the theoretical ones, which are calculated
treating the radiating atoms and perturbing ions
as static. This comparison can be seen in Fig. 8,
which is updated and extended from our previous
paper. '

C. Electron-density dependence

The electron-density dependence of the relative
minimum was observed to change appreciably for
different fixed p. . As can be seen in Fig. 8, the
slope of the dip versus N, even changes sign be-
tween the p. =0.5 and the p. =2 case. As p. increas-

B. Correlation of central minimum with reduced mass

The H8 central minimum was found to be corre-
lated to the radiator-perturber reduced mass
rather than, for example, the mass of the perturb-
er alone. Seven different radiator-perturber com-
binations having essentially the same reduced
mass (p, = 1) were measured to have the same dip,
within the experimental uncertainty. These includ-
ed a pure-deuterium plasma as well as 4% (atomic)
admixtures of hydrogen to Ne, Ar, Kr, Xe, N,
and 0 plasmas. Radiator-perturber combinations
corresponding to two different reduced masses re-
sulted in Hz dips that were distinctly differ'ent,
one larger —one smaller. These were pure hydro-
gen (p, =0.5) and an admixture of deuterium to ar-
gon (p. = 2).

Figure 6 contains the central protion of three Hs
profiles corresponding to different values of p. .
All profiles were measured at approximately the
same electron density, N, =8& 10' cm ', and have
been normalized to agree at the half-width and
average peak of the line. As the reduced mass in-
creases, the dip becomes more pronounced and ap-
proaches that of the theory.

l~
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H —H+(P =.6)-- H-A~+(P =~)

o D-Ar+(p = 2)—THEORY

N, = Sx10~6 cm 3
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10 20

FIG. 6. Central part of the H~ profile at three different
values of the reduced mass for Ne =8 &&10 6 cm 3. Since
the different theoretical curves are similar, only one
theoretical profile (Ref. 1) has been included here. The
profiles have been normalized to have the same half-
width and average peak height. The 0-Ar+ points (open
circles) near the peaks are practically indistinguishable
from the H-H+ points; for the rest of the profile, they
are very close to the H-Ar+ (broken) line, so that they
have been omitted for clarity.
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es, the density dependence becomes more like that
predicted by the theories. The values extrapolated
to p. = approach quite closely the magnitude and
density dependence of the theoretical values.

Figure 8 also contains all other experimental
data on the HB dip known to us. These values are
indicated by circles around the appropriate symbol
for p, (dots for p, =0.5, etc.); as a special case, the
numerous data of Hey' are enclosed by a box.
Our own data, from Ref. 7, are left uncircled.
The results of Hey, which were measured for an
effective p. of about 0.6, are somewhat lower than
our and the other results, particularly at lower
electron densities. A significant part of the dis-
crepancy may be due to end-layer effects in Hey's
shock tube. indeed, this author derives a model
for the helium end layer and concludes it is plausi-
ble that the total difference between his results
and the Kepple-Griem calculated values could be
due to such an effect. One should also note that the
data points of Hey corresponding to p. =1 fall in
among his points for p, = 0.5. Thus, his results do
not confirm our observation of the reduced-mass
dependence of the Hs dip. These points aside, the
agreement between different experimental values
seems quite satisfactory.

05—

1 I I I 1 lill
()tt. =0 5)

+ D-D (p 10)
H-Ar (p= 1-0) Hp

dieted. The calculated profiles" exhibit pro-
nounced "shoulders" which stem from a depression
in the profile that is deepest at about ~ of peak in-
tensity. The underlying physical cause is the ab-
sence of strong Stark components at this part of
the profile. However, as can be seen in Fig. 9,
the experimental profile measured in pure hydro-
gen (p, =0.5) exhibits practically no shoulders.
The experimental profile with the largest reduced
mass (p, =2), D-Ne, shows distinct structure near
the —,'-width, though still much less than the theo-
retical profile.

The experimental procedure was essentially the
same as for H&. The pure-hydrogen and -deuteri-
um profiles were measured side-on utilizing the
Abel inversion. The H-Ne' and D-Ne' profiles
(Argon could not be used because of line interfer-
ence in the Hz region) were measured end-on using
small (=4%) admixtures of hydrogen or deuterium
to neon. Pure-neon gas was kept in the electrode
regions, and the electron density was measured
from the half-width of H . The optical depth was
determined by comparing the measured absolute

As with H„and HB, less structure is observed
near the line center of H& than theoretically pre- 04
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FIG. 7. "Dip" of H8 versus the inverse square root of
the reduced mass at three different values of electron
density. The extrapolation is made by assuming that the
observed straight-line dependence continues to p, =~.
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10"
ELECTRON DENSlTY (cm )

FIG. 8. Dip of HB versus electron density for four dif-
ferent values of the reduced mass, including values ex-
trapolated to p=~. The experimental data points are
primarily from our previous paper (Hef. 7) (all points
for p =0.5, 1, and 1.9 not enclosed by a circle or box).
In addition, results are included from measurements by
Hill et al. , Hef. 5 (marked H); Hey, Bef. 12 (data inside
box); Behringer, Bef. 13 (8); Morris and Krey, Bef. 14
(M); Shumaker and Popenoe, Ref. 15 (SP); Yokley and
Shumaker, Hef. 16 (YS); and %ende, Hef. 17 (%). Also
included are values for the dip calculated by Vidal, Coo-
per, and Smith, Ref. 1 (unified theory, no time ordering);
Boszman, Bef. 10 (unified theory, time ordering includ-
ed); and Kepple and Griem, Ref. 2 (KG theory). Tem-
peratures for our data and for the theoretical curves
range from 10000 K at N, =10'6 to 13 000 K at N, =10~ .
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intensity at the line peak with that calculated for a
blackbody at that wavelength and at the arc temper-
ature. Numerical values for 7 were found to be
0.02 or less, so that no corrections were neces-
sary. Other critical experimental factors were
checked with techniques like those discussed for
H~. However, for the H& studies these factors are
not nearly as important as for H since no area
normalization is involved and the width ratio is
only weakly dependent on electron density,

To put the results observable in Fig. 9 on a more
quantitative basis, the ratio of -', - to ~-width was
measured over a range of electron densities. The
results are plotted in Fig. 10 for the three experi-
mentally obtainable reduced masses. The theoreti-
cal ratios (no time-ordering calculations are avail-
able for this line) are also included for compari-
son: a pronounced "depression" around the —,'-width
results in the theoretical ratios being much smaller.

We have taken from Fig. 10 the data atN, =4&10"
cm ', where they are most plentiful, and have
plotted the -', /2-width ratio versus 1/v It in Fig. 11
in a manner analogous to the Hs case (Fig. 7). The
data do not fall on a straight line, so that there is
no satisfactory means available for extrapolating
them to p. =. The curve appears to flatten out at
larger 1/Jp. , which could be due effectively to a
saturation which occurs at small reduced masses.
In other words, for p. S 1 the depression is already
smeared out, and any further smearing will have
little effect on the structure. Still, the general
trends apparent in Figs. 10 and 11 seem to warrant
the conclusion that the observed reduced-mass ef-
fect can account for a significant part of the dis-
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FIG. 10. Electron density dependence of the H&, @/~
width ratio. The calculated values of Vidal, Cooper, and
Smith (Ref. 1) (unified theory, no time ordering) and

Kepple and Griem (Bef. 2) are included. Profiles includ-
ing time ordering are not available for H&.

crepancy between theory and experiment at the

H& shoulder.

As for Hs, there is no unshifted central Stark
component in the case of Hq. The theory' therefore
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FIG. 9. Central part of the H& profile at two different
values of the reduced mass. As with Hs, only one theo-
retical profile (Bef. 1) is included (the other one is very
similar), and all profiles have been normalized to match
at the peak and half-width.

FIG. 11. Reduced-mass dependence of the H&, &~/~

width ratio at Ne ~4x 10i6 cm-3. The calculated values
of Vidal, Cooper, and Smith (Bef. 1) (unified theory, no
time ordering) and Kepple and Griem (Ref. 2) are includ-
ed.
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predicts a small dip in the line center, similar to
the one for H6 but less pronounced. The only ex-
periment where this dip has been observed is the
one of Hill, Gerardo, and Kepple. ' In another arc
experiment and the present one, no dip has been
found.

For three different reduced masses, profiles of
H& have been measured. In pure hydrogen the mea-
surements have been done side-on. For the mix-
tures H-Ar' and D-Ar', end-on measurements
were made with a relatively high admixture of
about 10%%ua (by volume) of H, or D, to argon in order
to obtain sufficient signal; thus for our plasma
conditions, the relative concentration of hydrogen
(or deuterium) ions was estimated to be about 30%.
This gives rise to an "effective" reduced mass
(p,«) of 0.85 and 1.7 for the H-Ar and D-Ar mix-
tures, respectively. (p,« is simply a weighted
average, e.g. , for the H-Ar mixture with the above
hydrogen ion concentration, p, ff 0 3p'H H+

+0.7„&,+.) Figure 12 shows a comparison of the
experimental line profiles with the theoretical pro-
file obtained from the Kepple-Griem tables (no
corresponding VCS profile is available). In the
pure-hydrogen case the line has a clear maximum
which flattens out and broadens with increasing p. .
However, no distinct dip can be seen. A slight
asymmetry favoring the blue side of the line
center, analogous to the asymmetry in the H&

peaks, is observed for all experimental profiles.
The profiles of Fig. 12 are all area normalized

at the same electron density. However, the uncer-
tainty in the profile normalizations is quite large
in this case, due primarily to the substantial con-
tinuum and H, contributions which had to be sub-
tracted out. (The much smaller H& contribution
was not considered. ) Also, the electron density
for the profile measured in pure hydrogen could
be as much as 10%%uo different from that measured
for the H- (or D-) Ar mixtures since different
diagnostic techniques were applied. As a result,
no reliable comparison of the relative peak heights
of half-widths could be made between the pure-hy-
drogen plasma and the two mixtures. On the other
hand, the decrease in peak intensity from the
H-Ar' to the D-Ar' case is felt to be reliably
established since the mixture diagnoses and pro-
file corrections were performed in an analogous
manner for these two cases.

Griem" as a conceivable reason for the discre-
pancies near the line centers. To date, no direct
observation with sufficient space and time resolu-
tion could be made which can confirm or disprove
the existence of such "microinstabilities. " How-
ever, there is considerable evidence to suggest
that any microinstabilities which may be present
in the arc source are not significantly responsible
for the observed discrepancies with the theoreti-
cal profiles. Three such indications, all pertain-
ing to the H& measurements, are as follows:

(i). The Hs dip (for a given T, N„and p) was
observed to be independent of the physical proper-
ties of the plasma. For example, the HB dip mea-
sured in a 96'%%uo-Ar-4%%uo-H arc was essentially the
same as that measured in a pure-deuterium arc.
These two plasmas correspond to the same re-
duced mass (p, =1), but differ greatly in their
electrical and thermal conductivity, in electric
field strength, and in radial temperature and den-
sity gradients. Presumably, the development of
any microinstability would be influenced by these
physical properties.

(ii). The HB dips measured in different plasma
sources, including those with no applied electric
fields, generally differ from one another much
less than they differ from theoretical values.
This is apparent, in Fig. 8.

(iii). A relatively sensitive "homogeneity moni-
tor" is provided by the ratio of the HB peak-sepa-
ration to its half-width. This value is computed
to be 0.35 and 0.37, respectively, by the Vidal-
Cooper-Smith' and the Kepple-Griem' theories
and is practically independent of electron density.
For N, » 10" cm ', our measurements yielded

——.—H-H'(u= 0.5}
H Ar'(g 0

VII. DISCUSSION
-40 -20 20 40

With respect to possible distorting factors on
the Stark profiles, we have not yet considered the
possibility of fluctuations in temperature and elec-
tron density in stablized arcs. Such possible lack
of temporal homogeneity has been proposed by

FIG. 12. Theoretical and experimental H~ profiles for
N, =3.5x10~ cm 3 and T =11000 K. All profiles are
area normalized. The H-Ar+ and D-Ar+ mixtures were
both diagnosed and the profile corrections carried out
in an analogous manner.
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0.36, i.e., practically the same ratio, with the
notable exception that the ratio was substantially
reduced in cases where the plasma was not homo-
geneous. For example, this was observed when-
ever hydrogen or deuterium was permitted to enter
the (cooler) electrode regions in end-on observa-
tions or when the are channel was purposely made
too wide, so that the arc was not sufficiently wall
stabilized. In that case kinks or bows occurred
in the column. " One would expect that any micro-
instability which significantly affected the core of
the profile would likewise cause a reduction in the
above ratio from the theoretical value.

It should be added here that both end-on and
side-on measurements were made of the dip in
HB. The end-on and side-on results agreed to
within the experimental uncertainty of about 5%

(of the dip).
Of course, none of the above indications can con-

clusively eliminate the possibility that the main
reason for the discrepancy near the line center be-
tween experiment and theory is due to some prob-
lem with the experiments, but this should be re-
lated to the atom-ion reduced mass.

As of this writing, no theory exists which ex-
plains the reduced-mass dependences we have ob-
served. Several different approximate theoretical
treatments of H& predict small or negligible ion
dynamic effects. These include the recent work
by Griem, "Hey, "Lee,"and Capes, Stamm, and
Voslamber. " (A recent calculation by Cooper,
Smith, and Vidal" has not been included in this
list because their validity criteria are violated for
N, )10" cm '.) Each of these calculations utilizes
various different approximations, such as a re-
striction to binary collisions or a finite series ex-
pansion of exponentials involving the time. It is at
present an open question whether a more rigorous
calculation will predict a more significant ion dy-
namic effect.

duced mass. Both the magnitude of the relative
minimum of HB and the slope of its density depen-
dence approach the values predicted by the current
theories as p. is increased. Values extrapolated to
infinite reduced mass approach the theoretical
values quite closely.

For H„, the half-width as well as the normalized
peak height are also observed to depend on the re-
duced mass at constant N, and T. This dependence
increases slightly at lower electron densities. If
a 1/Wp, dependence is assumed, the half-width
values extrapolated to p. =~ are in close agreement
with recent "unified-theory" calculations that in-
clude time ordering.

In the case of H&, the absence of pronounced
shoulders near the line core appears to be due, at
least in part, to the dependence on finite reduced
mass.

For Hz, a plateau at the line center is observed
to broaden with reduced mass. However, the dis-
tinct central minimum predicted by theory is not
observed.

The physical reason for the observed reduced-
mass dependence has not yet been established. In

fact, recent theoretical treatments of ion dynamics
predict very small or negligible effects. It is
therefore of interest to perform further studies on
the Balmer lines. It would be especially interest-
ing to check whether the observed effects scale as
the relative radiator-perturber velocities, as sug-
gested by the approximate 1/v p, dependence. In
this case one would really expect a (T/p. )'~~ depen-
dence, which we could not check since we worked
with all plasmas in the same very narrow tempera-
ture range. A measurement of the temperature
dependence at constant N, and p, would thus be
very desirable in this regard. Attempts by us in
this direction have not been successful as yet be-
cause we have been unable to obtain sufficient tem-
perature variation with the arc source.

VIII. CONCLUSIONS

Variations in the central parts of the first four
Balmer lines have been observed which depend in

a systematic manner on the reduced mass of the
radiating atom and perturbing ion.

The relative minimum or dip of H& at a fixed
electron density (and, approximately, fixed tem-
perature) appears to scale linearily with 1/Wp. ,
where p. is the atom-radiator-ion-perturber re-
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