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ROTATIONAL EXCITATION OF H, BY SLO% ELECTRONS IN A BEAM EXPERIMENT
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{Received 19 June 1968)

Rotational excitation and de-excitation jf -J& = +2, Ji = 0, ~ ~ ~, 3, of H& by slow electrons
with and without the simultaneous excitation of one vibrational quantum has been mea-
sured. The absolute total cross section for pure rotational excitation J=3 1 in the en-
ergy range 1-10 eV is presented. The measurements of angular dependences indicate
s-, p-, and d-wave scattering.

Pure rotational excitation of H, molecules by
slow electrons has been investigated theoretical-
ly' using various approximations and electron-
molecule interactions. The derived cross sec-
tions depend strongly on the approach and range, '
for example, at about 2-eV collision energy they
lie between 7x 10 "cm' and 2X 10 "cm' for
o(J'=2- J=O). On the other hand, it seems diffi-
cult to extract quantitative cross-section data
from electron swarm experiments, ~' since rota-
tional excitations are masked by other energy-
loss processes. In the present paper we report
the results of a beam experiment in which for
the first time we are allowed to observe separate
rotational transitions due to single collisions of
slow electrons (1-10 eV) with H, . The energy
and angular dependence were measured for rota-
tional excitation with and without the excitation
of one vibrational quantum.

In an 127' electrostatic energy selector an
electron beam is produced with an energy inho-
mogenity of 20 meV and a beam current of 10
A. This beam crosses the molecular beam at
right angles (10 ' Torr). The scattered elec-
trons enter a second 127 electrostatic energy
analyzer, which can be rotated in the angular
range from 0' (forward scattering) to 120'. Sin-

gle pulses are counted, integrated by a rateme-
ter, or stored in a 400-channel analyzer. The
overall energy resolution of the apparatus for en-
ergy-loss spectra is 30 meV. Detailed descrip-
tions of the electron spectrometer have been
given in earlier papers. '&'

The occupation of the rotational state J is given
by

N(J) cc (2I+ 1)(2J+1)e

where I is the nuclear spinI=0 for J=0 2 ~ ~ ~

and I= 1 for J= 1 3 ~ ~ ~ . Since the gas beam is
at room temperature, the population of the rota-
tional states is as follows: J=0, 13.6%, J= 1,
67.1%,; J=2, 11.3%; and J=3, 7.7$; the contri-
bution of higher states is lower than 0.3%. These
numbers are of importance for the discussion of
Fig. 1, which shows the energy-loss spectrum
for collision energy Ep = 4.42 eV and scattering
angle 20'. The large elastic peak (energy loss
zero) contains all contributions from J'- J with
J' =J= 0, 1, 2, 3. The instrumental peak shape,
especially in the wings, has been measured sepa-
rately using argon (dotted lines). At the right
side of the elastic peak are the visible contribu-
tions from superelastic collisions (J=O-2 and
1-3); at the left side, from inelastic collisions
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FIG. 1. Energy-loss spectrum of 4.42-eV electrons from H2 molecules at a scattering angle of 20'. Pure rota-
tional DJ=2 excitations and de-excitations appear to the left and right, respectively, of the elastic peak. The in-
strumental curve shape of this peak has been measured using argon (dotted line). Around 545-meV energy loss,
rotational transitions occur accompanied by the transition of one vibrational quantum. The expected positions of
energy losses for the different processes are indicated by arrows. The curves Dv =0 are recorder traces using
the ratemeter; for Av = 1 the pulses have been stored in a multichannel analyzer for about 3 h.

(J=2-0, ~ ~ ~, 5-3). Their expected positions
are indicated by arrows. Since, within experi-
mental error, the relative intensities for the in-
elastic processes are the same as the rotational
population distribution of the initial states, we
conclude that the cross sections o(J' =3-4=1),
o(J' = 4-J= 2), and o(J' = 5-4 = 3) are nearly
equal. The processes a(2-0) and o(0-2) are
not discussed because of the tail of the elastic
peak. Since the intensity for 1-3 is about half
the intensity for 5-3, although the initial state
is the same, the cross section for the superelas-
tic collision seems to be about half of the inelas-
tic collision. Similar conclusions can be made
at all other angles and collision energies mea-
sured.

The same discussion holds for rotational tran-
sitions accompanied by the transition of one vi-
brational quantum, the energy-loss spectrum of
which is shown (with slightly different energy
scale) on the left side of Fig. 1.

Figure 2 shows the energy dependence of the
absolute total cross section for the rotational ex-
citation 4' = 3-4 =1 of the H, molecule in its
electronic and vibrational ground states. These
results have been derived from the following
data: (i) measurements of the ratio of the inten-
sity at 75-meV energy loss (contributions from
the unresolved neighbor peaks 2-0 and 4-2 are

&2 Ip) and the elastically scattered intensity; (ii)
measurements of the angular distributions of the
elastic and inelastic scattering, integrated over
the angular range from 0' to 120' and extrapolat-
ed to 180' (which introduces an error in the inte-
gral of about 10%); (iii) the normalization to the
absolute total cross section (sum of elastic and
inelastic processes) measured by Golden, Ban-
del, and Salerno. ' Our total cross section curve
(EL) is compared with the theoretical results of
Lane and Geltman' (LG). The agreement, par-
ticularly in the shape of the curves, is very
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FIG. 2. Measured energy dependence of the total
cross section for the rotational transition 4' = 3-J=1,
4v =0 of the present paper (EL) compared with the
theoretically predicted cross section of LG (Ref. 1).
The experimental points have an accuracy of about 10 %.
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Figure 3 shows as an example the differential

cross sections for elastic collisions (lower
curve) and for the excitation 8= 3-1, 4v =0
(middle curve) at a collision energy of 4.42 eV.
The curves contain information about the differ-
ent partial-wave contributions for the two pro-
cesses. Without recourse to a detailed analysis,
the differential cross section o'(3-1;&) seems to
contain large s-, P-, and d-wave contributions.
The curve shape does not change very much with
energy between 2.5 and 10 eV, although it ap-
pears to be flatter at lower energies; at 1 eV
v(3-1; 8) is nearly constant. These results are
qualitatively in agreement with theoretical pre-

scottering angle Cdegree3

FIG. 3. Differential cross sections (arbitrary units)
of 4,42-eV electrons for elastic scattering Gower
curve) and for the rotational excitation J' =3-J=1,
b,v = 0 (middle). These curves contain information
about the partial waves which contribute to the rele-
vant cross sections. The upper curve represents the
angular dependence of the ratio of the cross sections
for pure vibrational excitation, v =1 0, EJ=O, and
for the simultaneous excitation J'=3-J=1 and v=1
~0

dictions. '""
The upper curve of Fig. 3 shows some exciting

and unexpected results. First, the simultaneous
excitation of two rotational quanta and one vibra-
tional quantum (hv =1) is rather large compared
with the pure vibrational excitation of H, ; second,
the angular dependence for the two processes is
very different. For example, at 90' scattering
angle the two intensities are about equal, where-
as in the forward direction the intensity of the
pure vibrational excitation is about six times
larger than for the transition ~J =2 and ~v =1.

The angular dependence of the scattered elec-
trons for pure vibrational. excitation shows pro-
nounced P-wave character corresponding to the
H2 ('Zu+) resonance state, as has been shown in
earlier measurements, "whereas the angular de-
pendence for the process ~J =2, ~~ =1 is rela-
tively flat. A detailed one-value analysis of the
resonance scattering, which is responsible for
the vibrational excitation, must take into account
the different angular dependences for the two
processes ~J=O and ~J=2. Measurements with
this aim are in progress.
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