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struktur einiger Uberginge (M = —1/2 — +1/2
und —3/2 — —1/2) bei 9 GHz, 77 K berichtet, wih-
rend andere Uberginge (fast) keine Struktur zeigen.
Die Beobachtung der shfs im EPR-Spektrum
B || [001] in Abhangigkeit vom Mikrowellen-Ma-
gnetfeld B; (Sattigungsverhalten), vom &uBeren
Magnetfeld B (bei 9 GHz und 35 GHz) und vom
Elektronenspin M (innerhalb der Hauptspektren
AM = 1, Am = 0) 1aBt sich mit theoretischen Vor-
stellungen nach!2 und den Konstanten in GI. (6a),
(6b) befriedigend erklaren. Die Wechselwirkung des
Elektronenspins von Eu?+ mit den Kernspins der
nichsten Nachbarn (F-) fihrt zu einer Aufspaltung
der Energieniveaus der Elektronen. Diese Energie-
aufspaltung ist abhingig vom Elektronenspin M
und vom &dulleren Magnetfeld B [s. Gl. (9)]. Sie be-
wirkt eine Verbreiterung oder Strukturierung der
Hyperfeinlinien im EPR-Spektrum. Bei 9 GHz sind
nur wenige Linien strukturiertl, bei 35 GHz da-
gegen fast alle [s. Abb. (11b)].

Eine Strukturierung tritt dann auf, wenn die Auf-
spaltungsenergie der beteiligten Niveaus nicht zu
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sehr von der Zeeman-Aufspaltung abweicht [GI.
(16)] und die Temperatur nicht zu hoch ist. Dieses
Ergebnis, die geringe Auflosung an den Linien I, IT
bei 35 GHz (Abschnitt Va) und die Betrachtung der
Linienbreiten (Abschnitt Vd) legen die Vermutung
nahe, daf3 bei Berechnung der Aufspaltung § nach
Gl. (9) nicht beriicksichtigte (thermisch bedingte)
statistische Schwankungen der Wechselwirkungs-
parameter 7' eine Rolle spielen.

Die einzelnen Komponenten der shfs zeigen unter-
schiedliches Sattigungsverhalten (die Zentrallinie
sittigt am stiarksten). Nur deshalb sind im gesittig-
ten Spektrum bei 9 GHz, 77 K mehr als 1 Neben-
linienpaar 1 und im Spektrum bei 35 GHz, 140 K
[Abb. (11b)] tiberhaupt Nebenlinien zu sehen.
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In a beam experiment the processes of elastic scattering, pure rotational excitation and
deexcitation, pure vibrational excitation, and simultaneous rotational-vibrational excitation have
been investigated for e-H, scattering in the energy range from 0.3 eV to about 15 eV. Differential
and integral cross sections have been determined in arbitrary units and calibrated on an absolute
scale by normalization to absolute total cross sections. The results are discussed in terms of super-
position of direct scattering, shape resonance and Feshbach resonance scattering and are compared
with recent theoretical investigations. The cross sections for rotational and vibrational excitation,
which are generally small for direct scattering, are greatly enhanced by a broad shape resonance
near 3 eV and by Feshbach resonances around 12 eV. Characteristic differences in the excitation

mechanisms are discussed.

Introduction

The e — H, system is one of the most interesting
systems in atomic collision physics, both from theo-
retical and from experimental point of view. It is
simple enough to allow ab-initio calculations for
e—H, collision processes. Experimentally, the H,
molecule is the most favourable example to carry
out a detailed and quantitative investigation of elec-

tron molecule collision processes. In this work, em-
phasis is laid on the study of excitation mechanisms
for rotational and vibrational excitation processes
of H, by slow electron impact. Some general results
should be representative for other diatomic mole-
cules.

The importance of resonances for vibrational ex-
citaton of H, has been shown in earlier measure-
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ments ! 7%, In these experiments most effort has been
directed to the study of properties of resonances
like energy position, half width, configuration, and
branching ratios. Other experiments have yielded
cross sections for vibrational excitation of H, out-
side the resonance region % 7. All these measurements
do not separate rotational excitation processes from
pure vibrational excitation processes. The first beam
experiment 8, in which rotational transitions of H,
by slow electron impact were observed separately,
removed large discrepancies in the understanding
of the pure rotational excitation process, which had
existed in theory and experiment at that time. The
measurements have been extended to pure vibratio-
nal and simultaneous rotational and vibrational ex-
citation®. By using a simple theoretical model,
ABrRAM and HERZENBERG 1 were able to show that
at energies around 3 eV all these processes are
strongly dominated by a broad shape resonance of
23 *-configuration.

Further experimental information on rotational
and vibrational excitation of H, is provided by elec-
tron swarm experiments 1. While beam experiments
mainly cover the energy range from about 1€V to
higher energies and are more valid to find out de-
tails of the scattering process, swarm experiments
give very useful informations at very low energies.
In recent experiments performed by CROMPTON et
al. 1% 13 careful measurements on rotational and
vibrational excitation of H, have been carried out
for energies below 1eV. In the present work, the
beam measurements for rotational excitation have
been extended down to a collision energy of 0.3 eV
in order to get a range of overlap for both com-
plementary methods.
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The theory of e —H, scattering at low energies
has been further worked out during the last years
by several groups 14719, Extensive ab-initio calcula-
tions including polarization and exchange effects
have been carried out for elastic scattering and ro-
tational excitation. Recently the calculations have
been extended to vibrational excitation 8.

In view of the progress in theory it is the purpose
of the present paper to provide more accurate and
more complete experimental data, especially with
respect to angular distribution measurements and to
the determination of absolute cross sections. The
new experimental data are compared with recent
theoretical results. Secondly, the measurements of
rotational and vibrational excitation have been ex-
tended to energies above 10 eV where Feshbach re-
sonances become important for the excitation pro-
cesses. In the energy range measured three excita-
tion mechanisms can be distinguished: excitation by
a shape resonance, by a Feshbach resonance, and by
normal direct scattering. Characteristic differences
are found which are discussed in detail.

Experimental Procedures

The crossed beam apparatus and the electron spec-
trometer have been described in detail in earlier pa-
pers 2% An electron gun with a 127° electrostatic
energy selector produces a beam of monochromatic
electrons which is crossed at right angles with a mole-
cular beam. The electrons which are scattered from the
scattering centre into a certain solid angle are collected
by an acceptor system and energy selected by a second
127° electrostatic energy analyzer. The collector sys-
tem can be rotated from 0° to 120°. The scattered
electrons are detected with a multiplier and conventio-
nal pulse counting electronics. The pulses are stored in
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a multichannel scaler or integrated with a ratemeter
and directly plotted on an X-Y-recorder.

Most of the experiments were performed at an ener-
gy resolution of 30 —40 meV which was sufficient to
resolve rotational transitions in the energy loss spec-
trum (see Figs. 1 and 2). Typical beam intensities were
5-10710 0 107° A.

The following procedure was adopted to avoid falsi-
fication of the ratios of inelastic processes to elastic
scattering in the energy loss spectra by transmission
effects of the electron optical system. Intensity and
shape of the primary beam were controlled by a moni-
tor for energies between 0.3 eV and about 15 eV. Then,
the energy dependence of elastic e —He scattering was
measured at different angles. As this cross section is
quite well known in this energy range from recent in-
vestigations 2!, the method is well suitable for measur-
ing the transmission properties of the collector system
as a function of energy. By applying lens potentials
which vary with electron energy a nearly constant
transmission of the collector system can be obtained.
More details are described in earlier papers?: 20, The
experimental errors due to transmision effects are ex-
pected to be small especially as the processes investi-
gated here lead to only small energy losses of the
scattered electrons.

The angular distribution measurements for angles
from 20° to 120° have been performed in three in-
dependent ways.

(1) The angular dependence has been measured
with constant gas pressure in the scattering region,
sin ¥ being applied as a correction function.

(2) Careful measurements of differential e — He scat-
tering combined with phase shift fits have been per-
formed by ANDRICK and BITSCH?! recently.. A very
narrow gas beam has been used in these measurements
so that no correction is needed. These e —He angular
distributions have been used to get a correction for the
angular dependence measurements in our machine
which is working with a rather broad gas beam.

(3) The e—H, angular distributions (corrected for
rotational excitation contributions) have been measured
directly with the narrow gas beam apparatus of An-
drick and Bitsch. The results of all methods agree very
well. If the angular distributions are normalized at an
angle of 90°, the corresponding values at 20° deviate
not more than 5% from the average. The agreement is
better at all other angles.

Evaluation of Data

Figure 1 shows an energy loss spectrum which
has been taken from H, with an energy resolution
of 30 meV. On the left and right side of the large

21 D. Anprick and A. BiTscH, to be published. The experi-
mental results show good agreement with the calculations
of J. CarLaway, R. W. La Baun, R. T. Pu, and W. M.
DUXLER, Phys. Rev. 168, 12 [1968].
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elastic peak (energy loss 0) contributions can be
seen from inelastic and superelastic rotational tran-
sitions respectively.

In Fig. 2 the same rotational transitions can be
observed in the neighbourhood of the peak for pure
vibrational excitation. For the evaluation of these
energy loss spectra the following data are needed:

(a) The initial population of rotational states j
is given by

; ‘ -
N() ~ (2I+1)(2j+1) exp— 210D

rr - (D
B =7.54 meV is the rotational constant of H, in its
electronic and vibrational ground state. The nuclear
spin I of the Hy-molecule is /=0 for even j, I=1
for odd j. The gas temperature T has been measur-
ed with a thermoelement to be 7'=67 °C. With
these data, the following population of rotational
states can be calculated from (1): j=0, 11.5%;
j=1, 62.8%; j=2, 12.8%; j=3, 11.9%; higher
states are populated to less than 1%.

(B) The selection rule 4j= %2 holds for rotatio-
nal transitions of a homonuclear diatomic mole-
cule 22, Transitions with 4j= 4 are to be expect-
ed with much lower intensity 2 and could not be de-
tected in the present experiments.

(y) The energy levels of the initial and final ro-
tational and vibrational states are calculated from
the formula 24:

T=we(v+3) —weze(v+1)2
+Bvjj+1) =D P(j+1)*  (2)
with By=B,—a,(v+ %), De=4 B3/we? and w,=
4395.2 em™), w,z,—117.90 cm~!, B,—60.80
ecm™!, ay = 2.99 cm™ L.

The positions of the expected rotational transi-
tions are indicated by arrows in Figs. 1 and 2.

() The instrumental peak shape has been mea-
sured by elastic scattering from helium and argon
(dotted line in the upper part of Fig.1). Special
care has been taken to measure the wings. Changes
in peak shape when switching from one gas to an-
other can be avoided by using small admixtures of
H, to the rare gases.

With these data the energy loss spectra can be
resolved into separate rotational transition peaks as

22 K. TAKAYANAGI, Supplement of the Progress of Theoreti-
cal Physics 40, 216 [1967].

23 N. F. LANE and S. GELTMAN, Phys. Rev. 160, 52 [1967].

24 G. HERZBERG, Spectra of Diatomic Molecules, 2. Edition,
van Nostrand Company, Princeton, N.J. 1950.
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Fig. 1. Upper part: Energy loss spectrum for e— H, scattering
at a collision energy of E=3.5¢V and a scattering angle of
20°. Rotational transitions with 4j= *2 can be observed on
both sides of the elastic peak. The dotted line indicates the
wings of the elastic peak measured with rare gases (instru-
mental peak shape). Lower part: The peaks of rotational ex-
citation and deexcitation processes are superimposed with
known energy positions, peak shapes, and relative intensities
as desribed in the text.

it is shown in the lower part of Figure 1. The peaks
have been superimposed with known energy position
and peak shape. The peak heights can be varied
until agreement with the measured spectrum is
achieved.

The intensity of a rotational transition peak is
proportional to N(j) -o,(j— j*2), while the elas-
tic and pure vibrational excitation peaks are propor-
tional to = N (j) -0 (j—j) and 2 N(j) -0y (j—J)

i

i
respectively with 2 N (j) =1.

In principal, th]e experiment yields cross sections
¢ and G, which are averaged over all contributing
rotational states and depend on the gas temperature,
if 6¢(j—j) and o,(j—j) are different for dif-
ferent j. Calculations on e —H, scattering indicate
that the dependence of 6, (j— j) on j is weak 1% 23,
whereas the variation of o,(j—j) with j is much
stronger 1918, This must be taken into account when
experimental and theoretical results for o, and o,
are compared.

F.LINDER AND H.SCHMIDT

e+H, (v=0,j) e+H2(u=|,j')

Ep=45ev e
e
1T
A
. /|
3 /.'\'\\.‘ 20°

800 700 600 500 %00 300

energy loss [meV]

Fig. 2. Energy loss spectra for e—H, scattering at a collision
energy of E=4.5eV and at several scattering angles. The
process of pure vibrational excitation (4j=0) is accompani-
ed by simultaneous rotational transitions (4j= 12). The
angular dependence for both processes is completely different.

The cross sections o,(j— j1+2) for rotational
transitions are derived from the energy loss spectra
by dividing the peak intensities by the population
N(j) of the initial state. The resulting cross sections
depend strongly on the initial rotational state j. They
can be compared with theoretical predictions of
GerjuOY and STEIN 25 for the relative magnitude
of rotational excitation cross sections:

. . i+2) (j+1
0:(i—>j+2) = (kilk) 51y (o oy 45 (3)

0rli—>i=2) = (k) 520 g @
where the flux factor k;/k; is only important close
to threshold and the common factor ¢ determines
the absolute magnitude of the cross sections. The
relative magnitudes of cross sections resulting from
completely different theoretical approaches (close
coupling 1% 23, adiabatic theory !5 17, resonance mo-
del1%) are in excellent agreement with these for-
mulae which were obtained in Born approximation.
In all cases, where the ratios of cross sections were
extracted from the measured energy loss spectra as

% E. GErRJUOY and S. STEIN, Phys. Rev. 97, 1671 [1955].
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shown in Fig. 1, good agreement was found with
formula (3) and (4). Therefore, in the following
only the process j=1-— 3 was evaluated. The cross
sections for all other processes including super-
elastic collisions are then given by formula (3)
and (4).

The procedure of evaluating the data is now as
follows. From the energy loss spectra which are
taken at angles between 20° and 120° the ratios of
all inelastic processes to elastic scattering can be
measured. From these ratios together with the angu-
lar dependence of elastic scattering from H, which
has been measured in a separate experiment, the
angular distributions for all processes are derived.
In order to put all cross secions on an absolute scale
one proceeds in the following way. The differential
cross sections are integrated over the total solid
angle 4 7. It is necessary to extrapolate the weight-
ed cross sections o(9d)-sin?® to 0° and 180°.
In most cases this is possible without serious er-
rors. The sum of all integral cross sections at each
energy is normalized to the absolute total cross sec-
tion of GOLDEN, BANDEL, and SALERNO 26, This
leads to absolute units for all integral and differen-
tial cross sections of this work.

Discussion of Errors

The experimental errors of the data depend on the
form in which the data shall be compared with theory.
For instance, any angular distribution has smaller er-
rors in arbitrary units than in absolute units. Ratios
of angular distributions are easier to extract from the
measurements than angular distributions themselves.
Therefore, an analysis of experimental errors will be
given here. The discussion of errors follows the pro-
cess of evaluating the data.

I. The accuracy of the ratios of cross sections, which
are the primary result of the measurements, depends
on the processes considered and on energy and angle.
Estimated errors are listed in the following table:

Energy or/Ge Orv/0el oy/0el Oy/Ory
[eV] [%] [%] [%] [%]
0.3—1 30—10 — - —
1.5 5 20 10—20 10—20
2.5—6 <5 5 =5 5—10
>6 5 10 5—10 10—15

26 D, E. GoLDEN, H. W. BANDEL, and J. A. SALERNO, Phys.
Rev. 146, 40 [1966].

27 S, B. J. CORRIGAN, J. Chem. Phys. 43, 4381 [1965].

28 G. J. ScHuLz, Phys. Rev. 113, 816 [1959].

20 D. Rarp, T. E. SHARP, and D. D. Brigria, Phys. Rev. Lett.
14, 533 [1965].
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The main contribution comes frome the statistical
error of the weak inelastic signals which are often in
the order of 1 c/sec or lower. Smaller contributions
result from the unfolding procedure, from the deter-
mination of the values N (j), and from transmission ef-
fects of the collector system. The error in 0;/0¢ is in-
creased from 10% to 30% for energies from 1 eV to
0.3 eV because rapidly decreasing inelastic signals have
to be detected close to the wings of the large elastic
peak. This was the reason why the measurements were
not continued to energies below 0.3 eV. For oy/ge; and
Ov/ory the errors depend on the scattering angle and
increase from small to large angles with decreasing in-
tensity. The errors of 0y/ory are somewhat smaller than
the combined errors of ov/de1 and 6yv/Gel .

II. Going from the ratios of angular distributions to
the angular distributions themselves an additional un-
certainty is introduced by the error of ge;. As already
mentioned above, the error must be estimated to 5%
for small angles if the angular distribution is fixed at
90°.

IIL. The extrapolation of ¢ () *sin ¥ to 0° and 180°
causes an error for the integrated cross sections. In all
cases where the theoretical angular distributions agree
fairly well with experiment and consequently can be
used as guide for the extrapolation, i.e. for o¢, or,
and oy, the error for the integral introduced by extra-
polation should be smaller than 5%. The corresponding
error of the integrated cross section for vibrational ex-
citation is estimated to about 10% and could even be
larger for the higher energies where pronounced back-
ward scattering introduces higher uncertainty.

IV. No additional error is introduced by the summa-
tion of all integral cross sections to the total cross sec-
tion, since contributions from processes which have not
been measured in this work (vibrational excitation 3
to v = 2, dissociation %27 of H,, dissociative attach-
ment 28673%) are very small. The error in the sum of all
integral cross sections is dominated by the error of the
elastic cross section (oe1 gives 90% of the total cross
section) and is estimated to about 5%.

V. The accuracy of the absolute total cross sections
measured by GOLDEN, BANDEL, and SALERNO 26 is esti-
mated to about 3% by the authors. The agreement with
the older measurements of RAMSAUER and KOLLATH 31
is better than 5% except for energies below 1 eV and
around 10 eV. Our absolute scale has been normalized
to the cross sections of Ref. 26, The use of other data
would lead to a renormalization of all cross sections
of this work.

30 G. J. Scuurz and R. K. Asunpi, Phys. Rev. Lett. 15, 946
[1965].

31 C. Ramsauer and R. KoLLATH, Ann. Phys. 4, 91 [1930];
12, 529 [1932].
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Results and Discussion

a) General Survey

Figure 3 shows a selection of Hy- and H, -states
which are of importance for the processes investi-
gated here. The very short-lived Hy -state with 2.2 *-
configuration around 3 eV leads to a very broad
shape resonance in the cross sections » 39, The elec-
tron is captured in the field of the ground state of
the Hy-molecule by the centrifugal barrier. There-
fore, a shape resonance (or open channel resonance)
is always connected with partial waves > 0.

Another type of resonance is caused by the H,™-
state of 22, "-configuration at 11.3 eV. In this case
the electron is trapped in the potential of one (or
both) of the excited states of the Hy-molecule shown
in the figure 2. This type of resonance is called a
Feshbach-resonance or closed channel resonance. Re-
cent experimental investigations % 5 have shown that
there are much more Feshbach resonant states in
this energy region. But it is predominantly the 22';*
resonant state shown in Fig. 3 which is responsible
for the resonance structure in the cross sections for
rotational and vibrational excitation of H, .

e Hi

energy (eV)

internuclear separation (ag)

Fig. 3. Potential energy curves for some H,~ resonant states
(dotted lines) and some H, states (full lines), which are of
importance for the processes investigated in this paper.

32 J. Ev1zier, H. S. TayLor, and J. K. WiLLiams, J. Chem.
Phys. 47, 2165 [1967].

33 J. N. BarpsLEY and F. MANDL, Reports on Progress in
Phys. 31, 471 [1968].
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It seems reasonable that 22" is a frequently oc-
curring configuration among the Feshbach resonan-
ces of H,, because the resonant state is formed as
lowest bound state in the potential of the excited
molecule, corresponding to an S-state in the case
of an atom. Resonant states with other configura-
tions would have higher energy and may be expect-
ed in most cases as shape resonances in the inelastic
channel for excitation of the parent state 2. Since
for the processes investigated here the initial and
final state of the Hy,-molecule is the X 12, *-ground
state, the formation and the decay of an Hy 23 *-
Feshbach resonance predominantly occurs by s-wave
scattering. This is contrary to the case of a shape
resonance.

The experimental results of this work are dis-
cussed in terms of resonance scattering super-
imposed on a background of direct scattering. The
resonance model is very well suited to bring out
simple physical features of the scattering processes.
However, it is necessary to describe briefly the
other theoretical approaches, the results of which
are compared with the present measurements.

The resonance model has been successfully ap-
plied to electron molecule scattering 33735, Among
the numerous electron molecule resonances the 23,*-
shape resonance at 3 eV in e —H, scattering is an
interesting example because of its very short life-
time. The prediction of a dominant po-wave for this
case was confirmed by experiment3. However, the
agreement was only qualitative. The separation of
vibrational excitation into pure vibrational and si-
multaneous rotational and vibrational excitation
gave the same findings % 19. The conclusion is that
the resonance scattering concept is very useful as a
simple model, but must be extended if the scattering
processes are to be described in a quantitative way.

A different approach including all participating
partial waves is the rotational close coupling method
which takes full account of the molecular rotation.
The e —H, problem, i. e. elastic scattering and ro-
tational excitation 23 2* and recently vibrational ex-
citation 18 has been successfully treated by this me-
thod up to energies of about 10 eV. Agreement be-

3% F. H. Reap, J. Phys. B (Proc. Phys. Soc., Ser. 2) 1, 893
[1968].

35 T. F. O'MALLEY and H. S. TAyLOR, Phys. Rev. 176, 207
[1968].
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tween theory and experiment is generally good, but
the physical interpretation of the results is not as
easy as in the case of the resonance model.

The third method, the so-called adiabatic theo-
ry 1% 17 makes use of the fact that the time needed
for the scattering process is usually very small com-
pared to the period of molecular rotation. As a first

oG =kylkiy 2

m'

where the cross sections for individual transitions
(j, m)—(j’,m’) have been summed over final sub-
statess m’ and averaged over initial substates m.
ky[k; is a flux factor. For j=j’, formula (5) de-
scribes pure elastic scattering without change of the
rotational state j.

Both the close-coupling and the adiabatic theory
do not anticipate the existence of a resonance at
3 eV in e— H, scattering. However, though equally
containing all partial waves both approaches find
that all processes are strongly dominated by p-wave
scattering in accordance with the resonance model.
It seems not worthwhile to discuss whether the re-
sonance exists or does not. The very broad shape
resonance is certainly situated on the boundary be-
tween direct and resonance scattering. On the other
hand, a good calculation of direct scattering must
yield an open channel resonance like the 3 eV-reso-
nance in e — H, scattering. This means, that, strictly
speaking, a boundary between direct scattering and
resonance scattering does not exist.

We prefer to retain the resonance concept in this
case and interprete the scattering processes in the
energy region around 3 eV as superposition of re-
sonance and direct scattering. The fact that the
phase shift of the p-wave does not increase by =
over the resonance region must then be explained
by the variation of the phase shift of direct scatter-
ing in the same energy region, which seems plausible
because of the large width of the resonance.

b) Direct Scattering and Excitation
by a Shape Resonance

Elastic scattering is a special case of Eq. (5) and
therefore an important process in connection with
rotational excitation. Figure 4 shows measured an-
gular distributions for pure elastic scattering com-
pared with different theories 14 16, In arbitrary units
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step, the scattering amplitude f(£2, Q') is evaluated
for a fixed orientation of the molecule ({2 = orien-
tation of the molecular axis, £’ =scattering angle of
the scattered electron, both relative to the direction
of the incoming electron). Then, the cross section
for a rotational transition j— j  is represented by
the formula

(5)

the experimental errors are only due to point (II)
of the error discussion. All curves are arbitrarily
normalized to each other at 90°. At 10 eV, experi-
mental results of TRAJMAR et al.® are also shown,
which have been normalized to our measurements
around 70°. The agreement would still be better,
if the results of TRAJMAR et al. ¢ would be corrected
for rotational excitation contribution which are not
resolved in these measurements.

E=10 eV E=25ev
3 —— Henry and Lane (1.0 eV) —— Henry and Lane (245 eV)
——— Hara (2.49 eV) e
//

2 /
£ .
s s N 7
g -
g "

E=z45 eV N E=10.0 eV
2 Ne
S 31 N\ ——Henry and Lane (442 eV) S ———Hara (999 eV)
bt },\—— Hara (4.44 eV) % ¢ xxx Trajmar et al.
k \ X (exp., 100 eV)
\
- 2 \°
\\' ”
\,
\*
1 \\‘.\‘
. e
e

0 B0 O° 300 60° 90° 1200 150°
scattering angle

0 1 i "%
0° 30° 60° 90°

Fig. 4. Measured angular distributions for pure elastic scatter-
ing from H, at different collision energies (open circles) com-
pared with theoretical results of HENRY and LANE !4 and of
HARrA 16:17 and with experimental results of TRAJMAR et al ®.
All curves are arbitrarily normalized at 90°. The measure-
ments of Trajmar et al. are normalized to the results of this
work around 70°. The results of Hara and of Trajmar et al.
include contributions from rotational excitation processes.

When comparing our results with theory one
has to consider that the adiabatic theory of Hara
also contains rotational excitation contributions??,
while the calculations of Henry and Lane are for
pure elastic scattering. However, one can easily see
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from our results on rotational excitation that this
cannot be responsible for the differences between
both calculations. It seems that the calculations of
Henry and Lane agree very well at low energies,
while at higher energies the calculations of Hara
become better. This is confirmed by comparison of
both calculations with the measured integral cross
section for rotational excitation (Fig. 7). It is in-
teresting to notice that at 4.5 eV agreement and dis-
agreement between experiment and both calculations
behave in a very similar way for both differential
elastic (Fig.4) and rotational excitation cross sec-
tion (Fig. 5).

The rapid and drastic variation of the elastic an-
gular distributions with energy indicates large con-
tributions from direct scattering. The calculations 1
show that s-wave and p-wave scattering give com-
parable contributions and that the ratio varies quite
rapidly with energy.

F.LINDER AND H.SCHMIDT

Figure 5 presents angular distributions in arbi-
trary units for the inelastic processes in the energy
range from 2.5eV to 10.8 eV. As far as possible
the experimental results are compared with theory.
The solid lines are the predictions of the pure reso-
nance model of ABRAM and HERZENBERG !0. The
results of the other calculations (HENRY and LANE 14,
CHANG and TEMKIN 15, HARA 17, HENRY 18) are in-
«dicated in the figure.

The comparison between experiment and theory
depends on normalization to some extent. First of
all, the ratios oy/o,, can be directly compared with
each other and are free from normalization prob-
lems. Then, either o, or o, could be normalized
to theory. Since there are physical reasons that o,
and o,, are expected to agree quite well with theory,
we have arbitrarily normalized all determinations
of o, and o,, to each other around 90°. g, is then
no longer freely adjustable. It is a consequence of

E=25eV E=35eV E=45 eV E=80eV E=100/108 eV
100eV
= 3 2 s, o
?—’ 2 .\.\.“'*OI./ .‘.:\'\.\'*T.-/W
% —-—Henry and Lane(4.42 eV) ’
v 1 ..Chang and Temkin(442eV)t T ... Hara (999 eV)
- Hara (444 eV)
0 P
;," gl 108eV
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E .':: 2 .\'i‘_'_../ \.\._l_.../—\.;‘_(-/ \Q_'_‘../—\.W,\"_-/
g c:? .
g = 1
5 ¢ .
__g_ 15 ———Henry (4.42 eV) 108eV
‘9:,’ § ——-=Henry (100 eV)
w =
w 210
T
g S
° 2
Ew®
c
o
2 0
5 7
w5
;‘; 4
i
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scattering angle

Fig. 5. Measured angular distributions for the processes or (j=1-—3), ory (v=0—1; j=1—3), oy (v=0—1; 4j=0)

and for the ratios oy (4j=0)/oyr(j=1— 3) at different collision energies (full points). The results are compared in arbitrary

units with different theories: ABRAM and HERZENBERG 10 (full lines), HENRY and LANE !4, CHANG and TEMKIN 15, HARA 17,

HenrY 8. The normalization problem and the question of temperature dependence of the angular distributions are discussed
in the text.
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this procedure that the discrepancies in o, are em-
phasized, whereas the agreement in ¢, and o,y be-
comes good. However, we think that this choice of
normalization has physical relevance, as is discussed
below. As in the case of elastic scattering the com-
parison has been carried out in arbitrary units be-
cause of the smaller experimental errors which only
come from points (I) and (II) of the error discus-
sion. — It should be mentioned that at 10.8 eV
both theoretical curves for o, are arbitrarily nor-
malized to each other at 90°, while at 4.5 eV the
dotted line for o, (¥) is derived from Henry’s ra-
tions 0y/0.y(?) by assuming that the angular dis-
tribution o,(?) from Henry and Lane is identical
with 6, (%) at the same energy.

The pure vibrational excitation cross section is an
average over all contributing rotational states:

Gy () = %N(i) "oy (j—>j; 9).

Since the individual cross sections oy (j— j; ) de-
pend quite strongly on j1% 18 a temperature depen-
dence of 5, (¥) has to be expected. If from the data
of Abram and Herzenberg the angular distribution
is calculated for a temperature 7 =67 °C at which
the experiments have been performed, the resulting
angular dependence &G.(%) =1.2+6.6-cos*? is
practically identical with that for 7 =20 °C. That
means that in spite of the strong dependence of
oy(j— j; ) on j the averaged cross section &, (%)
seems to be very insensitive to temperature changes.
As far as can be seen from the results of Henry the
same is true for the close coupling results which are
very similar to the predictions of the resonance mo-
del in this case.

The resonance model of Abram and Herzenberg
assumes pure resonance scattering for all processes
of Fig. 5, the scattering electron being a oy-electron.
The first approximation to a oy-electron is a po-
wave, which is the only partial wave that has been
retained in the calculations of Abram and Herzen-
berg. The assumptions lead to an angular distribu-
tion for each process which is constant over the
whole energy range. The fact that the measured
angular distributions do not vary with energy as
rapidly as in the case of elastic scattering can be
taken as an indication that resonance scattering is
much more dominant for the inelastic processes.
Deviations from this simple model indicate the par-
ticipation of other partial waves, which can be
either from direct scattering or from higher terms
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of the resonance scattering amplitude. Since, how-
ever, the next resonance term is the fo-wave, which
is somewhat unlikely to be involved at these low
energies, it seems to be more probable that the de-
viations come from direct scattering contributions.
A further indication for this conclusion is that
higher terms of resonance scattering cannot disturb
the symmetry around 90°.

The angular distributions for the rotational ex-
citation processes o, and o,, can be assumed to be
equal. The conclusion that the p-wave is the domi-
nant partial wave for these processes is independent
of the theoretical approach. Without using the reso-
nance model one sees that pure s-wave scattering
(i. e. s—s) does not contribute, while higher par-
tial waves than /=1 are more or less outside the
range of interaction. This is the reason for the nor-
malization procedure described above.

The angular distributions for pure vibrational ex-
citation and hence the ratios o,/o, show a clear
variation with energy. They are steeper at low en-
ergies, and the minimum is shifted from 100° to
80° while going from low to higher energies. The
asymmetry around 90° indicates that it is not a
higher partial wave of resonance scattering (i.e.
fo-wave) which can explain the experimental results.
It seems reasonable that a relatively large direct
scattering amplitude must be considered for the pro-
cess of pure vibrational excitation. The main con-
tribution should come from the s-wave. The recent
close coupling calculations of HENRY!® yield a
strongly dominating p-wave also for this process.
The comparison in Fig. 5 shows that the calcula-
tions underestimate the contributions from other
partial waves. However, the theory seems to have
the right tendency, because the experimental finding
that forward scattering dominates at lower energies
and that the opposite behaviour results for higher
energies is also indicated in the theoretical curves
though less pronounced.

In conclusion one can say that the relative con-
tribution of direct scattering seems to decrease when
going from elastic scattering to pure vibrational ex-
citation, while the rotational excitation processes
are quite well described by pure p-wave scattering
independently of the theoretical approach. TRAJMAR
et al. ® have carried out an experimental and theore-
tical investigation of vibrational excitation of H, to
v=1, 2, and 3 (without resolving rotations). They
make an attempt to separate the cross sections for
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the processes into direct and resonance scattering
contributions, and they find that for the energy
range of our Fig. 4 and 5 the resonance contribution
becomes more and more dominant with increasing
vibrational quantum number of the final state. These
findings combined with our results discussed above
support the conclusion that for the energy range up
to about 10 eV the processes of elastic scattering
(v=0) and vibrational excitation (v=1, 2, 3) of
H, can be interpreted in terms of superposition of
direct and resonance scattering with decreasing
importance of the direct scattering amplitude.

——G total (Golden,
Bandel, Salerno) 1

—o—Gelastic q
(this work) 1

cross section (107" cm?]
=
1

collision energy [eV] ————

Fig. 6. Integral cross section in absolute units for pure elastic

scattering from H, as a function of collision energy determin-

ed from the measurements of this work. For comparison the

total cross section of GOLDEN, BANDEL, and SALERNO 26 is

shown to which all measurements of this work have been nor-

malized. The difference between ototal and Oelastic represents
the sum of all inelastic cross sections.

Figure 6 shows the integral elastic cross section
Gey=2N(j) 0e(j—Jj) of this work together with

the toftal cross section determined by GOLDEN, BAN-
DEL, and SALERNO ?6. As an average over all con-
tributing rotational states j the elastic cross section
is expected to depend on temperature. However, this
temperature dependence seems to be very weak 14 23,
The cross section 0=20(j— j'), which is the sum

i
of the cross sections for elastic scattering and for
rotational excitation, does not depend on j as has
been shown in the adiabatic theory 15717,

Figure 7 presents the integral rotational excitation
cross section 0,(j=1-—3) in absolute units com-
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pared with different calculations which have already
been discussed together with Figs. 4 and 5. The ex-
perimental errors come from all sources listed in the
error discussion. If the individual errors are com-
bined according to the error law of Gauss, the un-
certainty of the experimental points should not ex-
ceed 10% for energies around 4 eV, while it be-
comes as much as 30% for the lowest energy mea-
sured.
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Fig. 7. Measured integral cross section oy (j=1—3) in
absolute units (open circles) for pure rotational excitation
j=1— 3 of the H, molecule as a function of collision energy.
The experimental results are compared with the calculations
of HENRY and LANE 4, of HARA 17, and of LANE and GELT-
MAN 2. The insert with expanded energy scale compares the
results of the present beam experiment with the results of a
swarm experiment of CROMPTON et al.12. The swarm data
have been transformed from o; (j=0—2) to o (j=1—3)
as described in the text.

The insert of Fig. 7 with an expanded energy
scale shows the low energy region where our results
have been compared with the results of the swarm
experiments of CROMPTON et al. 12. The swarm data
have been transformed from o, (j=0—2) to
o, (j=1- 3) by the formula

or(j=1-3) = §-0,(j=0~>2)

E—74 meV\':
un) ©
which is a consequence of Equation (3). In this way,
one gets a certain range of overlap between swarm
experiment and beam experiment. Our results are
somewhat higher, but at present the errors of both
experiments are such that both methods agree with-
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in their error bars. The error of the beam experi-
ment increases from about 15% at 1 eV to 30% at
0.3 eV, while the error of the swarm experiment
grows rapidly from 5% at 0.3 eV to 30% at 0.5€V.
From 0.5 eV to 1 eV the cross section of Crompton
et al. has been extrapolated with the aid of the
theoretical cross section on Henry and Lane. These
findings express the complementary character of
both methods in the low energy region.

The integral cross sections for pure vibrational
excitation o, (v=0—>1; 4j=0) and for simul-
taneous rotational and vibrational excitation o,y
(v=0—1; j=1-—>3) are presented in absolute
units in Fig. 8 and are compared with the recent
close coupling calculations of HENRY 8. The agree-

a5t A:Gy(Usz0—-1,Aj:0) |
B:Grylu=0-1;j=1-3)
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Fig. 8. Measured integral cross section oy (v=0—1; 4j=0)
for pure vibrational excitation v=0—1; 4j=0 (open circles)
and ory (v=0-—1; j=1-— 3) for simultaneous rotational-
vibrational excitation v=0—1; j=1— 3 (triangles) of H,
as a function of collision energy. The experimental results
are presented in absolute units and compared with recent cal-
culations of HENRY 18, The dotted lines represent an arbitrary
interpolation between the measured points.

ment in the absolute magnitude of the cross sections
is poor, while the ratios of both cross sections are
much better in agreement. The p-wave contribution
seems to be overestimated in the calculations. The
experimental error is composed in the same way as
in the case of Fig. 7 and is estimated to 10% near
the maxima of the curves, while it increases to about
20% for the lowest and highest energies measured.
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The investigation of the temperature dependence of
the pure vibrational excitation cross section gives
the same result as for the differential cross section.
It follows from both theoretical approaches 1% 18 that
the temperature dependence of &, =X N(j)-o,(j— j)

is very weak in spite of a strong]dependence of
oy(j—Jj) onj.

From the data of Fig. 8 one can calculate the to-
tal vibrational excitation cross section 0y, .y by the
equation

ov+rv=zN(j) [Uv(]_>]) +Grv(j_>j+2)
7

+6rv(j'_)j_‘2)]
=0, +1.120,(j=1—3) (7)

which follows by using the distribution N (j) of ro-
tational states at 7= 67° and with the aid of Egs.
(3) and (4) for the relative rotational excitation
cross sections. The resulting cross section oy, vy can
be compared with an earlier direct determination 3
of the total vibrational excitation cross section
v=0— 1. Both results agree within their error
limits.

A recent experimental study of oy, v near thresh-
old performed by CROMPTON et al.1%13 in swarm
experiments completes the information on this cross
section towards the low energy region. The authors
discuss in detail the comparability of both determi-
nations, which is a nontrivial problem !3, and find a
cross section which is about 30% lower around 1 eV
than in Ref. 3. To higher collision energies up to
80 eV the process of vibrational excitation (0y,rv)
has been investigated by TRAJMAR et al.®. In the
region of overlap with the measurements of Ref. 3
the agreement is generally good.

In Tables 1 to 4 the differential cross sections for
all processes and most of the collision energies in-
vestigated in this work have been listed in absolute
units. The experimental errors are larger due to the
absolute scale than in the case where the numbers
are used as angular distributions in arbitrary units
as in Fig. 4 and 5. The errors for the differential
elastic cross sections (Table 1) come from points
(IT), (IV), and (V) of the error discussion. The
inelastic cross sections of Tables 2 to 4 are directly
derived from the ratios Oie)/0e (). The errors are
therefore composed of the errors of the ratios [point
(I) of the error discussion] and those of o, ().
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Table 1. Differential cross sections in absolute units [10—16 cm?/ster] for elastic e—H, scattering.

Scatt. Collision energy [eV]

angle

[°1 0.6 1.0 1.5 2.5 3.5 4.5 6.0 8.0 10.0 10.8
20 0.39 0.46 0.61 1.35 1.86 2.24 2.49 2.60 2.61 2.64
30 0.42 0.46 0.57 1.15 1.57 1.83 2.02 2.10 1.99 2.05
40 0.47 0.49 0.57 0.97 1.29 1.49 1.61 1.61 1.44 1.52
50 0.53 0.55 0.60 0.84 1.09 1.22 1.28 1.25 1.11 1.12
60 0.61 0.63 0.66 0.79 0.92 0.97 1.00 0.96 0.80 0.83
70 0.72 0.75 0.75 0.78 0.82 0.81 0.80 0.73 0.61 0.59
80 0.82 0.87 0.89 0.82 0.78 0.73 0.66 0.57 0.45 0.44
90 0.93 0.99 1.03 0.92 0.79 0.70 0.57 0.46 0.35 0.34
100 1.01 1.09 1.17 1.02 0.84 0.70 0.52 0.40 0.28 0.27
110 1.08 1.19 1.35 1.18 0.93 0.74 0.53 0.37 0.25 0.23

120 1.14 1.28 1.44 1.33 1.03 0.84 0.57 0.35 0.23 0.20

Table 2. Differential cross sections in absolute units [10—17
cm?/ster] for rotational excitation of Hy; or (j=1—3, 4v=0).

Table 4. Differential cross sections in absolute units [10—18
cm?/ster] for simultaneous rotational and vibrational excitation
of Hy; ory (j=1—3, v=0—1).

Scatt. Collision energy [eV] Scatt. Collision energy [eV]

angle angle

] 1.5 25 35 45 60 80 100 [°] 15 25 35 45 6.0 80 108
20 0.60 097 1.06 1.17 1.11 091 0.73 20 066 124 1.25 1.11 0.93 0.69 —
30 057 0.93 110 1.13 1.08 093 0.76 30 059 120 1.24 1.02 0.89 0.65 0.25
40 0.56 0.86 1.02 1.09 0.99 0.82 0.70 40 0.61 1.08 1.13 1.01 0.84 0.67 0.23
50 053 0.83 097 1.02 088 0.79 0.70 50 066 1.04 1.14 097 0.78 062 0.25
60 054 080 0.94 097 085 0.74 0.64 60 0.60 1.08 1.05 1.04 0.78 0.59 0.23
70 0.52 0.77 0.87 085 0.77 0.72 0.65 70 0.79 099 1.00 090 0.71¢ 060 0.22
80 058 0.71 0.84 087 0.75 0.72 0.61 80 081 094 1.02 1.00 0.82 057 0.23
90 059 0.73 081 084 0.79 0.66 0.56 90 070 0.89 1.03 091 0.76 0.52 0.23

100 0.53 0.70 080 0.78 0.73 0.65 0.51 100 086 092 1.00 0.89 0.80 053 0.23

110 0.53 0.67 0.80 0.74 0.71 0.65 0.54 110 0.66 080 095 094 077 050 0.22

120 0.52 0.66 0.79 0.80 0.73 0.58 0.55 120 0.86 0.81 1.00 094 0.75 052 (113°)

Table 3. Differential cross sections in absolute units [10—18
cm2/ster] for vibrational excitation of Hy; oy(v=0—1, 4j=0).

Scatt. Collision energy [eV]

angle

[°] 15 25 35 45 60 80 108
20 3.80 6.50 6.60 5.38 4.35 233 o=
30 296 540 5.73 445 335 191 0.86
40 2.22 3.93 440 3,58 266 145 0.60
50 1.60 290 3.32 292 1.83 1.09 043
60 1.03 210 250 228 133 085 031
70 1.08 137 1.67 134 0.88 0.63 0.19
80 0.68 091 110 098 0.75 042 0.16
90 0.67 0.73 0.78 0.65 0.52 0.36 0.19

100 0.68 0.70 0.72 0.56 0.61 039 0.24

110 1.02 0.73 0.89 0.75 0.65 046 0.39

120 134 1.24 117 1.01 091 065 (113°)

¢) Direct Scattering and Excitation
by a Feshbach-Resonance

The energy range above 11 eV is characterized
by the superposition of direct scattering and several
Feshbach-resonances. It is predominantly one of
these Feshbach-resonances which is responsible for

the structures in the excitation functions of the elec-
tronic ground state® 5. Figure 9 shows some ex-
amples. The two upper curves are differential cross
sections for excitation of v=1 at scattering angles
of 40° and 90°, the lower curve is the excitation
function of v=4 at 100°, in all cases without re-
solving rotational transitions. These curves have
been taken from Ref. ® because of their importance
for the following experiments of this work. In the
exit channel v=1 direct scattering and resonance
scattering are superimposed with comparable ampli-
tudes, while in channel v =4 one has nearly pure
resonance scattering and practically no excitation
outside the resonances. The structures in each chan-
nel belong to different vibrational levels of one H,™-
state which has been shown to have 23,*-configura-
tion 3,

The absolute scales in Fig. 9 are related to the
direct scattering cross section oy, ., outside the re-
sonances. A re-examination of the absolute scales



ROTATIONAL AND VIBRATIONAL EXCITATION OF H,

H,
1+

3

ster

9 cm

differential cross sections [10'

B (N S

A B
1o 15

2028
collision energy [eV]

Fig. 9. Measured differential cross sections for vibrational ex-
citation of H, as a function of collision energy (without re-
solving rotations) 5. Exit channels and scattering angles are
indicated in the figure. The dashed zero lines show the varia-
tion of the unphysical background with energy. The bars to
the left of the curves represent the scaling factors in units of
1-10—1? cm?/ster. The structures in the curves indicated by
small arrows are due to the vibrational levels of the H,™ Fesh-
bach state shown in Figure 3.

for the electronic ground state measurements of
Ref. 3 showed that in some cases the differential
cross sections need corrections which are mainly
due to errors in the former angular distribution
measurements. The absolute scales of Fig.9 have
been corrected and are consistent with the results
of Tables 3 and 4 of this work. The effect of these
corrections on the integrated cros sections of Ref. 8
is small.

The results of Fig. 9 outside the resonances can
be compared with measurements of TRAJMAR et al. 6
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performed at collision energies of 10 eV and 13.6
eV. If our curves for channel v =1 are extrapolated
to these energies, very good agreement with the re-
sults of Trajmar et al. is found.

The question, which is of physical interest for the
investigations of this paper, is to compare the me-
chanisms of direct and Feshbach-resonance scatter-
ing concerning rotational and vibrational excitation.
For a collision energy of 11.62 eV and for the exit
channel v =4 one has pure resonance scattering. At
an energy of 10.8 €V one is well outside the Fesh-
bach-resonances. On the other hand it is reasonable
to assume that contributions from the shape reso-
nance at low energies can be neglected at this energy
in channel v =1, which is supported by theoretical
considerations of TRAJMAR et al. ®. That means that
one can compare the direct excitation mechanism
(E=10.8€V; v=1) with the excitation mechanism
by a Fershbach-resonance (E=11.62¢eV; v=4) at
nearly the same energy. This has been done in
Fig. 10, where for both cases energy loss spectra
for three different angles are shown.

E - 10.80 eV E=1162 eV
vl
W v=4
W
20° ‘ 20°
= 70° ’ 80°
113° 13°
Mmoo | mr
B R -SRI R |

<—— energy loss [eV]

Fig. 10. Energy loss spectra; a) for the direct excitation pro-
cess (E=10.80 eV; exit channel v=1; left side) and b) for
the Feshbach-resonance excitation process (E=11.62 eV; exit
channel v=4; right side) at several scattering angles. For se-
lection of collision energies and exit channels see Figure 9.
The arrows indicate the positions of the expected rotational
transitions as in Figure 2. The rotational excitation contribu-
tions are completely different for both scattering processes.
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The arrows indicate the positions of the same
rotational transitions as in Fig. 2. The striking fea-
ture of Fig. 10 is that the rotational excitation con-
tributions are completely different in both cases.
The reason is given by the distinct participation of
the partial waves in both scattering processes. While
the process of direct scattering contains several par-
tial waves which can cause rotational transitions of
the molecule, the resonance process in dominated
by pure s-wave scattering. The formation of the
H, 23,*-state and its decay into the electronic
ground state X 13,* (v=4) of H, occurs by a 0,-
electron which can be represented by an s-wave in
a first approximation. The weak rotational transi-
tions, however, which can be observed besides the
peak for pure vibrational excitation to v =4 indicate
that other partial waves are also involved to some
extent. These can come either from higher terms
of the resonance scattering amplitude (i.e. mainly
d-wave including s—d and d—s contributions)
or from a small amount of direct scattering super-
imposed on resonance scattering. In the latter case
one would expect an additional p-wave contribution.
The angular distributions for the processes

oy(v=0—>4;4j=0) and 0,,(v=0—>4;j=1—3)
are presented in Fig. 11. Whereas the total vibratio-

nal cross section oy, (), which had been deter-
mined in earlier measurements® and can also be
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Fig. 11.. Measured angular distributions in absolute units for

the processes oy (v=0-—4; A4j=0) and ory (v=0-—>4;

j=1—3) at a colliison energy of E=11.62 eV (nearly pure

resonance scattering). The anisotropy of oy and the existence
of ory cannot be explained by pure s-wave scattering.

calculated from the data of Fig. 11, is much more
isotropic and supports the first order approximation
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of pure s-wave scattering for the resonance process,
the results of Fig. 10 and 11 demonstrate the im-
portance of investigating the processes ¢, and o,
separately.

The experimental errors for the differential cross
sections of Fig. 11 are roughly 20% in arbitrary
units and about 30% in absolute units and become
still larger for the smaller values of 6., (%). The ab-
solute values have been corrected for the finite en-
ergy resolution of the apparatus. — The results con-
cerning the direct excitation process at £ =10.8 eV
have already been presented in Fig. 5 and in Tables
3 and 4.

Conclusions

In a beam experiment, the proceses of elastic
scattering, pure rotational excitation and deexcita-
tion, pure vibrational excitation, and simultaneous
rotational and vibrational excitation have been in-
vestigated for e — H, scattering in the energy range
from 0.3 eV up to the 12 eV region where Feshbach-
resonances become important for the collision pro-
cesses. Differential and integral cross sections have
been determined in arbitrary and in absolute units
for all processes. Differential cross sections give
better insight into details of the scattering process
than integral and total cross sections. They are more
sensitive to small contributions of unexpected or
underestimated partial waves and allow more de-
tailed comparison with theory. A partial wave ana-
lysis of the differential cross sections should be very
useful for the increasing refinement of the ab-initio
calculations.

Particularly, in this work different excitation me-
chanisms have been investigated for rotational and
vibrational excitation of H, by slow electron im-
pact:

a) The energy range below 10 eV can be describ-
ed by the superposition of a very broad 22',*-shape
resonance near 3 eV on a background of direct scat-
tering. A shape resonance is always connected with
partial waves [>0. Therefore, this type of reso-
nance is equally effective for rotational and for
vibrational excitation. It is clear that this conclusion
holds in the same way for the well known shape
resonances in other molecules (N,, CO etc.), where
rotational transitions could not be resolved until
now. The separation into pure vibrational and
simultaneous rotational-vibrational excitation has
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proved to be very useful. The discrepancy in
Oy 4+ rv(?) between theory and experiment in the ear-
lier investigations is found to be mainly due to
oy (4j=0), while 0., (?) agrees quite well.

b) The energy range around 12 eV is characteriz-
ed by the superposition of direct scattering and
Feshbach-resonances. It has been discussed that in
the case of H, Feshbach-resonances may be expected
to have 23,*-configuration in most cases. For the
decay into the electronic ground state of H,, which
is of interest here, the dominating partial wave is
the s-wave. This type of resonance is effective for
vibrational excitation, but less important for rota-
tional excitation. Obviously, this conclusion depends
on the configuration of the resonant state and of the
final state of the molecule.

c) The direct scattering process is present as a
background process in the whole energy range. The
direct scattering amplitude normally contains sever-
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al partial waves, so that one finds direct rotational
as well as direct vibrational excitation. Usually, the
angular distributions vary with energy much more
rapidly than in the case of the resonance scattering
mechanism. The relative importance of the direct
scattering amplitude is decreasing with increasing
quantum number of the exit channel (v =0 for elas-
tic scattering; v=1, 2, 3, ... for vibrational excita-
tion). The contributions to elastic scattering are
relatively large, the cross sections for rotational and
vibrational excitation due to direct scattering are
very small. — These findings are expected to be
valid also for other molecules.
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Elastic scattering, vibrational excitation to v=1, 2, 3, 4 of the electronic ground state, and
electronic excitation to the states a'4g and b'3g* of O, have been measured in a crossed beam
apparatus for collision energies from nearly 0 eV to 4 eV. Differential and integral cross sections
have been determined and calibrated on an absolute scale. From 15 vibrational levels of O,~, which
could be observed as resonances in the cross sections, the spectroscopic constants for the vibrational
structure of O, have been derived: we = 135 meV and we ze = 1 meV. The cross sections for
vibrational excitation have the order of 1078 cm2. eV for the larger resonance peaks. Detailed cross
sections have been listed in Table 1. The half width of the resonance can be estimated to
I'~= 0.5 meV, which corresponds to a lifetime tof 10712 sec for the O, states. The angular depen-
dence of pure resonance scattering is rather flat and not in accordance with the simplest theoretical
model. An analysis of the angular dependence and of the rotational structure of the resonance in a
somewhat extended model have been performed. — No electronically excited O, states could be

detected in the energy range up to 3 eV.

Introduction

Low energy e — O, collision processes are of spe-
cial interest in high atmosphere physics. In a more
general context, the e — O, system represents an in-
teresting example for the study of reaction mecha-
nisms of electron-molecule scattering. It is well
known that higher vibrational states of O,”, which
is a stable negative ion in its lower vibrational le-
vels, play an important role in electron scattering

Reprints request to Dr. F. LINDER, NOAA Environmental

Research Laboratories, Boulder, Colorado 80302, USA.
2 A. HERZENBERG, J. Chem. Phys. 51, 4942 [1969].

processes at very low energies. The formation and
decay of these resonant states can be explained
within the frame of the Born-Oppenheimer approxi-
mation. They are interpreted as very low-lying
shape resonances ! in contrast to an earlier inter-
pretation as nuclear-excited Feshbach resonances .
Because of the low resonance energies and the high
centrifugal barrier these resonances show charac-
teristic differences compared with other resonance
types which are discussed in the preceding paper 2.
™ J. N. BARDsLEY and F. ManpL, Reports on Progress in
Physics 31, 471 [1968].
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