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than the other two.11 Accordingly, one must expect 
uncertainties in the shifts of the order of 20% of the 

11 There are certainly procedures that are consistent with the 
dispersion relation, e.g., that of Vainshtein and Sobel'man (refer­
ence 38 of the preceding paper) who would write the complete 
damping constant w+id as an analytic function of our A{z) 
-\-iB(z). However, the choice of this analytic function is not 
unique, and the results are therefore not necessarily more accurate 
than those obtained with the procedures used in reference 1, which 
are more convenient numerically. 

INTRODUCTION 

IN dense plasmas with temperatures in the 1-10 ev 
range, the dominant line-broadening mechanism is 

Stark broadening caused by electric microfields from 
electrons and ions surrounding the emitting atoms or 
ions. The resulting Stark profiles depend almost ex­
clusively on the electron (ion) density, and are only 
weak functions of the temperature. Thus, measured 
Stark profiles can be used to determine electron densi­
ties also in situations where the temperature is only 
approximately known, or even when the existence of a 
temperature is questionable. 

In precision experiments, the accuracy of such elec­
tron density measurements is limited by the uncer­
tainties in the theory of Stark broadening, which have 
been reduced considerably in the past years. For hy-
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(half) half-widths, if one calculates them from the 
perturbation expansion with a cut-off impact parameter 
and an estimate for the strong collision term. One might 
be tempted to overcome this difficulty by using instead 
one of the shifts obtained from the dispersion relation, 
because the widths substituted into this relation agreed 
rather well with each other. However, also these shifts 
deviate from each other by up to 20% in the region of 
interest (Fig. 1), again in terms of the width w\. 

drogen,1-3 neutral helium,4 and ionized helium5 lines 
the errors introduced by the various approximations 
in the theory are estimated to correspond to 10 or 20% 
uncertainties in the electron densities. This should be 
compared with the limiting precision of 5% for electron 
densities from absolute continuum intensity measure­
ments in the visible, which is mainly determined by 
the accuracy of presently available intensity standards. 
(Microwave methods are not applicable to the dense 
plasmas considered here.) 

Both the Stark broadening and the continuum in­
tensity method will have the cited accuracies only if 
wave functions are exactly known (hydrogen and 
ionized helium), or at least with a precision that is 
commensurate with that of the rest of the theory 
(neutral helium). For this reason, calculations and 
measurements were first performed for these cases, 
and the motivation of this experiment was to check to 
what extent the theoretically estimated accuracies 
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The slab of plasma behind primary or reflected shock fronts served as thermal light source. Electron 
densities were determined from absolute continuum intensities. Temperatures in helium followed from 
intensity ratios of ion and neutral lines, or at lower temperatures and in hydrogen from relative line and 
continuum intensities. Line profiles were measured by scanning with monochromators from shot to shot. 
Experimental widths and shifts were compared with values calculated from measured electron densities 
and temperatures. For hydrogen (Ha,H^,H7), neutral helium (5876, 5016, 4713, 4471, 3889, 3188A) and 
ionized helium (4686, 3203A), the widths agree within 10% with theory. H e n 4686A exhibits a blue-shift, 
probably due to the polarization of the plasma near the emitting ions. The measured shifts of the neutral 
helium lines tend to be smaller than the calculated values, and the agreement with calculated shifts is 
poorer than in case of the widths. 
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would be achieved in practice. If results were en­
couraging, one would then extend the Stark broadening 
calculations to heavier elements using, e.g., the Bates 
and Damgaard method6 for the calculation of atomic 
matrix elements. This will allow the determination of 
electron densities also in situations where the con­
tinuum intensity method is not applicable, because the 
latter usually depends on the knowledge of wave func­
tions for low-lying excited states to which free-bound 
transitions occur, whereas in line broadening only wave 
functions of highly excited states enter critically. 

Stark profiles of the early members of the Balmer 
series of hydrogen have been measured previously in 
water-stabilized arcs,7-9 and of helium lines in a pulsed 
arc10 or in an explosive driven shock tube.11 In all these 
experiments comparison could only be made with the 
less precise Holtsmark12 (for hydrogen and ionized 
helium) or Lindholm-Foley13 theories or in one case11 

with quantum mechanical calculations involving the 
Born approximation.14 Furthermore, the experimental 
accuracies would hardly permit a significant comparison 
with the subsequent calculations (references 1 to 5 and 
39, 40). Since then the precision of arc experiments has 
been improved considerably, and measurements of hy­
drogen line profiles15,16 and neutral helium line profiles17 

were reported. They all indicate that the accuracy of 
the line-broadening theory is indeed as good as ex­
pected, if not better. That the line-broadening theory 
predicts line shapes in a consistent way is also shown 
by new experiments with conventional shock tubes.18 

But an independent check is very desirable in view of 
the complexities in the analysis of any spectroscopic 
experiment. 

Such an independent test should be provided by 
measuring Stark profiles of spectral lines emitted from 
shock-heated plasmas. If the shock fronts are plane 
and can be observed tangentially to this plane, and if 
boundary layers are negligible, one has the advantage 
of an essentially homogeneous plasma along the line 
of sight, whereas in the arc experiments, inconveniently, 
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(1919); 25, 73 (1924). 
13 E. Lindholm, Arkiv mat. Astron. Fysik 28B, No. 3 (1941); 

E. Lindholm, dissertation, Uppsala, 1942 (unpublished); H. M. 
Foley, Phys. Rev. 69, 616 (1946). 
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side-on observations must be unfolded for the radial 
distributions and end-on observations suffer from un­
known inhomogeneities near the electrodes. In addi­
tion, electromagnetic shock tubes offer greater flexi­
bility in the plasma conditions, especially at the higher 
temperatures needed for the excitation of ionized helium 
lines. These advantages of the shock tube are somewhat 
offset by the need for good time-resolution. 

One might question the establishment of local ther­
mal equilibrium in the shock-heated plasma. But ex­
periments with electromagnetic T tubes filled to an 
initial pressure of about 1 mm Hg of hydrogen or 
helium19-21 all suggest that quasi-stationary local ther­
mal equilibrium states do exist behind the shock 
fronts. Furthermore, the analysis of the measurements 
described in this paper does not depend on the validity 
of the assumption of local thermal equilibrium in any 
critical way, because both line broadening and absolute 
continuum intensities have only a very weak tempera­
ture dependence. 

Since there is therefore no obvious reason why shock 
tube measurements of Stark profiles should be less re­
liable than arc experiments, an extensive study of Stark 
profiles from shock-heated plasmas was undertaken. 

SHOCK TUBE APPARATUS 

The electromagnetic shock tubes employed in this 
investigation were first of the T type with hemispherical 
(nickel or tungsten) electrodes at the ends of the short 
arm, and later simply straight tubes with electrodes 
protruding radially through two holes near one end of 
the tube (Pyrex or quartz). In both designs, use was 
made of the magnetic repulsion of the current between 
the electrodes by the return current which went through 
a "back strap" near the end of the tube.22,23 The di­
ameter of the shock tubes was approximately 2 cm, 
and an aluminum reflector was placed about 6 cm from 
the electrodes. (Most measurements were made on the 
reflected shock wave.) 

To scan the line profiles, a large number of shots is 
needed. This requires good reproducibility in the op­
eration and good accessibility of the tube for cleaning 
purposes. Considerable improvement in this direction 
was made by omitting the arm of the T and by using 
O-ring vacuum seals everywhere,24 instead of vacuum 
wax. Thorough pumping after each shot, accurately 
refilling the system to a preselected pressure, and con­
stancy in the voltage of the power supply used to charge 

19 E. A. McLean, C. E. Faneuff, A. C. Kolb, and H. R. Griem, 
Phys. Fluids 3, 843 (1960). 

20 W. Wiese, H. F. Berg, and H. R. Griem, Phys. Rev. 120, 
1079 (1960). 

21 W. Wiese, H. F. Berg, and H. R. Griem, Phys. Fluids 4, 250 
(1961). 

22 A. C. Kolb, Phys. Rev. 107, 345 (1957); Magnetohydrady­
namics, edited by Rolf K. M. LandshofI (Stanford University 
Press, Stanford, California, 1957), p. 76. 

23 Further descriptions of T tubes can be found in references 19 
and 20. 

24 R. Lincke (to be published). 



S T A R K P R O F I L E S O F N E U T R A L A N D I O N I Z E D H e A N D H 201 

the capacitor bank are basic requirements for repro­
ducibility. More critically the reproducibility is de­
termined by the quality of the transmission line and 
the spark gap switch which controls the discharge. 

The power requirements for these shock tubes are 
quite modest: one 0.1-juf capacitor at 35 kv for the 
hydrogen work and two similar capacitors for the 
helium work. Great care was taken to minimize the 
self-induction in the parallel plate transmission lines 
so that ringing frequencies of 2 or 1 Mc/sec were 
achieved. This insured good efficiency and avoided 
much of the contamination by electrode materials en­
countered in slower systems. Also, these high-frequency 
oscillations damped out almost completely before the 
shock front reached the point of observation, which 
helped to reduce electromagnetic shielding problems. 

The discharge was switched with a spark gap (in air) 
triggered by releasing high-pressure argon through a 
small hole in one of the electrodes. This system proved 
to be entirely satisfactory as long as the edges of the 
hole were kept sharp. There was no need to use several 
spark gaps in parallel, and the relatively long jitter 
times inherent in our method of triggering were, there­
fore, of no consequence. 

Preliminary (photographic) spectra showed that 
silicon and oxygen produce the strongest impurity 
lines. Since these are wall materials, no major improve­
ment in this situation could be expected by using spec-
troscopically pure filling gases and a refined vacuum 
system. All the measurements reported here were ac­
cordingly made without diffusion pumps or cold traps. 
This simplified the operation of the experiment and 
considerably improved the reliability of the apparatus, 
without noticeably reducing the precision of the final 
results. One will not be able to reduce the impurity 
radiation by using a better vacuum system, unless at 
the same time the interaction between the plasma and 
the walls is inhibited, e.g., by a magnetic field parallel 
to the shock tube axis.25 Employment of an electrode-
less discharge as a driver, as in some conical shock 
tubes,26 will not help much, because spectral lines from 
electrode materials do not appear further down the 
shock tube anyway. 

The planarity of the shock fronts and the homo­
geneity of the layer of plasma behind it were deter­
mined in a separate experiment. The experimental 
arrangement consisted of two photomultipliers moni­
toring the continuum intensity emerging from different 
sections of the shock front symmetrically around the 
tube axis but in the same horizontal plane. 

SPECTROSCOPIC APPARATUS 

An ideal system for line profile measurements in 
time-dependent plasmas would provide both time and 
wavelength resolution. This has been accomplished to a 

23 R. G. Fowler and E. B. Turner, Phys. Fluids 4, 544 (1961). 
26 V. Josephson, J. Appl. Phys. 29, 30 (1958). 

certain extent by splitting the wavelength range covered 
by a line into a few bands which are then fed into 
separate photomultipliers.27 A few channels are suffi­
cient when line shapes are known and when only half-
widths are desired. Such techniques will be useful for 
the diagnostics of, e.g., plasmas produced in diaphragm-
type shock tubes, which inherently have a rather small 
repetition rate. But, for an experiment set up for the 
investigation of line broadening proper, a much finer 
subdivision of the wavelength band would be required, 
which is clearly impractical. 

The obvious solution to this problem would be to use 
a stigmatic photographic spectrograph with a pin-hole 
slit and a rotating film drum, or, conversely, a photo­
graphic spectrograph equipped with a Kerr-cell or 
mechanical28 shutter. The first system yields time 
resolution at a given position in the shock tube, the 
second produces a snapshot with spatial resolution, 
provided the instrument is stigmatic. The latter method 
was actually tried at first, but the internal consistency 
of the measured profiles was not satisfactory.29 These 
difficulties are most likely due to photographic effects 
connected with short exposure times (a few tenths of 
a /xsec) and the low light level, which is barely sufficient 
to expose even the most sensitive films. The instrument 
used for this study had an aperture of / / 6 , and con­
siderable improvement in photographic measurements 
should be forthcoming when spectrographs with very 
high optical speeds become available, possibly ap­
proaching an effective f/2 relative aperature.30 

If, however, a reproducible pulsed light source is 
available, it is no longer necessary to measure the 
whole line profile simultaneously. In the present ex­
periment,29 the line profiles were scanned from shot to 
shot in 1 to 3 A steps with monochromators. (Jarrell 
Ash 50-cm Seya-Namioka or Bausch & Lomb 25-cm 
instruments were used.) The resolution of these mono­
chromators (as much as 1A) is sufficient, because the 
observed lines were all considerably broader than that. 
A second monochromator monitored the continuum 
intensity on each shot. Great care was taken that both 
instruments viewed the same section of the shock tube. 

Photoelectric recording was used throughout, and 
both line and continuum signals were displayed on the 
face of the same dual beam oscilloscope (Tektronix 551) 
to insure time-correlation. The whole continuum chan­
nel was pulse-calibrated in situ by imaging the positive 
crater of a carbon arc31 onto the appropriate section of 
the shock tube in the direction of the optical axis. 
The additional absorption in the imaging lens and 
shock tube wall was taken into account, and the cali-

27 S. A. Ramsden, A. G. Hearn, and B. B. Jones, Bull. Am. 
Phys. Soc. 6, 205 (1961). 

28 W. L. Wiese, Rev. Sci. Instr. 31, 943 (1960). 
29 H. F. Berg, Ph.D. thesis, University of Maryland, College 

Park, Maryland 1961 (unpublished). 
30 G. G. Milne, University of Rochester, Rochester, New York 

(private communication). 
31 J. Euler, Ann. Physik 11, 203 (1953). 
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bration pulses were produced with a fast mechanical 
shutter. 

The advantage of this intensity calibration method 
is that the amplitude of the calibration pulses is of the 
same order as that of the shock continuum pulses, 
whereas a tungsten ribbon lamp only yields much lower 
intensities.32 The estimated error in the intensity cali­
bration is about 5%. A comparable error due to un­
certainties in the absolute intensity standards must be 
added. The total error in the absolute intensity meas­
urements should therefore be approximately 10%. 

For the line profile measurements, no intensity cali­
bration was required, because both the efficiency of the 
monochromator and the response of the photomulti-
plier are sufficiently flat over the wavelength range 
covered by a spectral line. The wavelength drive had 
to be calibrated to measure the line shifts which was 
done by determining the positions of lines emitted from 
Geissler tubes with a precision of slightly better than 1 A. 

This procedure was combined with the determination 
of the widths and shapes of the apparatus function by 
scanning very slowly over these lines and displaying 
the signal on an oscilloscope, using the time-axis as 
wavelength scale. Here the precision was 0.2 to 0.5A. 

All three calibrations were checked before and after 
measurement runs, and in no instance were significant 
drifts observed, not even in the intensity calibration. 
This is probably due to the use of very stable power 
supplies (0 .1% at 1200 v), and to the avoidance of 
photomultiplier fatigue from overexposure by, e.g., a 
dc calibration source. 

ELECTRON DENSITY AND TEMPERATURE 
DETERMINATION 

The existence of local thermal equilibrium is not 
doubtful for the high electron densities {Ne~ 1017 cm -3) 
and relatively low temperatures (T=l to 5 ev) in this 
experiment. Furthermore, the hydrogen and helium 
wave functions are so well known that theoretical 
errors should be entirely negligible in the application 
of the methods described in this section or, in case of 
neutral helium., at least should not be larger than the 
experimental errors. 

In hydrogen and also at temperatures below 30 000 °K 
in helium, temperatures were determined from the ratio 
of total line intensities and the continuum intensity in 
an adjacent wavelength band. This ratio is practically 
independent of the electron density,33 and depends 
rather strongly on the temperature (Fig. 1). An ex­
perimental error of 10% in the intensity ratio will 
correspond to an error of about 5 % in the temperature 
for hydrogen and 10% for neutral helium, where the 

32 In an independent experiment, the carbon arc was compared 
with a tungsten ribbon filament lamp calibrated by the National 
Bureau of Standards. Both calibrations were consistent within 
the experimental error of ± 5 % . 

33 H. R. Griem, Proceedings of the Fifth International Con­
ference on Ionization Phenomena in Gases, 1961 (to be published 
by North-Holland Publishing Company, Amsterdam). 
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FIG. 1. Ratios of total line intensities and continuum intensities 
in adjacent wavelength bands of 100A widths. 

calculated oscillator strengths34 may typically be in 
error by not more than 10%. (This is suggested by 
comparison with measured lifetimes35 and measured 
line intensity ratios.36) 

At higher temperatures, in helium second ionization 
sets in, and the temperature can be obtained from the 
relative intensities of an ionized and a neutral helium 
line (Fig. 2). The ratio depends linearly on the electron 
density, but is such a steep function of temperature 
that errors of 10% in the measured ratio and in the 
electron density still permit a 2% accuracy in the tem­
perature measurement. In this case, errors in the oscil­
lator strength of the neutral helium line (Hei 5876A) 
should be negligible, because it corresponds to a transi­
tion between two hydrogen-like levels. This is indicated 
by the good agreement between various calculated 
values.34 

The electron density was obtained from the ratio of 
the continuum signals produced by the shock-heated 
plasma and the carbon arc. The ratio was calculated as 
a function of temperature for various electron densities 
in a wavelength interval centered at 5200 A (Fig. 3). 
Below 30 000°K, i.e., temperature in a region where 
second ionization is not important, there is at this wave­
length no difference between hydrogen and helium,29 

34 E. Trefftz, A. Schluter, K. H. Dettmar, and K. Jorgens, Z. 
Astrophys. 44, 1 (1957). 

35 S. Heron, R. W. P. McWhirter, and E. H. Roderick, Proc. 
Roy. Soc. (London) A234, 565 (1956). 

36 E. A. McLean, Proceedings of the Fourth Symposium on Tem­
perature, Its Measurement and Control in Science and Industry 
(Reinhold Publishing Company, New York, 1961). 
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because the deviations of the contributing heliunTlevels 
from hydrogen are extremely small. (For the conditions 
of this experiment, the negative hydrogen continuum 
is negligible.) Above that temperature, the curves in 
Fig. 3 only apply to helium. 

Gaunt factors37 where taken into account in these 
calculations, and theoretical uncertainties should there­
fore be negligible for hydrogen and also for helium 
(because of the hydrogenic structure of the higher 
levels). The estimated error of 10% in the intensity 
(see preceding section) will thus cause a 5 % error in 
the electron density at lower temperatures and a 10% 
error at higher temperatures. The uncertainties in the 
temperature do not add significant amounts to these 
errors (i.e., the assumption of local thermal equilibrium 
is not at all critical), even though one has to use an 
iteration procedure for the determination of electron 
density and temperature in case of high temperatures 
in helium. 

I t should be noted that these are estimated errors, 
and that improvements in absolute intensity standards 
are needed before they can be reduced significantly. 
Another possibility would be to use interferometric 
techniques, which were already applied to diaphragm-
type shock tubes.38 But for electromagnetic shock tubes 
extremely intense light sources are required which 
permit sufficient time resolution. 

Microwave methods are ruled out by the high electron 
densities in this experiment, and therefore, the meas­
urement of bound-free and free-free continuum in­
tensities indeed appears to be the only practicable 
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FIG. 2. Intensity ratios of Hen 4686A and Hei 5876A as functions 
of temperature for various electron densities. 
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FIG. 3. The ratio of continuum and carbon arc intensities at 
5200 A as function of temperature for various electron densities, 
assuming an emitting plasma of 1.7-cm depth. 

method for a determination of electron densities in 
dense plasmas, if one does not want to use the Stark 
broadening method. 

STARK PROFILE MEASUREMENTS 

In helium, the whole spectrum was scanned from 
3000A to 6000A, and in hydrogen, from 4000A to 
5000A and around H a . For each wavelength setting, 
several shots were made, using small wavelength in­
tervals on the lines. In the continuum band, absolute 
intensity measurements were made to check for im­
purity lines. The pulses were analyzed at times corre­
sponding to some preselected continuum level. Inde­
pendent runs yielded spectra which could be super­
imposed within 10%, and each measured profile was 
obtained from 100 or more analyzed shots. In this way, 
statistical errors were reduced to a few percent, and 
smooth curves giving a best fit to the averages of the 
measured points could be drawn. (These curves were 
used to find half-widths and shifts of the maxima.) 

An important source of error is introduced by the 
ambiguities in the determination of the continuum 
below the lines. This is especially difficult at the high 
temperatures in helium, because then impurity lines 
appear almost everywhere, and no precise measure­
ments on the line wings are possible. I t is estimated 
that uncertainties in the true continuum level cause 
errors of up to 5 % in the half-widths. Furthermore, the 
impurity lines render impossible the actual measure­
ment of the asymmetries occurring on the line wings. 
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For hydrogen, these difficulties are less serious. Here, 
the required temperatures are small and impurity lines 
are very weak. Furthermore, the hydrogen lines are 
much stronger, compared with the continuum, than 
the helium lines, and uncertainties in the continuum 
level below the lines therefore hardly effect the line-
widths. They only influence the accuracy in the de­
termination of the asymptotic behavior of the line 
wings, which is of some theoretical interest. 

The measured widths of hydrogen lines will, there­
fore, have a precision which is solely determined by the 
statistical error of about 5%; for helium one has to add 
another 5% stemming from uncertainties in the back­
ground. For the narrower helium lines and the Ha line, 
corrections for the finite resolution of the apparatus 
amounted to 10% and the contribution from Doppler 
broadening (which was also subtracted) was 5% in 
typical cases. But, uncertainties in these corrections 
were so small that, even for the narrower lines, errors in 
the measured Stark widths should never exceed 10%. 

The situation for the measurement of the shifts of 
the maxima is not as favorable. Here, experimental 
errors of 1A must be expected, which is so large that 
only the more pronounced shifts could be determined 
with sufficient accuracy to allow a significant com­
parison with theory. 

An implicit assumption in all these measurements 
was that the lines were emitted from optically thin and 
homogeneous layers. The first requirement restricted 
the conditions somewhat, under which the strongest 
lines (Hei 5876A and H«) could be measured, but these 
conditions, namely high temperatures and electron 
densities, could easily be achieved in this experiment. 
(Only H« had to be corrected for self-absorption, using 
temperatures and densities obtained from a measure­
ment of the H/3 line and the continuum.) This differs 
from the usual situation in arcs, where the Stark pro­
files of these lines are difficult to measure for this 
reason. 

The condition that the emitting layers are homo­
geneous will be met if the shock fronts are planar and 
if boundary layers are negligible. The planarity of the 
shock fronts was checked experimentally (see the shock 
tube apparatus section), and from theoretical esti­
mates19 it follows that boundary layers cannot grow 
significantly in the relevant times. It is, therefore, 
believed that the only real limitations imposed by the 
electromagnetic shock tube as a light source on pre­
cision measurements of spectroscopic quantities are 
connected with radiation from impurity atoms and 
ions and small statistical fluctuations. Accordingly, the 
accuracies of the measured Stark widths are expected 
to be about 5% for hydrogen lines (except for Ha) and 
10% for helium lines and Ha, which is quite adequate 
for a test of the theory of Stark broadening, since 
errors in the calculated widths due to uncertainties in 
the measured electron densities are of the same order. 

RESULTS AND COMPARISON WITH THEORY 

Measured and calculated Stark profile parameters 
are listed in Table I for three hydrogen, five neutral 
helium, and two ionized helium lines, together with 
independently measured electron densities and tem­
peratures. The indicated error brackets are, in all cases, 
obtained from the estimated experimental errors. In 
case of the calculated widths and shifts, the indicated 
errors correspond to the errors in the measured electron 
densities, since the uncertainties stemming from errors 
in the measured temperatures are negligible. Therefore, 
in the line broadening calculations, the assumption of 
local thermal equilibrium is not critical. 

The calculated widths of the hydrogen lines Ha and 
H7 were derived graphically from the complete Stark 
profiles39 and that of H^ from the most recently tabu­
lated profiles.3 All neutral helium line widths and shifts 
follow from the theory for isolated lines,4 except for 
Hei 4471A which was calculated using the hydrogen 

TABLE I. Comparison of measured and calculated linewidths and shifts. 

Line 

H« 
H^ 
H 7 

Hei 5876 
Hei 5876 
Hei 5016 
Hei 4713 
Hei 4471 
Hei 3889 
Hei 3188 
Hen 4686 
Hen 4686 
Hen 3203 

Transition 

2-3 
2-4 
2-5 

2*P-3*D 
2*P-3*D 
2 1 S--3 1 P 
2 3 P - 4 3 S 
2 3 P-4 3 £> 
2 3 S - 3 3 P 
2 3 S - 4 3 P 

3-4 
3-4 
3-5 

Density 
[1017 c m " 3 ] 

0.92=1=0.05 
0.80=1=0.04 
0.94=1=0.05 
1.59=1=0.15 
1.26=fc0.12 
1.65=1=0.08 
1.30=1=0.07 
1.30=1=0.07 
1.50=1=0.08 
1.50=1=0.08 
1.59=1=0.15 
1.26=1=0.12 
1.22=1=0.12 

Tempera tu re 
[103 ° K ] 

25=fc2 
14=1=1 
14=bl 
49=1=1 
43=1=1 
24=1=2 
20=1=2 
20=1=2 
26=1=2 
29=b2 
49=1=1 
43=1=1 
47=1=1 

Full half-width [ A ] 

measured 

7.8=1=1.0 
40.7=1=2.0 
49.2=j=2 5 

5.5=1=0.6 
4.9=1=0.5 

13.0=1=1.3 
14.0=fcl.4 
45.0=1=4.5 

4.5db0.5 
13.4=1=1.3 

4.9=1=0.5 
4.2=1=0.4 

14.0=1=1.4 

calculated 

8.1=fc0.3 
41.3=4=1.2 
50.4=1=1.5 

6.2=1=0.6 
5.2=1=0.5 

14.5=1=0.7 
15.2=1=0.7 
46.6=1=1.5 

4.2=1=0.2 
12.6=1=0.7 

5.1=1=0.5 
4.4±0.5 

13.8=1=1.4 

Ratio of 
meas. and 

calc. widths 

0.97=1=0.15 
0.99=1=0.08 
0.98±0.08 
0.89=1=0.20 
0.94=1=0.20 
0.90±0.15 
0.92=1=0.15 
0.97=1=0.15 
1.07=1=0.15 
1.06=1=0.15 
0.96=1=0.20 
0.97db0.20 
1.01±0.20 

Shift of maximum [A] 
measured 

+0.7=1=1.0 
O.Oil.O 

-4.8=1=1.0 
+6.0=1=1.0 
-4.5=1=1.0 
+ 1.2=1=1.0 
+4.1=1=1.0 
-2.2=1=1.0 
-l.Odbl.O 

calculated 

-0.6=1=0.1 
-0.5=1=0.1 
-6.0=1=0.3 
+8.9=1=0.4 

+ 1.1=1=0.1 
+3.8=1=0.2 
-0.9=1=0.1 
-0.7=1=0.1 

39 H. R. Griem, A. C. Kolb, and K. Y. Shen, U. S. Naval Research Laboratory Report NRL-5455, 1960 (unpublished). 
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code, because it contains several completely overlapping 
components. These calculations will be published 
shortly,40 together with detailed results for the ionized 
lines Hen 4686A and Hen 3203A, which were obtained 
using the theory for hydrogenic ion lines.5 

Within the accuracy of the calculations mentioned 
above, Stark profiles of hydrogen and ionized helium 
lines are symmetrical and possess no shifts. Actually, 
slight asymmetries do occur, and also were observed in 
this experiment. This is most pronounced in H#, where, 
at Afe~1017 cm~3, the blue maximum of the doubly 
peaked Stark profile tends to be a few percent higher 
than the red maximum. This is in agreement with 
theoretical estimates.8 

Except for neutral helium lines, shifts of the maxima 
were only observed for Hen 4686A. One might think 
that this shift would be due to the inhomogeneities in 
the perturbing electric fields,41 the effects of which can 
be estimated using the quadrupole interaction. For 
the unshifted central Stark component, the impact 
approximation is then also valid for ions, and the re­
sulting shifts would be completely negligible, because 
in the average over the directions, the leading term in 
the perturbation expansion for the shift averages out.42 

(If one ignores this average, i.e., uses an adiabatic 
formula,43 and neglects the rotation of the perturbing 
electric field vectors, a shift of the right order of mag­
nitude but of the wrong sign is obtained.) 

A more likely explanation for the observed blue-shift 
of Hen 4686A is the reduction of the Coulomb potential 
of the nucleus by the plasma polarization in the neigh­
borhood of ions, which results in an average negative 
space-charge density p(r) = eNe[2e2(rkT)~1~] at a dis­
tance r from a singly charged ion. This leads to a blue-
shift of the order AE=3WX4*#Ne(kT)-1(a\r\a)lev'], 
where (a\r\a) = 9ao is the radial matrix element of the 
upper state of the unshifted component. At Ne=1.5 
X1017 cm"3, r = 5 0 000°K, the blue-shift calculated in 
this way is 0.8A, in fair agreement with the measured 
values (Table I). For Hen 3203A, the calculated blue-
shift is about the same. This shift, however, could not 
be measured because the line is much broader and 
exhibits two peaks. 

Inspection of Table I shows that there is in no in­
stance a significant disagreement between calculated 
and measured widths. The agreement is always within 
^10%, i.e., better than expected from the estimated 
errors of this experiment. The differences of calculated 
and measured shifts are larger, as must be expected 

40 H. R. Griem, A. C. Kolb, and K. Y. Shen, U. S. Naval 
Research Laboratory Report (to be published). 

41 R. M. Herman, Bull. Am. Phys. Soc. 5, 234 (1960). 
42 C. S. Shen, Ph.D. thesis, University of Maryland, College 

Park, Maryland, 1961 (unpublished). 
43 A. Unsold, Physik der Stematomospharen (Springer-Verlag, 

Berlin, 1955), p. 329. 

from theoretical error estimates.42,44 (That the measured 
shifts tend to be smaller than the calculated values, 
might be due to some residual inhomogeneities in the 
plasma. It may also be the case that some of the cal­
culated shifts are too large because of the transition to 
linear Stark effect at high ion field strengths or because 
of Debye shielding.) 

Observed and calculated line shapes were in good 
agreement, e.g., the neutral helium profiles (except for 
Hen 4471 A) had dispersion shapes with some asym­
metries on the line wings, whereas the hydrogen and 
ionized helium profiles showed all the characteristic 
features (central dips in H^ and Hen 3203A and strong 
peaks in H« and H7). The satisfactory agreement of 
calculated and measured line shapes is demonstrated in 
Figs. 4, 5, and 6 for Ha, H ,̂ and H7. The calculated 
profiles correspond to measured densities and tempera­
tures, as does the ratio of continuum and line intensi­
ties. Each experimental point is the average of three 
or more measurements, and is not yet corrected for 
instrument and Doppler broadening. 

If the observed hydrogen profiles are fitted on the 
wings (not shown in Figs. 4-6) by a power law, expo-
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FIG. 4. Comparison of measured and calculated Stark profiles 
of Ha . # e = 0.92X1017 cm"3, T = 25 000°K. 

44 H. R. Griem and C. S. Shen, preceding paper [Phys. Rev. 
125, 196 (1962)]. 
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FIG. 5. Comparison of measured and calculated Stark profiles 
of H/j. iV^O.SOXlO17 cm"3, r = 1 4 000°K. 
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FIG. 6. Comparison of measured and calculated Stark profiles 
of EL. # e = 0.94Xl017 cm"3, r = 1 4 000°K. 

nents between — 2.1 and —2.3 must be used, i.e., 
values which are intermediate to the quasi-static theory 
(—2.5) and the impact theory (—2) results, as expected. 

SUMMARY 

This experiment verified the estimated precision of 
recent Stark profile calculations (references 1 through 
5 and 39, 40), especially with respect to half-widths, 
and the detailed shapes of the more characteristic lines. 
The accuracy of the experimental check of the Stark 
broadening theory is essentially limited to 5 % (at low 
temperatures in hydrogen) or to 10% (at high tem­
peratures in helium) by the errors in the absolute in­
tensity measurement of the bound-free and free-free 
continuum used to determine the electron density in an 
independent way, i.e., the differences (Table I) be­
tween measured and calculated Stark widths are not 
significant. 

In future experiments, electron density measure­
ments from Stark widths of hydrogen, neutral and 

ionized helium lines should, therefore, have a limiting 
precision of at least 10% (hydrogen) to 20% (helium). 
(More likely than not this precision is rather 5 % and 
10%, respectively.) The Stark broadening method will 
accordingly be very valuable for the analysis of plasmas 
consisting mainly of gases whose atomic properties are 
less well known, because it will usually be sufficient to 
add about one percent of hydrogen or helium as electron 
density probe. In arcs where the total pressure is known, 
this electron density can then be used to calculate the 
temperature rather precisely.15 This also applies to con­
ventional shock tubes,45 as long as deviations from 
ideal behavior are not too large.46 Finally, it should be 
emphasized that Stark shift measurements will yield 
electron densities with a precision that is, in general, 
inferior to that of width measurements. 

45 L. R. Doherty, Ph.D. thesis, University of Michigan, Ann 
Arbor, 1961 (unpublished). 

46 A. C. Kolb and H. R. Griem, in Chapter 5 of Atomic and 
Molecular Processes, edited by D. R. Bates (Academic Press Inc., 
New York 1962). 


