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Hamiltonians by the expression

epE'+ egE'+esE'

for d electrons and by

epEP+erE'+epE'+e pE'

for f electrons. The angular dependence of these
operators, which is given by the e s, is exactly the same
as in the pure Coulomb case. ' ' The E"s are the usual
sums of Slater integrals used in the Coulomb Hamil-
tonian, ' ' and the E"s are defined for d electrons by

E'=E'+ (10/7) Es

and for f electrons by

E'=E'+ (14/9)Rs,
E'=E'+ (14/6435)Es,

where

r2

The integral R2 will always be positive; therefore the
effect of the spin-spin contact term is always to enhance
the value of certain of the E"s over the purely Cou-
lombic results. Thus, values of E' obtained from the
usual analysis of experimental data must always be
corrected downwards in order to find the contribution
from the Coulomb interaction alone.
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Strong collision effects are appreciable for the H spectral line. Including these effects in H„profile
calculations, we 6nd agreement between experiment and theory within experimental error.

~ 'HE Stark-broadened pro6les of several hydrogen
lines in a plasma have been calculated by Griem,

Kolb, and Shen. ' They later modified these calculations'
for the Hp line to include the effects of strong collisions,
the Mozer-8aranger ion field-strength distribution
functions, and electron-impact broadening of both the
upper and the lower levels including the cross terms.
With these modifications for H~ the agreement between
the measured and the calculated line shapes is +2%,s
which is within experimental error. The half-width of
the Htj line is used where practical to determine electron
densities in plasmas because of these refined theoretical
calculations of the profiles and the good agreement
between theory and experiment. Corresponding modi-
6cations were made by us in an attempt to develop a
theoretical pro61e that corresponded more closely to
experimental data. The profiles as originally proposed by
GKS I had half-widths about 20'%%uo smaller than the best
experimental data, as shown in Fig. 1.The inclusion of
these modi6cations into the theory alters the calculated

line profiles for H such that the agreement between the
theoretical and experimental half-widths is now within
experimental error over the plasma densities tested.
The purpose of this paper is to report our results and to
demonstrate the relative importance of the various
modifications to the GKS I theory.

In the calculations of GKS I for the H line, the
eGects of close or strong collisions (called strong inter-
actions here) were taken to be negligible as compared
with distant or weak collisions (called weak interactions
here). The electron-impact broadening was considered
only for the upper level and the central component of
the lower level. Also, the ion field-strength distribution
functions of Ecker were used. '

To calculate the H, profiles reported in this paper, the
following general equation, due originally to GKS II,
was used:

1
s( )=- df w(y) Re( l~lp)

*Sponsored in part by a NASA-SUP Grant No. 1906.
r H. Griem, A. Kolb, and K. Y. Shen, Phys. Rev. 116, 4 (1959),

hereafter referred to as GKS I.
' H. Griem, A. Kolb, and K. Y. Shen, Astrophys. J, 135, (1962),

hereafter referred to as GKS II.
I R. A. Hill and R. D. Fellerhoff, Appl. Opt. 5, 1105 (1966);

R, A. Hill and J. B. Gerardo, Phys. Rev. 162, 45 (1967).

where W(f) is the distribution of the ion-field strength

f, and p is the dipole-moment operator. For transitions

' G. Kcker, Z. Physik, 148, 593 (1957).
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Fro. 1. Ratio of the experimental to theoretical half-widths for
the H line as a function of electron density. The experimental
data are those of Birkeland et al. (Ref. 9) (B.O.B.) and Bridges
and Wiese (B.W.) (Ref. 8). The theoretical half-widths are those
of GKS and the present authors (B.E.).
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between levels with small principal quantum numbers,
the electron-impact broadening is given by

—;X2AX~3 2~ ~~-
4a~= 1+ dv

2.6ecm' mk T „; y

XLR. R.—2R. as+ms Rbj, (2)

where R, and Rs are the atomic electron coordinate
vector operators in atomic units. y;„ is a velocity cutoG
corresponding to an impact cutoff of 1.1 times the
Debye radius and is given by

y; = (4rrN/3m) (eon'/1 1kT)', .

where E is the electron density, e is the principal
quantum number of the upper level, and the other
symbols have their usual meaning. If parabolic wave

functions are employed where the a(e,lr, es,m)'s and
P(rs', nr', Ns', m)'s designate the upper and lower levels,
respectively, then the operator C is given by

C=-,' (easiIs'/2' bc) l I(res —Nr)
—~'(I,'—I,')$6..'6»'. (3)

The notation lrrP)& is due to Baranger' and denotes a
state of a "double atom, " each state of which corre-
sponds to two states of the original atom. This double
atom was introduced as a convenience for considering
the interaction in the lower level. The states

l
np» form

a basis to the so-called line space. For the case of
higher principal quantum numbers, the lower-level
perturbations are not always additive as they are for
H as pointed out by Griem. '

In Eq. (2) the eifect of the strong interaction is given
by the term 1 preceding the integral. GKS I assumed
that this strong-interaction CGect would be small com-
pared with the weak-interaction effect and thus neg-
lected the term i. They also assumed the lower state
was not broRdencd by impact Rnd thus ncglcctcd thc
terms —2R„Rs+Rs.Rb in Eq. (2) but included a
R~ R~ term for the central component. The results of
the pro6le calculations reported here indicate that these
are not always negligible CGects.

Recently, Birkcland, ~ Bridges, and tA'iese have made
careful measurements of H line shapes. In both cases
a stabilized hydrogen are was used as the plasma source
and care was taken to either correct for or to minimize
the effect of self-absorption. Simultaneous measure-
ments were made of both the H and Hp profiles with
the Hp half-widths being used to evaluate the electron
density. A comparison of the experimental to the
theoretical H profiles is given in Fig. j.. Here the ratios
of the experimental half-width to theoretical half-width
are given for the range of electron densities from 0.3
to 1.6X10'r electrons/cm'. The GKS I theory gives
half-widths from 10—

30%%uq too small for this density
range. Using the theoretical half-widths reported here,
the agreement between experiment and theory is im-
proved. The variation is within the experimental error
for this same range of densities. At the present time
reliable H prohlc data are not available for 0.7&%
(1.4X10'7 electrons/cm'. Birkeland, Oss, and Braun'
have reported measurements for this density range but
subsequently Birkeland has made further measurements
and he does not consider his data near X=10'7 elec-
trons/cm' as reliable as for the higher densities, we have
therefore not included the data reported in Ref. 9 for
this density range.

0
lo

Fro. 2. Theoretical and experimental H line profiles for an
electron density %=1.5X1017 cm 3 and electron temperature
T= i.'NX10"K. The theoretical pro61es have been normalized
to the peak intensity of the experimental data.

5 M. Baranger, Phys. Rev. 111,494 (1958).
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7 J. W. Birkeland (private communication).
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(Gradevinska Knyiga Publishing House, Belgrade, 1966l, Vol. II,
pp. 165—16'l.

s J. W. Birkeland, J. P. Oss, and W. G. Braun, in Proceedings
of the Eighth International Conference on Ionization Phenomena
in Gases, Vienna, 1967 (to be published).
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In Fig. 2 is shown the experimental H -line profile of
Birkeland et al. for an electron density of 1.5)&10'
electrons/cm' and electron temperature of 1.74)&10"K.
Also shown for comparison are several theoretical line
profiles calculated from Eq. (1) using different approxi-
mations. From this 6gure one can see the relative im-
portance of the various effects on the theoretical
profile. The GKS curve neglects the strong interaction,
considers only broadening of the upper level and the
central component of the lower level, and uses the
Kcker distribution function. Substituting the Mozer-
Baranger distribution function for the Ecker function
(everything else unchanged) has only a small effect on
the line shape as shown by the curve marked "BE-with-
out strong interaction. " It is expected that the dis-
tribution function proposed by Hooper" would also
have a small effect at the center and near wings of the
line. The eGect of considering only broadening of the
central component in the lower level is about the same
as considering broadening of all the components in the
lower level. This profile would coincide with the curve
marked "BE-without strong interaction" and is not
shown. When the strong-interaction effects, the Mozer-
Baranger distribution functions, and broadening for
both the upper and lower levels with cross terms are
included there is close agreement between the experi-
mental and theoretical profiles. The theoretical profile is
then given by the curve marked "BE-with strong inter-
action. " Neglecting strong interaction and broadening
of the lower level, but with the Mozer-Baranger dis-
tribution function, the prolle (not shown in Fig. 2)
would have a half-width about 30% smaller than the
experimental half-width. From Fig. 2 one can see that

' C. F. Hooper, Phys. Rev. 149, 77 (1966).

the major eGects on the profile are the strong interaction
and the broadening of the central components in the
lower level. It is to be expected that the strong-inter-
action effects will be appreciable for those lines having
an unshifted central component (L,L»H, H» etc.)
and have a smaller eBect on those lines with a shifted
central component (Lp,Ls,H~, Hs, etc.).

H -line profiles have been calculated. " using this
modified theory for electron densities and temperatures
within the range from 10" to 10" electrons/cm' and
j.04 to 10' 'K, respectively, wherever the ion-distribution
functions of Mozer and Baranger and the GKS II theory
are valid. These higher densities and temperatures
correspond to typical values in the laser-produced
plasmas reported by Edwards and Litvak. " Using
the ion-6eld distributions of Hooper" should yield
more accurate results than the Mozer-Baranger func-
tions, especially for the high-density high-temperature
plasmas. Lyman-o, profiles were also calculated" using
this same modi6ed theory. Experimental profiles of I.„
corrected for self-absorption were not available for
making a comparison similar to that made for H . This
modified theory is also being used to calculate H~
pro61es in an attempt to 6nd closer agreement between
theory and experiment. '
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The spectrum in the wavelength range 1200 to 1700k excited by proton and hydrogen-atom collisions
with hydrogen molecules has been investigated under thin-target conditions. The prominent features of the
spectrum are bands originating from the J3 and C states of H2 and the Lyman n line of atomic hydrogen.
Relative cross sections are presented for the emission of Lyman n and the Lyman band emission from the
8 state of H2 due to proton and hydrogen-atom impact in the energy range 20—130 keV. Absolute values
of these cross sections are estimated by comparison with known cross sections for Lyman o.. A calculation
of the cross section for proton excitation of the sum of the B and C states of H2 in the 6rst Born approxi-
mation is presented and compared with the experimental results for the 8 state.

INTRODUCTION

HE homonuclear diatomic molecule is one of the
simplest molecular structures. A collision be-

tween the proton and H2 is the least complex ion-
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molecule interaction and the collision between the
hydrogen atom and H2 is the simplest atom-molecule
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