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Differential elastic and rotational excitation cross sections for electron-H2 scattering have
been calculated in the close-coupling approximation with electron exchange neglected. The
resulting elastic angular distributions are found to be in very good agreement with measure-
ments. An apparent oscillation in the measured differential cross section for rotational ex-
citation is not found in the calculation.

I. INTRODUCHON

In a previous paper on rotational excitation of
H, by slow electron impact' (will be referred to as
LGI), we described in detail the close-coupling
method (without exchange) applied to electron-
molecule scattering and presented calculated elas-
tic and rotational-excitation cross sections for a
variety of different rotational states and energies.
It was pointed out that rotational excitation is
dominated by p-wave scattering. Differential
cross sections were not calculated at that time,
since measurements of angular distributions of
rotational-excitation cross sections for molecules
seemed rather far in the future. Only a year
later, however, Ehrhardt and Linder reported'
their differential measurements of elastic and ro-
tational-excitation cross sections for electrons in
H, . These authors noted that the integrated j=1

- 3 excitation cross section was in good agree-
ment with our calculations. The angular distri-
bution, however, did not show a pronounced mini-
mum at 90' and therefore, the authors argued,
could not arise principally from p -wave scatter-
ing. Thus, it seemed worthwhile to calculate the
differential cross sections and make direct com-
parisons.

H. THEORY

The details of the close-coupling formalism as
well as a full discussion of the numerical methods,
choice of electron-molecule potentials, treatment
of polarization, and other relevant material are
all given in LGI' and will not be repeated here.
One can summarize the close- coupling calculation
as follows: (i) The total scattering wave function
is expanded in terms of the set of eigenfunctions
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of J2 and Jz, where J =j (molecular rotation) + 1

(electron partial-wave orbital angular momentum).
(ii) The coefficients in such an expansion satisfy
a set of coupled differential equations in r, the
radial coordinate of the scattered electron, and
their asymptotic behavior defines the scattering
matrix for the electron-molecule collision prob-
lem. Once the S matrix is determined, the dif-
ferential cross sections may be obtained from the
expression~ (all cross sections are in ao2)

~ J ~

do(j'-j) (- 1}j jm ~ (,
df/ 4(2j + 1)k.2

xP (cos8),

where k ' is the incident electron energy in Ry,
and where

than l, +l, or l y+l2 whichever is smaller.
We shall also have reason to refer to the in-

tegrated cross sections3 for elastic scattering
(j =j) and rotational excitation (j ej}

v(- 1) ~ I o

and momentum transfer in elastic scattering

o (j —j ) = j(1—cos8)do(j-j)

(6)

=
(2 1)b 2 [&0(j-j) 3&i(j--j)]. (/)

x Z(/, J,/ej„j x)Z(/, 'J,/p„j'x)

xT '(j'/, '; j/, )*T '(j'/, '; j/, ), (2)
m. ELECTRON-H, INTERACTION POTENTIAL

and Z(abed;ef) =(-1)~(f-a+c}

x [(2o+ 1)(2b ~ 1)(2c + 1)(2d + 1)j2

In LGI, the electron-H, interaction was taken as
4

V(r, s)= Q v (r)P (r s), (6)
0

x (acoo
~

acfo) W(abed; ef), (3)

the last two factors being Clebsch-Gordan and
Racah coefficients, respectively.

In Eg. (2), the last two factors are T-matrix
elements, defined in terms of the 8 matrix by'

where r and s are the radius vector of the scat-
tered electron and the orientation of the inter-
nuclear axis, respectively. The radial potential
functions are given as

T (j'/', j/) =6, 5, , -$ (j'/', j/),
gg ll

where the indices J, j, and l refer, respectively,
to the total, molecular-rotation, and partial-wave
angular momenta, and taken together define a
single channel of the scattering. In the summa-
tion over l„ l„ l,', and l,', the limits of summa-
tion are determined by the relations

and ~J, —j
~
-/, -J, j,

I8.0-
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4.0-
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and similar relations for l, and l,', involving j .
As a practical matter, the sums in Egs. (1) and
(2) are essentially finite, since we have found it
necessary to consider only a few j levels at a
time. At low energies, the T-matrix elements
corresponding to large values of l or l are very
small, ' hence only a few values of J need be con-
sidered. The Clebsch-Gordan coefficient in Eq.
(3) then constrains X in Eq. (1) to be no greater
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FIG. 1. Total scattering cross sections: Semiempirical

calculations (Ref. 1) (solid line); measurements of
Golden, Bandel, and Salerno (Ref. 5) (dashed curve);
and Ramsauer and Kollath (Ref. 6) (open circles).
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v (r) =v (r)B(r)+v (r),
8 W

LRp,

where the v ~(r) are short-range interaction
terms appropriate to the Wang ground-state wave
function. 'y4 The long-range interaction is de-
scribed by the terms

v~ 0(r) = —(o/2r4)C(r),

v (r) = —(n '/2r'+ Q/r')C(r),

'1.R4(')

where the cutoff factor is defined as

C (r )= 1 —exp[ —(r/R)'],

8 being a free parameter which controls the long-
range interaction and must be chosen carefully.
In Eq. (9), the short-range interaction terms are
shown multiplied by a term B(r), defined by

B(r) = exp[-B( ,s —r)], r ~ —,s—

(12)

where s is the internuclear separation, 1.4 a, for
H„and 8 is a parameter which modifies the
short-range interaction. In LGI, the point was
made in relation to the two parameters, that the
rotational-excitation cross section, which is dom-
inated by P-wave scattering, is dependent on R
but quite insensitive to variations in 8. The pa-
rameter 8 was then chosen by requiring that the
calculated' and measured' total cross sections be
in reasonable agreement for energies above about
5 eV, where the p -wave contribution to the total
cross section is substantial. A suitable choice
was found to be R = 1.8a, . The short-range
parameter 8 is essentially found to modify s-wave
scattering only. In a crude way, then, 8 corrects
for the omission of electron exchange, which is
very important in s-wave scattering, particularly
for energies below 5 eV. An appropriate value
was found to be 8 = - 2. 5. In Fig. 1, the calcu-
lated total cross sections, elastic plus rotational
excitation, resulting from these choices of the
parameters are compared with the measurements
of Ramsauer and Kollath' and Golden, Bandel, and
Salerno. ' %'e have found the total cross section to
be quite independent of the rotational angular mo-
mentum j of the target H„so that the calculated
curve in Fig. 1 is the same for j =0, 1, etc. This
was verified in LGI by direct calculation for val-
ues up through j = 3.

IV. RESULTS

In Fig. 2, the calculated j=1-3 rotational-ex-
citation cross sections, integrated over all angles,
are compared with the measurements of Ehrhardt
and Linder. ' Considering the approximations made
in deriving an appropriate electron-molecule in-
teraction potential and the neglect of exchange in
the analysis of the scattering, the agreement is
considered to be very good. The agreement is
better at lower energies, the calculations ap-
parently being good to better than 3% for energies
less than 0. 1 eV.' It should also be pointed out
that the maxima in the calculated and observed
cross-section curves both occur at about the same
energy, viz. , E=4.5-5. 5 eV. One finds, upon
examining the partial-wave contributions to the
elastic cross section, that the p-wave elastic
partial cross section also has a maximum at about
this energy.

The calculated differential elastic and rotational-
excitation cross sections for energies between 1
and 10 eV are compared with the measurements
of Ehrhardt and Linder' and Ramsauer and Kollath'
in Figs. 3-V. Rather than normalizing Ehrhardt
and Linder's data to the total cross section mea-
surements of Golden, Bandel, and Salerno, ' we
chose to simply compare the shapes of the differ-
ential elastic cross sections. Thus, in all cases,
the elastic cross-section data of Ehrhardt and
Linder were scaled so as to agree with the cal-
culated cross section at 90 '. A comparison of
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FIG. 2. Rotational-excitation cross sections for the
j= 1 3 transition: semiempirical calculations (Ref. 1)
(solid line); original measurements of Ehrhardt and
Linder (Ref. 2) (open triangles); recent measurements
of Ehrhardt and Linder (private communication) (open
circles and dashed curve fit).
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the calculated and observed integrated cross sec-
tions has already been given in Fig. 1. The elas-
tic data of Ramsauer and Kollath' are absolute
and have not been scaled. The observed and
calculated elastic angular distributions are seen
to agree well for all energies considered.

In order to compare the calculated and observed
rotational-excitation differential cross sections,
we have simply scaled the experimental data so
that the arithmetic mean of the measured cross
sections agrees with that of the calculated cross
sections over the angular range covered in the ex-
periment. It should be remarked again here that
the dominant contribution to these cross sections
is p-wave scattering (i =l'= 1).' The angular dis-
tributions do not, however, show marked minima
at 90 '. This is because in the electron-molecule
problem, the interaction potential is highly non-
spherical and the partial-wave representation is
essentially an expansion in spherical harmonics
&im(8, &P) instead of the simple Legendre poly-
nomials. ' Thus, P-wave scattering in the present
context includes scattering amplitudes for m = 0
and m =+1, which have 8 dependence cos8 and
sin&, respectively. The differential cross section,
containing a mixture of these, does not show a
deep minimum at 90 . Also, it should be noted
that, while P-wave scattering is dominant, de-
tails in the angular variation of the differential
rotational-excitation cross section do depend on
s, d, and f waves as well, particularly at low
energies of the order 1 eV or less.

The much lower signals in the measurement of
rotational excitation as compared with elastic
scattering cross sections leads to more scatter
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FIG. 4. Differential j= 1 3 rotational-excitation and

elastic (j= 1) scattering cross sections: present cal-
culations at 2.45 eV (solid curves); measured rotational-
excitation cross sections of Ehrhardt and Linder (Ref. 2)

at 2.45 eV (closed circles); absolute elastic cross-
section measurements of Ramsauer and Kollath (Ref. 6)
at 2.5 eV {open triangles); elastic cross-section measure-
ments of Ehrhardt and Linder (Ref. 2) at 2.45 eV scaled
to agree with the calculations at 90' (open circles) .
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FIG. 3. Differential elastic scattering cross sections
(j= 1), present calculations {solid curve) at 1.0 eV;
absolute measurements of Ramsauer and Kollath (Ref. 6)
at 1.15 eV (open triangles); measurements of Ehrhardt
and Linder (Ref. 2) at 1.0 eV scaled to agree with the
calculations at 90' (open circles).

FIG. 5. Differential j= 1 - 3 rotational-excitation
and elastic (j= 1) scattering cross sections; present
calculation at 4.35 eV (solid curves); measured rota-
tional-excitation cross section of Ehrhardt and Linder
(Ref. 2) at 4.42 eV (closed circles); absolute elastic
cross-section measurements of Ramsauer and Kollath
(Ref. 6) at 4.5 eV {open triangles); elastic cross-section
measurements of Ehrhardt and Linder (Ref. 2) at 4.42
eV scaled to agree with the calculations at 90' (open
circles) .
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FIG. 6. Differential j= 1 3 rotational-excitation and
elastic (j =1) scattering cross sections: present cal-
culation at 8.02 eV (solid curves); measured rotational-
excitation cross section of Ehrhardt and Linder (Ref. 2)
at 8.0 eV (closed circles); elastic cross-section mea-
surements of Ehrhardt and Linder (Ref. 2) at 8.0 eV,
scaled to agree with the calculations at 90' (open circles).

of the data points in the former case and a larger
error bar assignment. In spite of this, the ro-
tational-excitation data still suggests the presence
of large amplitude oscillations in the differential
cross sections, which we do not find in the cal-
culated results. A recent, more detailed calcu-
lation, ' which takes full account of exchange effects,
results in differential cross sections similar to
those reported here. Again, there is no evidence
of pronounced oscillations.

We have also calculated elastic-momentum-
transfer cross sections. Since momentum trans-
fer emphasizes back scattering, it is apparent
from the measured and calculated elastic differ-
ential cross sections in Figs. 3-7, that the mo-
mentum-transfer cross section should be greater
than the elastic cross sections, certainly for en-
ergies less than 4. 35 eV, the reverse being true
at higher energies. Momentum- transfer cross
sections calculated according to Eq. (7) are com-
pared in Fig. 8 with the elastic cross section and
with the measurements of Engelhardt and Phelps'
and Bekefi and Brown. '
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FIG. 7. Differential j= 1 3 rotational-excitation and
elastic (j = 1) scattering cross sections; present cal-
culation at 10.0 eV (solid curves); measured rotational-
excitation cross section of Ehrhardt and Linder (Ref. 2)
at 10.0 eV (closed circles); absolute elastic cross-
section measurements of Ramsauer and Kollath (Ref. 6) at
at 10.0 eV (open triangles); elastic cross-section mea-
surements of Ehrhardt and Linder (Ref. 2) at 10.0 eV
scaled to agree with the calculations at 90' (open circles) ~

FIG. 8. Comparison of momentum-transfer and total
cross sections: calculated momentum-transfer (I)
and elastic (E) cross sections for the j=1 rotational
state (solid curves); momentum-transfer measurements
of Engelhardt and Phelps (Ref. 9) and Bekefi and Brown
(Ref. 10) (dashed curve). (A comparison of calculated
and measured total cross sections is given in Fig. 1.)
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Pressure Effects of Foreign Gases on the Absorption Lines of Cesium.
V. The Effects of Xenon and CF~~

The shift, broadening, and asymmetry of the doublet components of the first member of the
Cs principal series produced by various relative densities of Xe up to 47 are described. The
shift of 17 other high-member doublets is also reported for Xe up to a relative density (rd) of
5. The effects due to Xe are very similar to those due to Kr. The shift, broadening, and

asymmetry curves for Xe, although much more pronounced, have the same qualitative shape
as our recently reported curves for Ar and Kr. The observed half-widths of various Cs lines
produced by CF4 are very similar to those produced by Xe, and the red shifts are close to
those produced by Kr and Xe.

I. INTRODUCTION

This paper is the fifth in a series. The experi-
mental details and nomenclature are as reported
in the earlier papers except that the spectrograph
has been converted to a dual-beam instrument
followed by an in-line electronic data processing
system that enables the direct recording of the
absorption coefficient as a function of wave-
length. The Xe and CF4 used was 99.995 and
99. V% pure, respectively. The relative densi-
ties (rd) of Xe were computed from the Beattie-
Bridgeman equation. ' Since the broadening and
red shift produced by Xe is greater than that for
the other rare gases (the separation of red satel-
lites from the main line is also greater for Xe),
these effects in the doublet components are more
easily detected. CF, was chosen because it is a
sizable, spherical molecule which would be ex-
pected to act like a heavy rare gas with mass
and polarizability between those of Kr and Xe.

II. RESULTS

A. Shift of Various Cs Absorption Lines
by Xenon

The red shift 4 v~ of the doublet components of
the Cs resonance lines produced by Xe, hereafter

abbreviated as Cs(1)/Xe, is shown in Fig. 1. A
low-pressure region enlargement of Fig. 1 is
given in curve A of Fig. 2, with scale A for shift.
Curve B is for Cs(2)/Xe. An absence of an error
flag indicates that the error for that point is
smaller than the size of the mark. The difference
in shift for the two doublet components was de-
tected as shown, but is negligibly small for rd
&7

The temperatures of the absorption tube and the
corresponding Cs vapor pressures for this and
for the other figures are given in the third and
fourth columns of Table I.

It is quite evident that the plots for 4 v~ versus
rd are not linear for the low-pressure range.
This is also reported by Duperier' for his mea-
surement of the shift of the 'P», component up
to rd 12. Due to the nonlinearity of the curve, it
is not really appropriate to give the slope of the
curve. The values of the slopes for rd &1 given
in Table I are merely average values.

The general shape of Fig. 1 is similar to that
for Cs(1)/Kr as previously reported. ' Due to the
increase in intensity and width of the red satellite
when the rd of xenon is increased, the positions
of the peaks of the two doublet lines were con-
siderably influenced by the overlapping of the
broadened satellites and lines. The separation'


