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EXPERIMENTAL TEST OF Hp STARK-BROADENING THEORY AT HIGH ELECTRON DENSITIES*
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(Received 19 August 1968)

The profile of hydrogen beta has been measured for a temperature of 16700'K and an
electron number density of 2 &&10~7 cm 3 using an arc-generated plasma. These data
are compared with theory on area normalization and half-width bases and found to
agree with theory within the accuracy quoted for theory.

A comparison of previous investigations of the
line profile of hydrogen beta shows that there ex-
ist considerable differences for the agreement
of theory and experiment between methods using
dc-arc-' and discharge-tube-generated plas-
mas'". The arc work shows a 12/&& difference in
the worst instance, whereas the pulse-discharge-
tube experiments show agreement to within 2%
with theory. Even though the authors feel that
some might want to assign a bit larger uncertain-
ty for the latter work, ' the difference between the
two results is too large to be ignored, casting
doubt on the use of the dc arc as a precise tool
for radiation studies or conversely, raising the
question, "Is Htl as good as the latter work sug-
gests?" It appears to the authors that the basic
reason for the difference is the electron-number-
density measurement in the arc experiment. A
line intensity method was used for measuring Ne.
However, this measurement for the plasma con-
dition used was sensitive to errors in such pa-
rameters as temperature T, lowering of the ioni-
zation energy, partition-function cutoff b,F., and
intensity measurements I.

We and the authors of a companion paper, Shu-
maker and Popenoe, ' have made measurements
of Hp to provide an understanding of the prob-
lems outlined above and to provide experimental
data for the line profile of H~ at high tempera-
ture and electron number densities. We have
used essentially the same method as Wiese for
determining Ne; however, we have operated our
arcs at a plasma condition where the electron

number density is not a sensitive function of the
above parameters. Thus we can more precisely
determine Ne from line and continuum intensity
measurements. In looking for this plasma condi-
tion the authors noted that at temperatures where
there is a relatively large percentage of the neu-
trals ionized, Ne is insensitive to both tempera-
ture and AF. . For example, for a 1-atm plasma
the electron density varies by less than 1% over
a temperature range 16 100-17200'K and by less
than 5% from 15400 to 18900'K. Also at a tem-
perature of 16 700'K an error of +50 /p in the low-
ering of the ionization energy and partition-func-
tion cutoff using the Debye criteria gives an er-
ror of only +1@in Ne

To generate a stable plasma which was repro-
ducible, we made use of a mechanically con-
stricted arc generator. The general details of
our device are described in the literature. ' In
our erork we chose an arc-channel diameter of
~6 in. and operated our chamber at atmospheric
pressure to help insure equilibrium and to ob-
tain the high concentration of electrons. To
reach the high temperature necessary for this
experiment, we ran the arc to high currents
from 200 to 300 A with 2 cycle of the 60-Hz line
current. An idling current of 20 A from a bat-
tery supply was used to sustain the arc between
pulses.

To insure that Hp would be optically thin we
ran an argon arc with a small concentration,
2.5$, of hydrogen added to it. As pointed out by
Shumaker and Popenoe the calculated Ne was
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not materially affected by this small addition of
hydrogen. Furthermore, measurements of tem-
perature using five argon-ion lines (4972, 4933,
4847, 4736, and 4806 Ar 11}did not disclose any
difference in temperature between the pure ar-
gon and the hydrogen-argon plasma for the arc
currents reached in this experiment.

Two methods of viewing the arc column were
possible, one perpendicular to the arc axis, the

other along the axis. Our experiment used the
latter, thus avoiding the Abel's correction for
the radial temperature distribution. Shumaker
and Popenoe used the side-on technique, thus
providing data versus temperature in one arc
run. For our measurements we avoided the pos-
sibility of systematic errors from the tempera-
ture gradients in the electrode region of the arc
by limiting the flow of the hydrogen-argon mix-
ture to the center sections of the arc and flush-
ing the electrode chambers with pure argon. ' Al-
so, to reduce the influence of the radial temper-
ature gradients we limited the field of view of
the spectrometer, with apertures, to a small
cone centered coaxially to the arc axis. With
this method it was possible for the spectrometer
to view an isothermal volume of plasma having a
controlled percentage of hydrogen.

The spectrum from the arc was measured
photoelectrical?y and compared with a National
Bureau of Standards calibrated tungsten-ribbon
lamp to correct for wavelength variations in the
detecting system. To obtain as high a precision
as possible the output of the photomultiplier tube,
read on a peak-reading voltmeter, was simulta-
neously recorded on the three-channel strip
chart recorder having gains of 1, 5, and 25.
This method of recording allowed a repeated
scale expansion of the line profile especially im-
portant at the outer wings of the line. Using the
peak-reading voltmeter to obtain the spectral
scans required us to make our measurements at
the maximum Ne concentration and at a tempera-
ture where the line intensity of Hp had not reached
its highest value.

The spectrum recorded was a mixture of radi-
ation of the argon and hydrogen continuum and
the lines of argon and hydrogen. To obtain the
hydrogen-beta line profile it was necessary to
subtract the unwanted radiation. To account for
the continuum we tried a variety of techniques
including subtraction of a calculation for the ar-
gon-plus-hydrogen continuum, the argon being
obtained from an appropriate scaling of a pure
argon run. None of the methods tried, however,

was any more accurate than that obtained sim-

ply by laying two tra.ces on top of one another,
one trace for pure argon, the other for hydrogen

plus argon. The pure argon trace was normal-
ized electronically with the gain control of the

amplifying system to the mixture intensity at
200 A from the line center. The normalized ar-
gon provided the base line for the subtraction of
the continuum.

The temperature for which the electron densi-

ty reached a maximum was found from measure-
ments of the absolute intensities of the ionic
lines mentioned earlier. It was also possible to

use the continuum on a relative basis to find this
peak from the relationship Icont ~ Ne'/T"'. This
measurement was made for several wavelengths
greater than 200 A removed from the center of

Hp in regions chosen to avoid interfering line ra-
diation.

Four spectral scans for Hp were taken and

averaged. The deviation of any individual run

from the average was less than 3% for the high-

est scale readings. We have made two compari-
sons of our data with theory. For the first com-
parison we have converted our data to the param-
eters a and S(n) given by Griem and Kepple. '
To reduce our wavelengths to n we used two val-
ues for the electron number density, 2.20x 10'7

and 1.80x 10'7 which is about +10% of the value
calculated through the composition equations.
For each of these values of Ne we have area nor-
malized the intensity measurements to the frac-
tion of the line we measured. The net result
shown in Fig. 1 is that our data appear as a ser-
ies of bars inclined at an angle of 45 deg. The
center of these bars represents 2.00x 10".

The two values for Ne chosen above do not rep-
resent the error assigned to our Ne measure-
ments but were selected for demonstrational pur-
poses. The absolute accuracy of the Ne deter-
mination is believed to be within 4% of 2.00x 10"
cm '. This includes a possible error of 30% in
the transition probability for the ionic lines used
in the temperature measurement, a 4$ inaccura-
cy in the continuum intensities determining the
peak electron concentration, a 100% error for
the b,F used in the composition calculations, and
also a possible 2% variation in pressure.

The greatest source of error believed to exist
in this experiment lies in the intensity measure-
ments. This error results basically from the
somewhat uncertain contribution for the continu-
um below the line. At best, an educated guess
would be to assign a value which would give a 5%
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FIG. 1. A comparison of experimental measure-
ments for a temperature of 16700'K of the line pro-
file of hydrogen beta with theory (Ref. 6). The data
were reduced to S(e) and e, where n is the reduced
wavelength in Angstroms per cgs field-strength units.
For demonstrational purposes two values of electron
density were used in converting wavelength to n: 2.20
&& 10 7 and 1.80&& 10 . The electron density for this ex-
periment is within 4% of 2.00&&10

accuracy for the intensity measurement at the
center of the line. From the comparison shown
in Fig. 1 we find that our experimental results
are higher than theory at the line center. This,
of course, is where our intensity measurements
are most accurate. Kepple and Griem have not-
ed that their results in this region are not as ac-
curate as they are at the peak and the wings.
This would lead us to believe that the disagree-
ment in this region is not because of errors in
the experiment. At this point we might say that
our method of comparison with theory using the
area normalization may be systematically biased
because theory is too low in the center region of
the line. On the other hand, this error is some-
what canceled because our data for the wings is
systematically lower than theory. At the wings
of the line the data are subject to considerable
error from the assignment of the base of the
line. This is also where recorder-reading er-
rors are greatest. Since we have somewhat arbi-
trarily chosen the line contribution to the intensi-
ty at 200 A from the line center to be zero, the
data close to this wavelength is lower than theo-
ry.

Including these and the other considerations
listed above, the comparison through area nor-
malization shows that the Hp data from the con-
stricted-arc technique supports the theoretical
predictions. For example, in the regions of the
profile where there is confidence in both the data

and the theory, the deviation between the two is
less than 5%. For the center of the line where
theory is not reliable the data are higher by as
much as 20%. Conversely, in the wings of the
line where the data are strongly subject to er-
rors in the selection of the base line we find a
systematic trend lower than theory. It is obvi-
ous that we could have found a better fit for the
wings by fudging a lower value for the underly-
ing continuum, but there was no rigorous crite-
rion justifying a lower value.

In addition to the above comparison we have al-
so compared the electron density obtained from
the half-width measurement with that obtained
from the composition calculation. Here we find
a difference of 5-8%, the half-width determina-
tion giving the lower value. We do not believe
this error to be significant since we suspect a
5% uncertainty in the peak-intensity measure-
ment of our data which in turn gives a 12% uncer-
tainty in the Ne determination obtained from the
half-width. It is interesting to note, however,
that Shumaker and Popenoe also obtain a lower
Ne value using their whole line profile with an
iterative least-squares fitting routine.

In conclusion, it appears that the differences
that do exist between the various measurements
for the line profile of Hp, for those experiments
where Ne is precisely known, appear to arise
principally because of the form used for the com-
parison with theory and how it reflects the re-
spective errors of experiment. It is also encour-
aging to note that experimental results agree
with theory to within at least, and in most in-
stances better than, the accuracy of theory for
the wavelength region, temperature, and elec-
tron density range thus far investigated.
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