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The forward-scattered component of the absolute cross sections for proton- and deuteron-
impact excitation of the first four vibrational levels of the electronic ground state of H2 have
been measured. Excitation cross-section measurements are reported for laboratory energies
from 100 to 1500 eV; and, for energies below 100 eV, excitation cross sections are reported
for forward-scattered protons from 8=0' to 8=1.9'. The cross sections were measured from
the peak intensities observed in the ion energy-loss spectra generated by passing a high-
quality proton beam (energy spread & 80 meV, angular divergence —+ 1') through a collision
chamber containing the target gas at room temperature. Each excitation cross section (crp„i,
where the quantum number v' refers to the final energy level) is found to reach a maximum
value at an energy which decreases with increasing quantum number 'p': opl(max) = 1.37x 10 "
cm at 200 eV, op2(max) =0.342 x10 cm at140 eV, ando. p3(max) =0.078 && 10 ~" cm andg. p4(max)
=0.021x10 ' cm both at 110 eV. These maxima give collision times and distances which
are consistent with the adiabatic hypothesis. For energies beyond the maxima, the cross
sections decrease very slowly with increasing energy. Furthermore, the cross sections for
excitation to the higher levels decrease more rapidly than the cross sections for excitation to
the lower levels, an effect predicted by Shin in a three-dimensional calculation involving a
semiclassical theory for the excitation of a classical harmonic oscillator. A comparison of
our results with vibrational excitation studies of other systems demonstrates the unique fea-
tures of the H'-H& system. The large values of these vibrational excitation cross sections
and their wide effective kinetic energy span show that vibrational excitation must be an impor-
tant process in a wide variety of physical phenomena.

I. INTRODUCTION

It has recently been learned that proton-impact
excitation of vibrational transitions within the H~

electronic ground state occurs with very large
cross sections at energies of a few hundred eV. '
We have now measured the forward-scattered com-
ponent of the absolute cross sections for proton-
impact excitation of the first four vibrational levels
of X'Z» H2. This paper presents the results of our
measurements and a discussion of their signifi-
cance.

The importance of the proton-H~ system need
hardly be emphasized from the point of view of the
physics and chemistry of molecular interactions.
This is perhaps the simplest system in which mo-
lecular interactions can be observed since only one
of the colliding partners can be excited —the other
one is structureless with regard to excitation of
internal energy levels. The molecule H2 also pro-
vides an ideal target for excitation experiments
from a theoretical, as well as experimental, point
of view. Hz is the molecule with the least number
of electrons in which close range inelastic col-
lisions can occur at low energies; a simpler
quantum-mechanical system would be H'+ H~', but
here the entire encounter would be dominated by
the repulsive Coulomb barrier, and the character
of the excitation would be expected to be very dif-
ferent. ~

The theoretical treatment of vibrational excita-
tion to date has been devoted almost exclusively
to the collinear collision problem. However, a
few publications on the solution of the three-dimen-
sional problem have appeared recently. Qf
these, the most pertinent is an extension of a
semiclassical theory' for the excitation of a clas-
sical harmonic oscillator in which the interaction
potential of the projectile-target system is a three
dimensionally adapted Lennard- Jones potential.
Such a simple potential is not realistic for ion-
molecule collisions of the type investigated here,
and hence, quantitative agreement between this
theory and experiment is not expected. It is ex-
pected, however, that the theory should account
for the salient features of the excitation process,
particularly those features which result from the
attractive part of the potential.

In principle, the experimental results given here
can be used to obtain information about the inter-
action potential of the projectile-target system.
However, at present, the only way that this can be
reasonably accomplished is to propose an adequate
interaction potential, and then calculate the excita-
tion cross sections using a suitable theory, such
as the semiclassical theory mentioned above.
A comparison of the calculated cross sections with
the experimental results would then give a test of
the adequacy of the potential and the reliability of
the theory. A careful comparison of the vibrational
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FIG. 1. Energy-loss spectrum of 500-eV protons
incident on H& gas. Target-gas pressure was approxi-
mately 70 m Torr. The lines indicate the locations of the
first three vibrational energy levels as known spectro-

scopicallyy.

Because the ion spectrometer employed in this
experiment has been already described, ' only a
brief discussion of the parts relevant to this experi-
ment will be given.

The excitation cross sections reported here were
obtained from the relative intensities of the various
components of an energy-loss spectrum generated

excitation cross sections obtained with different
interaction potentials has been made, ' and the re-
sults indicate that vibrational excitation is very
sensitive to the form of the interaction potential.
Thus, a comparison between experiment and theory
concerning these processes should provide a very
sensitive test of the adequacy of a priori interaction
potentials.

The potential surface of H, ' has been calculated
by many authors, e but to this date there has been
little interest in using such results to calculate
excitation transition probabilities. It is hoped
that the results presented in this paper will provide
some stimulus for the calculation of excitation
cross sections.

From the experimental point of view, it is con-
venient to study the excitation of H~ because of the
large vibrational spacing of this molecule (0. 616,
1.004, 1.462, and 1.990 eV for the energy levels
of the first four vibrational levels measured from
the vibrational ground state). '0 Vibrational excita-
tion by ion impact has been observed in other di-
atomic molecules with closer vibrational spac-
ing, "' and the character of the excitations is
much different from that observed in the H'+ Hz

system.
For purposes which will be indicated below, an

investigation of the system D++ Hz was carried
out, and those results are presented here also.

II. EXPERIMENTAL METHOD

by passing a proton beam of well-defined energy
through the target gas. The energy-loss spectra
obtained at many different energies exhibit peaks
at energy losses corresponding very closely to the
vibrational spacing of the X'Z~ ground state of H2.
One of these spectra is shown in Fig. 1. The first
peak on the left-hand side corresponds to the un-
scattered portion of the primary beam, and the
three peaks on the right-hand side correspond to
excitation to the first three vibrational levels of
H~. The vertical lines indicate the location of the
vibrational levels of H2.

'

The ion spectrometer consists of two identical
120' electrostatic spherical analyzers. One is
placed before the collision chamber to provide a
high-quality proton beam (energy spread & 80 meV
and angular divergence & a 1') from the mass-ana-
lyzed proton beam of a duoplasmatron ion source.
The second analyzer is used to scan the energy-
loss spectrum of the beam transmitted through the
target gas in the collision chamber. All ions are
transmitted through the scattered-particle analyzer
at the same energy by the use of a very weak lens
which adds back the energy lost in the collision
chamber. The voltage applied to this adder lens
is a direct measure of the energy loss.

Detection was carried out with an electron multi-
plier whose output current was measured with a
Keithley 602 electrometer. The energy-loss spec-
tra were generated on an x-y recorder in which
the x axis was driven by the energy add voltage ap-
plied to the scattered particle analyzer, and the
y axis was driven by the output of the detector.

The target gas pressure in the collision chamber
was measured with an MKS Baratron model 77H
manometer.

The beam was collimated at the entrance of the
first analyzer by choosing the entrance pupil of the
electron optical system small enough to give the
desired divergence at the collision chamber. ~'

This method of collimation was necessary because
of lack of space within the vacuum chamber. The
disadvantage of such a technique is that the diver-
gence of the beam in the collision chamber is a
function of the incident energy and becomes large
enough to cause the beam to begin to strike the
collision chamber exit slit walls at energies below
about 80 eV (see discussion involving Fig. 2 below).

A. Apparatus Performance

In order for the relative intensities of the dif-
ferent energy components of an energy-loss spec-
trum to be directly proportional to the excitation
cross sections for the various energy levels ex-
cited, it is necessary (a) that the transmission of
the analyzer be independent of ion energy, and (b)
that all the ions within the acceptance cone of the
detector be transmitted with equal efficiency.
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The first of the above requirements was met by
the use of the adder lens in the analyzer which en-
sured that there was no energy discrimination in
the transmitted ions. 3

A critical examination was made of the effect
of angular divergence on transmission. For this
purpose a Faraday cup and a deflection plate were
installed inside the collision chamber in such a
way that the ions entering the collision chamber
could be collected in the Faraday cup by applying
a positive voltage to the deflector plate. The
inside dimensions of the Faraday cup were 1.25
x1.91@7.62 cm deep, so that secondary electrons
from the inside of the Faraday cup were effectively
trapped. In addition, the ion current was mea-
sured without amplification at the first dynode of
the electron multiplier detector. '4 The ratio of the
detector current to the current measured in the
collision chamber is the transmission T of the
analyzer system. This quantity is plotted in Fig.
2 as a function of ion energy. A smooth line drawn
between the points of measured transmission ex-
hibits a knee at approximately 80 eV of energy.
At roughly the same energy, it was noticed that
the angular width of the primary beam began to in-
crease as the energy was decreased further below
80 eV. This indicated that either the beam diver-
gence was outside the limits set by the acceptance
cone of the detector or that the detector was begin-
ning to discriminate against the more widely diver-
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FIG. 3. Angular distributions of elastically and in-
elastically scattered protons with H~ gas in the collision
chamber. && is the angular distribution corresponding
to both the primary beam (no target gas in the collision
chamber) and to the elastic scattering (with target gas in
the collision chamber). 0 is the inelastic scattering with
excitation to v' = 1 vibrational level of H2, ~ is the inelas-
tic scattering with excitation to the g' =2 vibrational
level of H&. At 100 eV all scattered particles are well
within the acceptance cone of the detector.
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gent components of the beam. The collision cham-
ber exit slit diam was D = 0. 152 cm, and its dis-
tance from the entrance slit was 3.835 cm. These
numbers indicate that when the beam divergence
exceeds + 1.1, the ions will begin to strike the
slit walls. Indeed, at this point, the beam cross-
sectional diameter is equal to the exit slit diam
and the observed angular distribution is given by
the convolution of two circles of equal diam D.
The distribution normalized to unity is given by

—,
'

[ 2 cos ' (r/D) —(2r/D) (1 —r /D2)'~ ] D~

I
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FIG. 2. Dependence of scattered-particle analyzer
transmission T on ion energy and illustration of the
dependence of beam divergence half-angle & as a function
of ion energy according to the Helmholtz-Lagrange law.
The transmission remained constant for energies higher
than 200 eV. ~ is the observed half-width at half-maxi-
mum at 30 eV.

where y is the distance between the centers of the
two circles. " In this case x is dependent on the
detector angle and is given by r =AO, where R = 1.89
cm is the collision chamber radius and O is the
detector angle given in are radians. The angle at
which the distribution drops to one-half is Of/Q
= 0. 4 D/If = 1. 84' which is reasonably close to the
experimentally measured value of 1. 9' (see Fig.
3). Thus, it can be safely assumed that the drop
in transmission at 80 eV is caused by masking
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of the beam by the exit slit of the collision chamber
and not by discrimination against divergent ions.
Because the transmission begins to decrease at
approximately 100 eV, any measurements taken
at energies below 100 eV are valid as long as care
is taken to point out that the angle of acceptance
of the detector is +1.9 . In Fig. 2, a plot of the
angular divergence n versus energy indicates how
beam divergence is expected to behave on the basis
of the Helmholtz-Lagrange law. '6 The curve has
been normalized to 1.9' at E =80 eV. The point
below the curve indicates the measured half-angle
at 30 eV laboratory energy. At higher energies
the beam divergence is always less than 1.9' as
shown in Fig. 2, but since the angle of acceptance
is now larger than the beam divergence, the ob-
served angular distribution is determined mainly
by the angle of acceptance and remains essentially
constant at 3. 8' full width at half-maximum (+ 1.9'
half-angle for the cone of acceptance).

B. Cross-Section Measurement

In obtaining a relation which gives the excitation
cross sections in terms of the relative peaks of the
energy-loss spectra, it is convenient to consider
the attenuation of an ion beam as it passes through
a gas which can remove ions from the beam through
many different processes. In this case, the only
processes which need to be considered are elastic
scattering, charge transfer, and vibrational ex-
citation from the ground state to the g th level.
Denoting the respective attenuation coefficients by

Q„Q„and Qo„,, the intensity of the beam, after
traversing a path of length x in the gas, is given
by

I=I exp( —~ Qo„x),
v'

where

I =I, exp[ —(Q, +Q, )xj,
and Io is the beam intensity at @=0. The attenua-
tion coefficient Q is related to the cross section o

by

Q=on,

where n is the target gas density.
If I„"is the beam intensity not including the at-

tenuation due to excitation to the p th level, then
the portion of the beam which excites the target gas
to the v th level is

nI„„=I„„I= I exp( —~ —Qo„. x)

dI„ei=I (1 P Qotx 1++ Qoix)
v'Sv" v'

I~I"~ =I qo" ~ x, (5)

Energy-loss spectra were obtained for the H'+ H3

system in the laboratory energy range 5-1500 eV
and for the D'+ H2 system in the range 30-2500 eV.
Elastic scattering results are presented in Table I
and shown in Fig. 5. Figure 6 shows the increase
of I„.as a function of energy. The measured values
of the excitation cross sections are presented in
Tables II and III and smoothed points are plotted
in Figs. 7 and 8 as smooth curves. Such a pre-
sentation of the data is possible because of the
close spacing of the experimental points (see Ta-

00i5
H++ H

0.005

and, substituting relation (3) into Eq. (5), one ob-
tains

(8)

With this relation, it is possible to obtain the cross-
section values directly from the relative intensities
on the energy-loss spectrum. ~I„. is the peak in-
tensity corresponding to excitation of the v th level
as measured on the spectrum, and I is the sum of
all the peak intensities in the spectrum. x is the
collision path length (x= 3.835 cm) and n is the
target-gas density. Although it is desirable to
keep the attenuation of the beam to a minimum,
the target-gas pressure must be brought up to a
value high enough to give an adequate signal in the
excitation channels of interest. It was found that
the neighborhood of 0. 70 mTorr of Hz gas pres-
sure gave an optimum signal throughout the entire
energy range studied. Measurements such as the
ones shown in Fig. 4 were made at several energies
giving essentially the same results. The two
straight lines correspond to excitation of the v = 1
and v = 2 levels with slopes corresponding to goy

=1.26&&10 ' cm and 0.»=0. 299~10 ' cm, re-
spectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

—I '
exp (- ~~ q,„,x ). (4)

v'
0

0 0,5
P (milliTorr)

l.o

If it is assumed that the net attenuation due to vi-
brational excitation is kept small by maintaining a
low target-gas pressure, then it follows that

FIG. 4. Pressure dependence of proton-impact exci-
tation to the z' =1 and u' =2 vibrational energy levels of
H2.
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A. Elastic Scattering

Elastic scattering was measured in the H'+ H2

system at two laboratory energies: 20 and 100 eV.

TABLE II. H +H2 vibrational excitation cross sections
for the first four vibrational levels of the electronic
ground state of H&. E represents the proton laboratory
energy and 00„. represents the cross section for excita-
tion of the 0 v' transition.

O.OI—

I

IOO IOOO
LAB. E NE RGY ( eV)

& (ev)

5
10
15
20
25
30
35
40
50

Opf (10 cm )

0. 076
0. 111
0. 192
0.304
0.408
0.540+0. 031
0. 760
0. 698
0.908

(10 I8 cm~)

0. 014 + 0. 007
0. 026
0. 038
0. 008
0. 045
0. 060
0. 095
0. 095
0. 103

ap3 (10 ' cm )

0.014 +0. 007
0.024

0.028

0.031

0'p4 (10 ' cm )

0. 011+0. 005

0. 009

I"IG. 8. D +H2 vibrational excitation cross section.
The significance of the solid and dashed line portions is
the same as in I'ig. 7.

that of the H' intensity. Hence, the H2'ion contam-
ination of the D' beam is estimated to be not more
than 2%.

The only calibration error in these measurements
comes from the pressure measurement with the
capacitance manometer. The error in using this
instrument has been estimated at + 5% of the cali-
bration supplied by the manufacturer. '7 The error
incurred in the determination of the current ratios
entering Eq. (6) is determined by the deviations
of the various electrometer amplifier gain settings
from their stated values. This error was easily
found to be less than + 3%. With these figures, the
estimated error of measurement of the cross sec-
tions reported in Tables II and III is + 8%.

The system D'+ Hz was included in this study for
two reasons. First, it was introduced as a further
check of the experimental procedure. As expected,
there were no observable effects of apparatus en-
ergy bias or distortion which might artificially in-
fluence the energy dependence of the cross sections.
The cross sections for both systems were found to
be similar only when considered as a function of
the relative velocity of the colliding partners. The
second reason for including the D'+ H~ system was
to search for the effects of the isotope distortion
of the H3' potential surface of interaction on the
transition probabilities for vibrational excitation.

60
70
80
90

100
110
120
130
140
150

160
170
180
190
200
225
250
275
300
325

350
375
400
425
450
475
500
525
550
575

600
650
700
750
800
850
900
950

1000
1100

1200
1300
1400
1500

0.995
1, 05
1.09
1.20
l.26
1.11
1.11
1.26
1.32+ 0. 10
l.33

1.23
1.27
1.22
1.37
1.28
1.19.
l. 32
1.30
1.34
1.40+0. 12

l.38
1.17
1.28
1.26
1,38
1,.24
1.27+ 0. 12
l. 25
1.26
1.26

l. 19
1.08
1.18
1.08
1.10
1.00 +0. 10
1.17
0. 910
0. 920
0. 870

0. 745
0. 700+0. 10
0.545
0.430

0. 157
0. 260
0.290
0. 350
0. 299 + 0. 050
0.290
0. 316
0. 330
0.340
0.330

0.320
0.330
0.300
0. 320
0.300
0. 230
0. 240 + 0. 041
0.230
0. 253
0. 230

0. 249
0. 226
0.221 + 0. 043
0. 210
0. 230
0. 194
0. 182
0. 192
0. 192
0. 185

0. 172

0.070
0. 110
0. 110
0.065
0. 085
0.066
0. 070
0.070
0.084 + 0. 015

0. 057
0. 060
0. 056
0. 065
0. 051
0. 044
0. 048
0. 054
0. 058
0. 064+0. 010

0. 062
0. 063
0, 057
0. 041
0.038
0, 039+0, 010
0. 029
0. 040
0. 038
0.031

0. 020

0, 124 0, 015

0. 096 0.009+0. 005

0. 070
0. 081

0. 061 + 0.030
0. 049

0. 005

0. 006

0. 155+0. 033 0. 019

0. 015

0. 009

0. 021
0. 020
0. 013
0, 019

0. 018
0. 020+ 0. 005
0. 018
0. 017
0, 010
0, 010
0. 012
0. 014
0. 024

0. 012
0. 011
0. 011
0. 015 + 0. 005
0. 008

0. 008
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TABLE III. D +H2 vibrational excitation cross sections
for the first four vibrational levels of the electronic
ground state of H~. For notation see Table II.

EIab(eV) (701 (10 cm ) o.
62 (10 cm ) o.

03 (10 cm ) 0 (10 16 cm2)

30
35
40
45
50
55
60
65
70
75

80
85
90
95

100
110
120
130
140
150

160
170
180
190
200
220
240
260
280
300

325
350
400
450
5pp
600
700
800
900

1000

1200
1400
1600
1800
2100
2450

0. 168+0. 038
0. 193
0. 331
0, 369
0. 412 + 0. 036
0.492
0. 547
0. 642
0. 604
0. 716

0. 727
0. 777
0. 741
0. 779
0 ~ 856 + 0. 050
0. 968
0, 831
l. 11
1.07
1.08

1. 16
l. 03
0. 961+0. 052
1, 00
1, 16
1, 10
l. 09
1 15
1, 17
1.07

1. 17

1.08+ 0. 10
1.33
l. 22
l. 28
1, 48
l. 48+ P. 12
1, 46
1.08

1, 00
1, 01+0.10
0. 980
0. 972
0. 928
0. 843 +0. 10

0. 010 + 0 ~ 005
0. 039
0. 039
0.047
0. 056
0. 069
0. 080 + 0. 020
0. 083
0. 178

0. 094
0, 117
0. 182
0. 195
0.235 + 0, 045
0, 213
0.202
0.250
0.289
0. 262

0.312
0.270
0.209

0.311+0.051
0.252
0.222
0.325
0.276
0.232

0.300
0.221+ 0. 032
0. 188
0.231
0. 192
0. 182 + 0. 032
0.231
0 ~ 230

0. 139

0. 110+ 0. 030
0. 105
0. 089
0. 081
0. 079
0. 061

P. 015 + 0. 006

0. 017

0. 030

0. 026

0. 018
0. 03 8 ~ 0. 008

0. 036
P. 040
0. 040
0, 044
0. 076
0. 097
P. 071 + 0. 010

0. 077
0. 058

0. 076
0 ~ 083
0, 061
0. 079
0. 072 + 0, 010
0. 053

0. 044
0. 056
0. 070
0. 040
0. 054
0. 031 + 0. 010

P. 035

0. 019

0. 013

0. 010+0. 006
0.008

0, 006 + 0. 005
0. 013

0, 011
0. 011
0, 011
0. 009
0. 020

0, 014 +0. 005

0, 015
0. 014

0. 015

0. 010 + 0. 005

0. 010

0. 011
0. 016
0. 015

0. 005

0. 005 +0. 003

0. 003

The attenuation of the primary beam was approxi-
mately constant for energies larger than 100 eV,
although at high energies the principal cause of at-
tenuation was charge transfer"'" rather than elastic
scattering. Figure 5 shows the pressure dependence
of the intensity lost from the primary beam due to
elastic scattering. The elastic cross sections mea-
sured represent20 o = 2~f;, o(8) sin8 d8, where 80
=1.9'. In Table I, v, denotes the cross section for
elastic scattering of H' by Hz (not corrected for
charge transfer) obtained from Fig. 5. o, denotes
the corresponding results of Cramer. Hp was
4. 18' for the measurements reported by Cramer,
so it is to be expected that the values reported here
should be larger. The ratio o(20 eV)/o(100 eV)
differs markedly from the corresponding ratio in

the work of Cramer, but this is not entirely unex-

pected in view of the general behavior of the dif-
ferential scattering cross section at small angles.
Udseth et al. ' have recently observed the rainbow
scattering in the H'+ Hz system at 10 eV (c. m. )
energy. An inspection of their data indicates a
rainbow angle y„of approximately 22' in the c.m.
system. The kinetic energy E and the rainbow
angle y„are related by the approximate relation

q„= II(e/Z), (7)

where & is the well depth of the potential of inter-
action and B is a constant which depends on the
interaction potential. 3~

With the aid of Eq. (7) it is expected that y„=3.3
(laboratory angle 8„=2. 2') at E=67 eV c.m. en-
ergy (100 eV lab energy). Udseth et al. have also
observed a rainbow structure associated with vi-
brational excitation. (Implications with respect
to this work will be discussed in Sec. IIIB.) Thus,
it is expected that the differential cross section
will increase very rapidly with decreasing angle
in the neighborhood of 8 =2' for a proton laboratory
energy of about 100 eV. This rapid increase around
H =2' is what makes the cross section measured
in this experiment at 10Q eV much larger than
Cramer's. In Cramer's measurement, the rain-
bow-scattered particles were not counted as elastic
scattering at 100 eV because Hp=4. 18' for his
measurement. Thus, the rainbow behavior of the
cross section at 1PP eV accounts for the discrep-
ancy between the ratios in Table I.

B. Vibrational Excitation

Figure 6 shows four energy-loss spectra taken
at four different energies. The primary beam in-
tensity was approximately the same for all four,
and the target-gas pressure was kept constant at
Q. 7Q mTorr as the energy was varied. The in-
crease of the cross sections and the onset of the
excitation of the first four vibrational levels are
clearly shown.

There is good reason to believe that there may
be considerable rotational excitation accompanying
vibrational excitation. In this experiment, we
looked for a change in the character of rotational
excitation as a function of kinetic energy. Such
an effect would appear as a shift of the energy-loss
peaks with changing kinetic energy. There was a
random shift of + P. 015 eV in the location of the
energy-loss peaks, so that a shift of the order of
0. 030 eV should have been easily detected. Since
the target gas is at room temperature, about 67%%uo

of the molecules populate the J= 2 rotational state. '
Transitions from this state result in a minimum of
0. 030 eV shift in energy for the J=2-J=1 tran-
sition, all other transitions giving larger shifts.
No such shift was detected in this experiment,
which indicates that the initial and final. rotational
states involved in the collision were the same at
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TABLE IV. Collision distance and vibrational-constant
distortion. The velocities v corresponding to the maxima
of the excitation cross sections are given for the first
four vibrational levels. The quantity a denotes the col-
lision distance associated with each velocity and ~/Q
gives the H2 vibrational-spring-constant distortion in-
duced by a proton approaching to within a distance a
(Rev. 24).

1
2
3
4

v(10' cm/sec)

H'+H2
1.95
1.63
1.45
1.45

a(A)

7. 8
3 ~ 3
1.9
1.5

M/k

0
0. 07
0.32
0. 47

2. 39
1.38
1.34
1.29

D +H2
9. 6
2. 8
1.8
1.3

0
0. 09
0. 37
0. 54

all energies involved in this experiment.
The broadening of the vibrational peaks seen in

Fig. 6 amounts to well over two times the primary-
beam energy spread. This is observed at all en-
ergies, and it can be explained in terms of the re-
coil imparted to the target molecule upon collision
with a proton. '

The cross sections for forward-scattered proton-
and deuteron-impact excitation to the first four vi-
brational levels of H~ are shown in Figs. 7 and 8,
respectively.

The cone of acceptance of the detector has a half-
angle of 80=1.9 as mentioned above, so the cross
sections measured here are related to the differen-
tial scattering cross section by

oo„. = 2m f 0 oo„, (8)sin8 d8. (8)

Because of the divergence of the beam at low en-
ergies, it was impossible to determine the angular
distribution of elastically and inelastically scattered
particles at the lower energies where wide-angle
scattering is xpected to become important. Thus,
for energies below approximately 100 eV the mea-
sured cross sections for the proton-Hz system are
to be interpreted as partial cross sections and for
energies above 100 eV they are to be interpreted
as total cross sections. The corresponding energy
for the D'+ H~ system occurs at approximately 130
eV.

Udseth et al. do not give absolute cross-section
values. However, their observed relative cross
sections can be used in conjunction with the inelastic
cross sections measured here and the elastic cross
sections of Cramer to give a rough estimate of the
total cross section at 15 eV laboratory energy. A
graphical integration based on their relative cross

sectiors gives an estimate of (1.8 + 0. 5x10 "cm~
for the total excitation cross section to the p = 1
level at 15 eV laboratory energy. This value has
been placed in Fig. 7 at the corresponding energy.

These results indicate that the maxima observed
in Figs. 7 and 8 are to be interpreted as the points
Btwhich grazing collisions reach maximum eff ic iency
in exciting vibrational transitions. The actual peaks
of the complete total cross sections should occur at
energies somewhat lower than those indicated in

Figs. 7 and 8. Because of the large spread of the
maxima in energy, the location of the maxima of
the complete total cross section should be located
close to but below the ones determined from Figs.
7 and 8. Thus, the energy values at the maxima
observed in this experiment are upper bounds of
the values corresponding to the complete total cross
section. Figures 7 and 8 show that the maxima oc-
cur at successively lower energies as v increases
from 1 to 4. The velocities corresponding to the
energy values at the maxima are tabulated in Ta-
ble IV.

Since the energy of excitation is well defined in
this process, it is expected that the adiabatic theory
should give a qual. itative prediction of the location
of the maxima observed. Thus, the probability
of excitation should be highest when the collision
time ~, is approximately equal to the period of vi-
bration v', of the excited state. The collision time
is given by

r, = 2a/v,

where v is the relative velocity, and a, the collision
length, is a distance corresponding to the range
within which the perturbation of the H2 energy levels
is sufficient to induce a transition to a higher en-
ergy level. Table IV shows the values of a which
were obtained using the above assumptions. These
values of a are also to be considered as upper
bounds for the collision distances corresponding to
the total cross section; however, in view of the sim-
ple definition of the collision distance, it is more
meaningful to interpret the collision distances in
Table IV as those corresponding to grazing col-
lisions in which the direction of motion is essen-
tially undisturbed by the excitation collision.

In Table IV, b k/k is the fractional change in the
spring constant of H2 due to electron exchange with
the incoming ion. These values have been obtained
from the work of Korobkin and Slawsky, ' who cal-
culated the dilation of Hz bond lengths due to elec-
tron exchange with a nearby proton. Slawsky and
collaborators '~' propose that excitation occurs in
two parts. In the adiabatic part of the collision
the spring constant of the molecule is lowered by
the approach of the ion. Excitation in the manifold
of lowered vibrational energy levels then occurs at
the moment of impact during the shorter diabatic
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FIG. 9. Dependence of cross-section ratios on velocity
for the H'+H& and D'+H& systems. The negat, ive slopes
indicate that excitation to the higher vibrational levels
decreases more rapidly than excitation to the lower vi-
brational levels. The significance of this result is ex-
plained in the text. The isotope effect on the interaction
potential does not lead to significant changes in the
transition probabilities at these energies.

part of the collision. The values of &k/k indicate
the amount of the H2 potential distortion necessary
to reach the corresponding vibrational level by
proton impact.

In view of the large spread in energy of the cross-
section maxima, it is not unreasonable to assume
that there is a range of collision distances corre-
sponding to different collision lifetimes for each
transition. Indeed, it has been shown that the en-
ergy at which the probability of excitation reaches
a maximum is strongly dependent on the impact
parameter of the collision, with the larger impact
parameters giving rise to excitation maxima at
higher energies. This result and the results in Ta-
ble IV give a qualitative understanding of the reason
the cross sections for excitation to v & 2 decrease
more rapidly at the high energies than does that for
v =1 (see Figs. 7-9). As seen from Table IV,
transitions to the higher levels require a closer
approach by the proton than do transitions to the
lower levels. And, since only grazing collisions
are being considered, it is apparent that only small
values of the impact parameter lead to transitions
to higher vibrational levels. This effect, and the
fact that smaller impact parameters result in ex-

citation maxima at lower energies, give rise to a
more rapidly decreasing function of energy for the
cross sections corresponding to the higher energy
levels.

This is consistent with our results since it means
that the transition probabilities for a given energy
level, when averagedover arange of impact param-
eters, give rise to a net transition probability
whose span in kinetic energy depends on the breadth
of the range of impact parameters which is effec-
tive in inducing the transition. This range of im-
pact parameters becomes smaller as the excitation
energy increases. The wide spread of the maxi-
mum of o0g in Figs. 7 and 8 indicates that excita-
tion to the first level occurs over a very broad
range of impact parameters, while the more rapid
decrease of 002, oa„and o~ indicates narrower
and narrower ranges of impact parameters for ex-
citation of higher levels. The effect is demonstrated
very clearly in Fig. 9 where the ratios era~/v0, and

(F03 /Gpg are observed to decrease as the energy
(velocity in this figure) increases.

An attempt was made to fit the data at the higher
energies (& 100 eV) to the theoretical results of
Shin. This was done mainly in an effort to deter-
mine the behavior of the total cross section at
lower energies (& 100 eV). As mentioned earlier,
Shin's computations were carried out for a three
dimensionally adapted Lennard- Jones potential.
For an appropriate well depth of 2-4 eV, it was
found that the potential constant 0. had to be in ex-
cess of 10 &10 cm; this gives a potential mini-
mum at distances larger than 1Q &&10 cm, which is
absurd since the expected value is less than 1 &10 '
cm. ' An examination of the formulas involved in
this computation shows that the main features
(location of maxima and magnitudes of slopes) of
the cross section depend very strongly on the form
of the potential. It is thus reasonable to expect
that a potential could be found which would fit our
data with this theory.

IV. CONCLUSIONS

The excitation cross sections reported here have
contributed much to the understanding of the vi-
brational excitation process.

A comparison with vibrational excitation in larger
diatomic molecules"' reveals some very impor-
tant differences. Vibrational excitation has been
investigated in the systems 02'+Ar, 0'+ O~, " and
Ar'+ D~. ' On these systems, the excitation cross
sections reach maxima at energies in the neighbor-
hood of 2Q eV or less, and multiquantum transitions
become more important as the kinetic energy in-
creases. The energy dependence of these transi-
tions is in reasonable agreement with the semi-
classical results of Shin which were calculated using
a Lennard-Jones potential. Of course, the well
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depths of the interaction potentials in these systems
are much smaller than the well depth for the proton-
Hp system, and because of the weaker interaction
which is more like the interaction between uncharged
particles, these larger systems are better described
by a Lennard-Jones potential. A further consequence
of the weaker interaction is that the molecul. ar
spring constant is perturbed much less than in the
proton-Hp system, and therefore the perturbation
of the energy levels will not be very significant in
inducing transitions.

Our experimental results are consistent with the
adiabatic hypothesis2~ in that they give reasonable
values for the collision distances of grazing en-
counters corresponding to the excitation of the first
four vibrational energy levels of the electronic
ground state of Ha. As expected from the decrease
of vibrational period with increasing energy levels,
the collision distances decrease with increasing
energy levels. These results, viewed in the light
of the calculations of Korobkin and Slawsky for the
H'+ Hp system, indicate that the proton must ap-
proach very close to the molecule to excite the
higher vibrational levels. It is observed that, as
a consequence of this requirement, the cross sec-
tions corresponding to the higher-energy levels
must decrease more rapidly with increasing energy
than those corresponding to the lower energy levels.
This last conclusion is understood qualitatively in
terms of the results obtained by Shin for the Len-
nard-Jones potential, as explained in Sec. III.

Apparently, the lack of quantitative agreement
with Shin's calculation is due to the fact that no ac-
count is taken of the charge-induced dipole term
in the interaction potential. This attractive term,
with an x-4 dependence, would extend the range of
interaction beyond that of the x term in the Len-
nard-Jones potential, and mould account for the
large range of impact parameters involved in the
excitation collisions observed here.

An extension of the importance of close range
impact to the energy region below 100 eV would in-
dicate that most of the forward scattering comes

from the range of impact parameters where the
deflection function for the classical trajectory
passes from y &0 (the positive branch) to y &0 (the
negative branch). ~7 This region, which always oc-
curs at impact parameters smaller than those cor-
responding to the rainbow region, is the one respon-
sible for glory scattering in elastic collisions. 0'

The proton-Hp system provides an ideal case for
the observation of glory scattering through the ex-
citation channels since there is no interference
from the primary beam. In the observation of
elastic scattering in nonisotropic systems, such
as H'+ Hp, much information about the potential is
lost because the observed rainbows are necessarily
averages of collisions with different orientational.
configurations. It is hoped, however, that some
of this information may be gained back by compari-
son of our results mith theoretical calculations and
also by a study of.the forward glory scattering that
is expected to arise in the inelastic channels at
lower energies.

The excitation cross sections reported here
clearly indicate that vibrational excitation must be
a very important process in nature. At low energies
(& 100 eV), the vibrational excitation cross section
is much larger than the charge-transfer cross sec-
tion, and at higher energies (& 300 eV), "~" it is of
the same order of magnitude as elastic scattering.
Furthermore, because of the large amount of en-
ergy (0, 5 eV) lost per collision, it is obvious that
vibrational excitation is more effective than elastic
scattering in slowing down energetic particles.
Thus, at high energies, vibrational excitation is
expected to play the major role in determining the
rate of energy dissipation; at lower energies, it
will decreasingly compete with elastic scattering,
and finally at energies below threshold (about 0.75
eV), only elastic scattering will determine the rate
of energy dissipation. Hence, it is expected that
vibrational excitation should play a very important
role in the energetics of high-temperature plasma,
and in the energy degradation of protons and other bare
nuclei incident on the upper atmosphere as cosmic rays.
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The energy and angular distributions of electrons produced in the ionization of helium by
electrons with energies between 100 eV and 2 keV have been measured in a crossed-beam ap-
paratus consisting of a fixed hemispherical energy analyzer and a rotatable electron gun. Dis-
tributions of secondary electrons (those electrons departing with energies less than one-half that
of the incident primary electrons) were obtained for a wide range of energies and for angles
between 30' and 150' with respect to the direction of the incident primary electron beam. The
observed angular distributions were significantly different from the results of two early elec tron-
impact measurements; however, they agreed to the ex".ent expected with more recent results and with
similar proton-impactdata. For secondary energies above about 50 eV and for primary energies
greater than 300 eV, the energy distributions (the cross sections integrated over angle) were ob-
served to be very nearly equal to the distribution givenby the Mott formula for free-electron-free-
electron scattering multiplied by the number of electrons in the target.

I, INTRODUCTION

Cross sections for the production of low-energy
electrons ejected in electron-impact ionization by
fast electrons are of importance in plasma physics,
atmospheric physics, and radiation chemistry. In
particular, since electron-impact excitation and
ionization cross sections are largest in the energy
range 20-200 eV for most atomic and molecular
species, knowledge of the rate of production of sec-
ondary electrons in this energy range by high-ener-

gy electron-impact ionization is essential to an un-

derstanding of the total energy deposition by fast
particles. Relatively little has been published
about these cross sections. In a previous short
note, ' we reported measurements of the energy dis-
tribution of secondary electrons produced in elec-
tron-impact ionization of helium and compared the
results to Born- approximation calculations. In this
paper we give a more complete account of the ex-
perimental procedure and discuss in greater detail
the observed energy and angular distributions.

The quantity we have measured is the doubly dif-
ferential cross section [called o(E&, E, , 8) and ex-


