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From observations of the kinetic-energy distribution of protons and deuterons at corres-
ponding forward and backward angles with respect to the electron-beam direction, the for-
ward momentum imparted to the dissociating H, (D,) molecule by the incident electron has
been determined for electron energies up to 300eV. The momentum transfer along the beam
was found to remain nearly constant at all energies above threshold, although above 100 eV
the values obtained for D, were systematically higher than the values for H,., When corrected
to the center-of-mass system, the angular distribution of H* (D*) near threshold was found to
contain a large isotropic component and an anisotropic component which deviates, in a manner
suggested by Zare, from the cos?0 dependence predicted from a simple dipole Born approxi-

mation,

I. INTRODUCTION

When a molecular gas is bombarded with elec-
trons of sufficient energy to cause dissociation,
the angular distribution of the fragments will, in
general, be anisotropic with respect to the direc-
tion of incidence. This fact was first realized by
Dunn, ! who demonstrated that the angular distribu-
tion of the products of dissociation produced by
electron impact depends critically on the symme-
tries of the initial and final molecular electronic
states involved in the process. A subsequent mea-
surement by Dunn and Kieffer,? as well as a
much earlier observation by Sasaki and Nakao, 3
demonstrated that these arguments apply to disso-
ciative ionization of H,. Dunn and Kieffer attempted
to explain the observed electron energy dependence
of the angular distribution of fast protons from H,
for electron energies above 50 eV in terms of a
simple dipole Born approximation. More recently
Zare, * following closely an earlier Born-approxi-
mation treatment of Kerner, ® calculated the angu-
lar distribution of H* from dissociation of H,* by
electron impact, a process which, except for the
absence of an additional ejected electron, should
be quite similar to that of dissociative ionization.
He argued from a consideration of the momentum
transfer involved, that the angular distribution of
H* from H; near threshold should deviate apprecia-
bly from the cos? © dependence predicted by the
dipole approximation.

The effect of the momentum transferred to the
heavy particles by the incident electron was not
included in the interpretation of Dunn and Kieffer’s?
results. Recent experimental evidence, ®7 however,
suggests that heavy-particle recoil can be an im-

2

portant factor in determining the mechanics of
atomic and molecular excitation and ionization
processes produced by electron impact, even at
energies much above threshold. A careful con-
sideration of this effect is therefore essential,
especially when explaining laboratory observations
of processes involving relatively light atoms or
molecules. In the present paper, the measure-
ments of Dunn and Kieffer have been repeated and
extended to threshold to learn more about the effect
of molecular recoil on the angular energy distribu-
tion of H* (D*), as well as to determine the valid-
ity of the dipole approximation as it applies to this
process.

II. APPARATUS

The apparatus used in this experiment is similar
to the one used by Dunn and Kieffer.2 However,
several significant improvements were made, the
most important being a large increase in sensi-
tivity through the use of counting techniques. The
collision chamber, electron gun, ion optics, and
vacuum system were completely redesigned for this
experiment. Figure 1 shows a detailed scale
drawing of the collision chamber and electron gun
which were mounted inside a stainless-steel
vacuum system.,

A well-collimated low-energy electron beam
produced ions in a field-free region which then
drifted under their initial velocity through a pair
of apertures (A1 and A2) into a 60° sector magnet.
The magnet was tuned to select ions of a particu-
lar momentum which were then accelerated and
focused into an electron multiplier. The output
pulses of the multiplier were amplified and counted
with a scaler. The electron gun was rotatable with
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respect to the ion-detection system in such a way
that measurements of ion intensity could be per-
formed in the laboratory angular ranges 157°
>0 > 23° and 337° =© > 203°. By varying the
field in the 60° sector magnet, a measure of the
momentum distribution of the ions could be ob-
tained.

The collision chamber was machined out of 304
stainless steel and consisted of two sections. The
bottom section was bolted to a base plate which
supported the spectrometer and ion-lens systems,
and the top section, to which the electron gun was
attached, rotated with respect to the bottom sec-
tion on three small sapphire ball bearings evenly
spaced in a circular V groove and lubricated with
pure powdered tungsten disulfide. Rotation was
performed by means of a vacuum mechanical feed-
through connected to the scattering chamber by a
flexible steel shaft. The top section could rotate
360° with respect to the bottom section. The elec-

\—BASE PLATE

GAS INLET
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Collision chamber, electron gun, ion lens, and spectrometer.

tron gun’s angle of orientation was measured by
observing a scale rigidly attached to the rotating
section with a telescope located outside the vacuum
chamber.

The electron-gun axis was oriented at an angle
of 23° with respect to the plane perpendicular to
the rotation axis. Precision mechanical measure-
ments indicated that the axis of the chamber, gun,
and ion-lens system always intersected to within
a sphere of diameter 0.001 in. The laboratory
angle © between the electron-beam axis and ion-
lens axis is related to the angle of rotation of the
collision chamber y by a simple transformation

cos©=cos23°cos? . (1)

The electron gun was similar in design to one
discussed by Kuyatt and Simpson® which employed
a multistaging technique, whereby electrons were
drawn from a cathode by a high potential and then
decelerated to the final energy. It was specifically
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designed to operate at low energies in the range
5-300 eV and to produce a well-collimated beam
with total divergence angle less than 2.0° at all
energies. The maximum beam current obtained
depenced on energy and varied from about 0.15 pA
at 6.0 V to 20 A at 150 V. Beam currents in excess
of 20 uA were never used. At each electron energy
the voltage ratio on each lens of the gun was ad-
justed to give proper focus which could be deter-
mined by observing the current arriving at the
collecting cup and an aperture ring placed in front
of the cup (see Fig. 1). The electron-collector
aperture was just large enough to pass the space-
charge-limited current for a beam 6.0 cm in
length, corresponding to the distance between this
aperture and the exit aperture of the gun. The
voltage ratio on the final electron-gun lens was
adjusted to minimize current to the ring and maxi-
mize current tothe cup. By applying a retarding poten-
‘tial to the collector aperture ring, a rough measure
of the energy spread of the electron beam was ob-
tained and found to be approximately 0.5 eV.

The interaction region was totally shielded from
electric fields produced by the electron-gun and
ion-lens elements. Morever, the gun, magnet, and
ion-lens system were “self-shielding” so that
fields generated by one could not influence the
operation of the other. The earth’s magnetic
field as well as small fields produced by the 60°
sector magnet and ion pump were shielded out with
a double layer of Co-Netic AA foil. The 60° sector
spectrometer was designed so that its field dropped
off extremely rapidly at short distances beyond
its entrance and exit apertures. With no current
passing through the magnet coils, the maximum
magnetic field measured in the center of the colli-
sion chamber was 0.035 G. As the field in the
spectrometer was increased from 0 to 1 kG, the
field inside the scattering chamber was observed
to change by about 0.02 G.

All of the stainless-steel parts close to the
electron beam, such as the electron-collector
shield, were thoroughly demagnetized before
assembly. To avoid possible effects due to
surface charge, the insulators used to support the
electron collector and the first ion-lens system
were well shielded from the beam and interaction
region. The inside surfaces of the scattering
chamber, ion lens, and magnet were coated with
aquadag (colloidal carbon) to reduce contact poten-
tials and surface reflection of electrons. The sur-
faces of the electron collector were coated with
platinum black.

The angular resolution was determined by the

size and spacing of the apertures Al and A2 and
estimated to be +1.2°. Except for a few minor
mechanical modifications, the 60° sector magnet
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was identical to the one used by Dunn and Kieffer. 2
From a consideration of the effective radius of
curvature of the magnet and the size of the exit
aperture the calculated energy resolution of the
spectrometer for a parallel ion beam was AE/E
=0.13. An examination of ion peak widths obtained
from mass scans of accelerated thermal-energy
ions gave a value of 0.10 for AE/E.

The vacuum chamber in which the instrument was
placed was evacuated with a 50-liter/sec ion pump
and a titanium sublimator with an estimated effective
pumping speed for Hy and D, of about 640 liters/sec.
The gas to be studied was introduced through a
stainless-steel tube connected directly to the bottom
of the collision chamber as shown in Fig. 1. Under
normal operating conditions, the gas pressure inside
the collision chamber was between two and three
orders of magnitude greater than the pressure out-
side. This pressure was monitored with an ion
gauge located in the gas inlet line and controlled by
avariable leak connected to a high-purity gas sample
contained in a 1-liter glass flask at 1-atm pressure.
A bypass valve permitted evacuation of the gas line
at times when the leak was closed, and prior to in-
troducing the sample, the line was uniformly baked
at a temperature of about 200 °C.

The base pressure of the system was 3.5x10°8
Torr. With gas in the collision chamber at 5x 105
Torr the sublimator filament was turned on at least
once every 15 min for a period of about 0.5 min.
This was sufficient to maintain the pressure outside
the collision chamber at a value below 10"7 Torr.
The sublimator filament was never on when data
were taken, although its operation appeared to have
no effect on the positive-ion count rate.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS
A. General

Three types of measurements could be made with
this instrument: (a) the momentum distribution of
ions for a fixed electron energy and angle, (b) the
angular distribution of ions for a fixed electron
energy and ion momentum, and (c) the appearance
potential of ions from a measurement of ion count
versus electron energy for a fixed ion momentum
and angle.

B. Kinetic-Energy Distributions of H' and D" from H, and D,

The kinetic energy E of an ion of mass Mwas
measured using the first-order focusing condition
of a 60° sector magnet given by E = B?/Ma? where
B is the magnetic field strength and « is a geomet-
rical factor. The method of experimentally deter-
mining a as well as contact potential corrections
is identical to that used previously.?® The observed
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deviation in @ gave an uncertainty of +2, 0% in the
ion-energy scale. The contact potential correction
was measured on each day that data were taken and
was found to be around +0.15 V for H, in the system
whereas a systematically lower correction of about
- 0.04 V was obtained with D, in the system. Al-
though the accuracy of the energy scale in this ex-
periment depended on the magnet calibration, an
independent check on the energy scale was made by
observing the position of mass peaks which result
from accelerating ions with initially thermal energy
(e.g., H,* and D,*) into the spectrometer by apply-
ing an accurately measured potential to V3. A
comparison of the energy scale determined in this
way always agreed to within 0.2 V with that predict-
ed from the magnet calibration. Measurements of
energy distributions made at the same angle and
electron energy on different days also agreed to
within 0.2 eV.

It should be emphasized that whenion kinetic ener-
gies were measured, no potentials were applied to
the ion-lens elements to draw ions out of the inter-
action region or focus them into the spectrometer.
The ions which entered the spectrometer and sub-
sequently the multiplier drifted through apertures
A1l and A3 under their own velocity. Focusing volt-
ages were applied to the ion-lens elements only
when measurements were made of the mass spectra
of accelerated thermal-energy ions.

The electron energy scale was determined from
retarding measurements of the beam as well as
from appearance potential measurements of the ions
H," and D," with known ionization energies. The
estimated error in determining the electron energy
scale was +0.2 eV, which mainly corresponds to
the error in measuring ionization potentials due to
the energy spread in the electron beam.

Each data run for kinetic-energy distributions
consisted of an average of two or more successive
magnet scans made by measuring the ion count at
fixed intervals of the magnet current. The magnet
was recycled before each scan. The integration
time at each magnet current setting was determined
by the electron-beam current measured at the
collector. The current arriving at the collecting
cup plus aperture ring was measured with a 610 B
Keithley electrometer used to drive a voltage-to-
frequency converter which produced an output fre-
quency proportional to the electron-beam current.
This frequency was counted with a scaler, the out-
put of which was used to control a gating circuit
that determined the period during which ions were
counted. In this way the data were automatically
corrected for variations in electron-beam current.
The dependence of ion count on beam current was
found to be linear over the range of currents used.
This indicated that there was essentially no trapping
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of ions in the beam, which is expected, since the
estimated potential well depth of a 35-V electron
beam at a current of 4 pA, corresponding to the
conditions normally achieved, is about 0.17 V, an
order of magnitude lower than the lowest ion energy
observed.

The measurements on H, and D, were typically
performed at collision-chamber pressures slightly
below 5x107° Torr, as measured with an ion gauge
in the gas inlet line. Measurements of the H* and
D* count rate at different angles and energies as a
function of chamber pressure yielded a linear de-
pendence below 2x10™* Torr with zero intercept.
During each data run the pressure was monitored
on a strip chart recorder. Variations in pressure
greater than + 1% were never permitted; moreover,
the effect of small pressure drift was essentially
averaged out by the method of taking data.

The data shown in Figs. 2-4 and 6 were arbitrar-
ily normalized to the peak ion count. To obtain the
curves of Figs. 3 and 4, a line was drawn through
the data points which had been corrected for spec-
trometer resolution in a manner previously de-
scribed, ° i.e., the observed ion count at each mag-
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FIG. 2. Kinetic-energy distribution of H* from H, for
E,=150eV and ®=305°. The dots with error bars cor-
respond to the data of Kieffer and Dunn (Ref. 9) and the
crosses are the present result. The solid line repre-
sents a theoretical Franck-Condon prediction (Ref. 9)
which has been corrected for spectrometer resolution
and molecular thermal motion and is based on the as-
sumption that the observed H* ions come only from the
25¥ repulsive state of Hy'.
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FIG. 3. Observed kinetic-energy distributions of H*
from H, at different electron energies for ® =23° (solid
lines) and ®=157 ° (dashed lines). The corresponding
electron energies are indicated at the right of each
pair of lines.

net setting was divided by the calculated energy
which the ions had when they passed through the
spectrometer. In order to compare with the results
of Kieffer and Dunn, ® the data shown in Figs. 2, 5,
and 6 were not corrected for the effect of spectrom-
eter resolution. The energy-distribution curves
shown in Figs. 2-4 represent data from single runs
in which the degree of scatter is indicated by the
crosses in Fig. 2. Repeated measurements demon-
strated that the shapes of the distribution curves
were quite reproducible.

Appearance potential measurements made at ion
energies above 3.0 eV did not reveal any structure
which might be attributed to the presence of back-
ground ions. Mass spectra of accelerated thermal-
energy ions identified the contaminants inthe vacuum
system to be mainly H,O, CO, N;, CO,, and Ar,
listed in order of observed intensity. A comparison
of mass peak heights indicated that the relative con-
centrations of these ions were less than 1.0% of
H; or D,. The base pressure in the gas line was
~4x10"8 Torr, and the impurity content of the gas
samples used was given by the manufacturer as
25 ppm. Magnet scans of unaccelerated ions per-
formed without H, or D, in the system showed that
energetic ions produced from the background gas
were of high momentum and most intense at magnet
currents far above the range where H* and D* were
observed.
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FIG. 4. Observed kinetic-energy distributions of D
from D, at different electron energies for ® =23 ° (solid
lines) and ®=157° (dashed lines). The corresponding
electron energies are indicated at the right of each
pair of lines.

The energy-distribution measurements of Kieffer
and Dunn® were repeated in the present experiment
for the same angle and electron energy in order to
obtain a check on the energy scale and to verify the
shape of the distribution which they observed. The
results for H* are shown in Fig. 2, in which the
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FIG. 5. Kinetic-energy distributions of H* from H, near
threshold for E,=33.0eV and V,(23°) = V,(157°) =0.
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FIG. 6. Kinetic-energy distributions of H' near thresh-
old for E,=33.0 eV. The ions were accelerated or re-
tarded (+ or —) by the potential V, applied to the spec-
trometer. Each set of data was taken on a different

day and the three sets were then normalized by setting
their peak values equal to 1.0. V, is in volts.

dots with error bars correspond to their measure-
ment and the crosses correspond to the present data.
The solid line in this figure is a theoretical energy-
distribution curve predicted by Kieffer and Dunn®
using Franck-Condon overlaps and assuming that

the ions are produced by a transition from the ground
>; state of H, to the repulsive T} state of H,*. For
purposes of comparison, the theoretical curve was
corrected for the effects of the molecular thermal-
velocity distribution and the finite-energy resolution
of the spectrometer. Neither set of experimental
data has been corrected for the spectrometer reso-
lution. The results obtained agree with those of
Kieffer and Dunn, although there is a slight differ-
ence of about 0.25 eV in the energy scales, which is
within the stated error for both experiments.

Figures 3 and 4 show a comparison of energy-dis-
tribution curves for H* and D* taken on the same day
at the corresponding forward and backward labora-
tory angles © =23° and ©=157° for different incident
electron energies. The significant features of these
data are the variations in structure of the distribu-
tion curves with electron energy and the forward
and backward shift in energy which, as will be dis-
cussed later, is due to molecular recoil.

The data shown in Figs. 5 and 6 were taken at the
same corresponding angles ©=23° and ©=157° at
an electron energy near the threshold for formation
of ions with a center-of-mass kinetic energy of
about 8.0 eV,

C. Measurement of Molecular Recoil

Upon colliding with an electron, a molecule will
acquire an additional velocity due to momentum
transfer, and its kinetic energy will change by an
amount 5E which satisfies the condition 6E <4 (m,/
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ME,, where m, is the electronic mass, Mis the
molecular mass, and E, is the incident electron
energy. The equality corresponds to the 180° elastic

scattering. If the electron loses all of its energy in
the collision such as occurs in an ionization or ex-

citation process at threshold, then 8F = (m, /M)E, .
For an incident energy of 35.0 eV, the maximum
kinetic-energy change for the molecules H, and D,
is on the order of the mean thermal energy at room
temperature (300 °K); hence the effect of molecular
recoil would ordinarily be difficult to observe. How-
ever, if the molecule dissociates after the collision,
the momentum transferred to the molecule may
appear as a relatively large shift in the kinetic en~
ergy of the dissociation fragments. For a process
such as dissociative ionization at threshold, one
can argue from conservation of energy that the elec-
tron is stopped and all of its momentum is imparted
to the heavy particles. From simple classical
kinematical considerations, it can be shown for the
process of dissociative ionization at threshold that
the difference betweenthe kinetic energy of dissocia-
tion products formed with the same center-of-mass
energy E, but observed at the corresponding labora-
toryangles ©and 7 - © is giventoagood approxima-
tion by

AE (8)=4 (My/Myp){(m,/M,)(1- My /My5)
x [E% - E, (D+1)]}*/%cos O, (2)

where M, is the mass of the fragment, M, , is the
mass of the molecule, D is the dissociation energy
of the molecular ion, and I is tne ionization potential
of the molecule. In deriving Eq. (2), the condition
for energy and momentum balance has been used,
namely,

Ey=(1-M,/Myp)[E, - (D+1)] . (3)

Equation (2) is valid if E,> 6E, a condition well
satisfied for dissociative ionization from the re-
pulsive 37 state of H,* and D,*, since SE~0.04 eV,
whereas E,~ 8.0 eV. At threshold for H* formation
from H, by 33-eV electrons, Eq. (2) gives AE (0°)
=0.73 eV, where the values I=15.42 eV and D = 2. 65
eV have been used.

The energy-distribution data shown in Fig. 5
demonstrate that there is indeed an observable shift
in the kinetic energy of this magnitude near thresh-
old. An accurate measure of the energy shift AE (23°)
cannot, however, be obtained from these data be-
cause of the intensity difference inthe ion count at the
two angles resulting from the fact that no correction
has been applied for the effect of spectrometer reso-
lution. Note that the ratio of the peak heights is
roughly equal to the ratio of corresponding peak
energies. At threshold the energy shift AE (€) was
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measured in two ways: (a) by applying a small re-
tarding or accelerating potential v, to the spectrom-
eter (lens element L3 of Fig. 1) relative to the
collision chamber necessary to bring the energy-
distribution curves into agreement at the corre-
sponding angles © and 7-6; and (b) by determining
the shift in the energy-distribution curves obtained
without applying potentials to the spectrometer, but
correcting for the effect of spectrometer resolution.
Both methods gave the same value for the same con-
ditions of electron energy and angle. Figure 6 il-
lustrates the degree to which energy-distribution
curves near threshold could be brought into agree-
ment by applying potentials V, to the spectrometer,
and shows that these voltages left the shape of the
distribution curves essentially unchanged. This is
expected since the energy shifts are about an order
of magnitude smaller than the mean ion kinetic ener-
gy, which implies that focusing effects in the lens
system were quite small. The accelerating and re-
tarding potentials used to obtain the data in Fig. 6
include the largest ever applied, and therefore, this
figure represents the “worst” conditions. The three
sets of data shown were taken on different days.
For the first set (left-hand side of Fig. 6), agree-
ment was obtained by applying an accelerating po-
tential with ©=157°. For the third set, a retarding
potential was applied with ©=23°, and for the sec-
ond, both retarding and accelerating voltages were
used.

The forward-backward energy shift given by Eq.
(2) is obtained from the potentials V, using the for-
mula

AE@©)=V, (6 -V, (1-0).

Thus variations in the values for V, shown in Fig. 6
give a measure of the uncertainty in determining
AE, which in this case is about +0.02 V. The ex-
perimental values for AE, determined by the above
instrumental techniques, agreed well with the theo-
retical values predicted from Eq. (2), thus verify-
ing that the observed energy shift is indeed that due
to the effect of momentum transferred to the mole-
cule by the incident electron. The measurements
on D* produced a value for AE which was scaled
down from the H* value by a factor of 1/v2 as pre-
dicted. Moreover, the measurements of AE (6) at
threshold for different © showed the proper cos ©
dependence given by Eq. (2). This is demonstrated
by the data in Fig. 7. A small error is introduced
by this method of determining the energy shift due
to neglect of correction terms which arise in trans-
forming from the center of mass to the laboratory
system.!! The observed energy shifts are therefore
slightly larger than predicted at threshold.

The momentum transferred to the dissociating
molecule at threshold can be calculated from the
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FIG. 7. Correction potentials applied to the spectrom-
eter to remove the effects of momentum transfer. The
solid line represents the theoretical energy shift. These
data illustrate that the observed kinetic-energy shift of
the H* ions near threshold has the correct angle depen-
dence given by Eq. (2).

observed energy shift using the relationship

AE (©) 1
K=5.8 WCOSG ) 4)

where K is the magnitude of the momentum transfer
along the beam direction in units of reciprocal Bohr
radii. Energy shifts measured at electron energies
above threshold were also interpreted in terms of

a mean momentum transferred to the molecule along
the beam direction using Eq. (4). The results of
such measurements are shown in Fig. 8 for both H,
and D,. Each point in this figure was obtained from
a comparison of energy-distribution curves, such
as shown in Figs. 3 and 4, taken on the same day

at corresponding angles 6=23° and ©6=157°. The
technique of retarding and accelerating ions was not
used above threshold since the value of AE depended
on E,. However, attempts at taking data in this
way were quite consistent with the results shown

in Fig. 8. The arrows in this figure indicate the
theoretical momentum transfer at threshold calcu-
lated using Eqgs. (2) and (4) for formation of ions
with center-of-mass kinetic energy E,. The first
point on the left of each set of data in Fig. 8 corre-
sponds to the observed threshold value.

D. Measurement of Angular Distributions near Threshold

Figure 9 shows the angular distribution measure-
ments of H* from H; near threshold which were
instrumentally corrected to the center-of-mass sys-
tem by applying accelerating and retarding voltages
to the 60° spectrometer in the manner described
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FIG. 8. Average momentum transferred to Hy and D,

along the electron-beam axis as a function of electron

energy at different center-of-mass ion energies E,for

the process of dissociative ionization. The first point
corresponds to a measurement made at threshold, and
the arrows indicate the theoretical threshold values.

above to compensate for the effect of momentum
transferred to the molecule by the incident electron.
This procedure for correcting angular distribution
data to the center of mass is justified on the basis
of the results presented above from the measure-
ment of momentum transfer at threshold. The re-
tarding or accelerating voltages applied to the spec-
trometer were adjusted to bring the ion count at ©
into agreement with that at 7—©. The actual volt-
ages which were applied at threshold for three dif-
ferent electron energies are plotted in Fig. 7, as a
function of angle, and compared with the kinetic-en-
ergy shift of H* ions predicted from Eq. (2). The
applied correction potentials follow the theoretical
energy-shift curves quite well, although, on the
average, their magnitude is slightly larger than ex-
pected. The correction voltages required to give
forward-backward symmetry for D* from D, were
smaller by a factor of 1/V2, consistent with the
mass dependence of Eq. (2).

The data in Fig. 9 were obtained by multiplying
the recorded ion count at each angle © by sin®© to
correct for angular variations in the interaction
volume, and then arbitrarily normalizing to 90°.
The data runs were performed by first recording
ion counts at odd values of the chamber angle v for
rotation in one direction, and then at even values of
v for rotation in the opposite direction. The period
of a data run was typically 90 min. The points in
Fig. 9 correspond to an average of five data runs
taken on four different days on both sides of the
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collision chamber. The error bars represent the
calculated standard deviations, and indicate the
possible error in normalization.

Figure 10 shows angular distribution data which
were taken without applying correction potentials to
the spectrometer at electron energies of 50 and 75
eV for a laboratory ion energy of 8.6 eV. The re-
sults are compared with earlier measurements of
Dunn and Kieffer, 2 performed in the same way under
identical conditions. There appears tobe reasonably
good agreement with the same degree of forward-
backward asymmetry apparent in both sets of data.
This asymmetry is consistent with the energy-dis-
tribution results shown in Fig. 3, and therefore
easily accounted for in terms of molecular recoil.
It should be noted, however, that an examination of
the peak of the ion energy-distribution data taken
at corresponding forward and backward angles at
different electron energies and corrected for
spectrometer resolution, revealed a slight forward
backward asymmetry independent of that accounted
for by the energy shift due to momentum transfer.
The magnitude of this asymmetry, defined by

[1(23°) -1 (157°)] /1 (23°),

was always less than 0. 06 and could be associated
with the effective variation of center-of-mass solid
angle with laboratory angle ©.!! This effect may
also explain why the applied correction potentials
used at threshold (see Fig. 7) slightly exceeded the
theoretically predicted values, i.e., the potentials
“corrected” for this effect in addition to that due to

LA LA L A A Y N A O N B

H* FROM Hj
Ee=33.0eV —
Eo =7.6 eV

IS
|

O

N

TR N N S I T I T N A
20 40 60 80 100 120 140 160 180
L | 1 | | 1 1 1 J
350 330 3l0 290 270 250 230 210 190
6 (DEGREES)

RELATIVE NUMBERS OF PROTONS I(8)/I(90°)

o
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The dashed line represents the function 1.0 +2.61 cos?®o.
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FIG. 10. Angular distribution of H from H, for a lab-
oratory ion energy of 8.6 eV at electron energies of 50
and 75eV. The present results represented by the
crosses and pluses are compared with the measurements
of Dunn and Kieffer (Ref. 2). Neither set of data has
been corrected for momentum transfer.

the energy shift. The results obtained serve to
demonstrate that, in the laboratory system, the
kinetic-energy shift of the dissociation products
resulting from momentum given to the molecule by
the electron is responsible for a forward-backward
asymmetry in the angular distribution which depends
on the ion energy (see Fig. 3), and becomes more
pronounced as the electron energy approaches
threshold.

IV. DISCUSSION OF RESULTS
A. Molecular Recoil

If the observed shift in the kinetic-energy dis-
tribution of H* and D* (see Figs. 3 and 4) is inter-
preted in terms of a mean molecular recoil along
the beam direction, then the results in Fig. 8 indi-
cate that it remains nearly constant for at least the
first 300 eV above threshold. The momentum trans-
fer is about the same for H,; and D, from threshold
to about 100 eV. Above this value, the points cor-
responding to D, appear to be systematically higher
than those for H,. At threshold for a given ion en-
ergy, the momenta transferred to the H, and D,
molecules should be equal, as observed. Above
threshold, there is no obvious reason why a differ-
ence could not occur. The fact that the forward
component of the molecular recoil is essentially
constant over a wide energy range is not physically
unreasonable; however, no adequate theoretical
explanation for this behavior has been found.

B. Angular Distribution in Center-of-Mass System

It can be shown from an expansion of the Born
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amplitude for a process involving excitation by elec-
tron impact from an initial molecular state U, to a
final repulsive state U, corresponding to an optically
allowed transition, that the differential cross section
is approximately given by 21213

og=A|K-(W |2 , (5)

where A is a constant, (M) is the dipole moment for
the transition, and K is the momentum change vec-
tor for the electron. If K, and kK, are, respectively,
the initial and final momenta of the electron, then
K=K,-Kk, Equation (5)is a valid approximation
only if Kqg <1, where ¢ is the “range” of the product
Uk U, If q is of the order a, (1 Bohr radius), as
is usually the case, then we must have K < 1/a,.
Since Eq. (5) only applies to optically allowed transi-
tions, the condition AA =0, + 1 must be satisfied, *
where A is the component of the electronic angular
momentum along the internuclear axis, which is a
good quantum number for most molecules of interest.
For an allowed A A =0 transition, the dipole moment
lies along the internuclear axis, whereasfor AA=x1
transitions it is perpendicular to the internuclear
axis. Normally dissociation from an antibonding
molecular state takes place in a time small com-
pared to the period of rotation; thus the angular
distribution of the dissociation products should re-
flect the initial orientation of the target molecules,
and one can assume that the dissociation products
fly apart along the internuclear axis, i.e., the

case of axial recoil. !5 If the target molecules

are randomly oriented in space and axial recoil
assumed, then from Eq. (5) an allowed AA =0 tran-
sition gives rise to a cos?6 angular distribution of
dissociation products with respect to the K axis and
a AA=x1 transition gives a sin?0 distribution. At
threshold for the excitation process, K lies along
the d1rect1on of the incident electron, but above
threshold, K has no fixed direction, although it

may have a preferred direction. To obtain the
differential cross section referred to, the beam
direction Eq. (5) must be averaged over all possi-
ble values of K. If the most probable angle be-
tween K and the incident electron dlrectlon ko is

6, then it can be shown that a cos?6 distribution,
when referred to the beam direction, takes the
form2 415

Ie (6, o)~ (3cos?s’

The case of dissociative ionization is complicated
by the effect of the ejected electron, and the above
arguments do not strictly apply. However, if the
momentum transferred to the heavy particles can
be neglected, then the ejected electron must travel
predominantly in the direction of — K in order to
conserve momentum. If this is true, then the sym-
metry axis is still defined by K and Egs. (5) and (6)

—1)cos?6 +sin%6’ . (6)
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apply to dissociative ionization.

For the transition from the ground 12:, state of
H, to the repulsive 22} state of H,* the dipole ap-
proximation Eq. (5) predicts a cos?6 angular dis-
tribution of H* with respect to the incident electron
direction at threshold. On the other hand, since the
momentum transfer K for this process is rather
large [K> 1.4(1/a,)], there is really no apparent
reason to believe, from a consideration of the argu-
ments given above, that the dipole approximation
should apply.

The threshold data of Fig. 9 can be described as
a sum of an isotropic term plus an anisotropic term
with a minimum at § =90°. Attempts at fitting the
anisotropic component with a cos?6 function were
not successful, as is evident from the dashed line
in this figure. These results, therefore, demon-
strate that the dipole approximation does not ade-
quately describe the angular dependence for disso-
ciative ionization of H, near threshold. Measure-
ments of the angular distribution of D* from D, gave
the same result with the same degree of anisotropy.
By analogy with his predictions for the process of
dissociation of H,* by electron impact, Zare* has
suggested that the angular distribution of H* near
threshold for dissociative ionization of H, could have
the form

IK(9,¢)=F(K)’ E (i) (20+1)j, G Kwy) P, (cosb) 2,

=1,3,5
(7)

where the 7,’s are spherical Bessel functions and
the P, (cos8 )’s are Legendre polynomials. The
first term in Eq. (7) gives the dipole contribution
which should dominate for small values of K¥, where
the approximation

1
(L ~
1 GEr) = (1><3><---><(21+1)

is valid. If the condition K7, << 1 is not satisfied,
as in the case of the process considered here, then
higher-order terms in Eq. (7) become important in
determining the form of the angular distribution.
By considering the first five terms, Eq. (7) has
been evaluated numerically using the values 7, =2
and K=1.7 (1/a,) corresponding to the inter-
nuclear separation of the H, molecule and the ex-
perimentally observed momentum transfer for
dissociative ionization (Fig. 8). For these values,
the terms in Eq. (7) corresponding to 7 > 7 make a
negligible contribution. The result of this calcula-
tion, shown by the solid curve in Fig. 9, fits the
anisotropic component of the angular distribution
well. ¢ Excluding the isotropic component, this
indicates that the theoretical description of the
angular dependence for the process of dissociative
ionization of H, must be quite similar to that for

)wm)’ (8)
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dissociation of Hy", which is expected if the effect
of the additional outgoing electron for the ionization
process is not very important close to threshold.
Above threshold, the ejected electron could be im-
portant and may have some bearing on the observed
isotropic component in the angular distribution.
The molecular-recoil measurements indicate that

a considerable portion of the incident electron’s
momentum is taken up by the heavy particles, even
at energies far above threshold. This means that
the ejected electron need not move predominantly
along the direction of the momentum change vector,
and, therefore, the symmetry axis about which the
angular distribution is defined is not necessarily
given by K as in Eq. (5). In this case, the symmetry
properties of the two outgoing electrons can only be
determined from a detailed solution of the scatter-
ing problem.

The isotropic component is difficult to explain
since, theoretically, if the ions are produced only
from a transition to the 23% repulsive state, the
differential cross section for H* formation should
vanish at threshold for 6 =90°. This is a conse-
quence of the fact that, at threshold, both outgoing
electrons have zero energy and angular momentum
so that the wave functions describing each are
spherically symmetric; and therefore the selection
rules derived by Dunn® hold exactly. Several effects
which could introduce an isotropic component in the

data were investigated in detail. These include the
effects of the finite angular resolution of the instru-
ment, electron-beam space charge, and rotational
and thermal motion of the target molecules. From
a consideration of the geometry of the ion-detection
system and electron beam, the first effect was
found to introduce a 0.5% correction term, " i.e..
the error produced by the finite angular resolution
is negligible. Calculations of the last three effects
showed that these depend on ion energy and intro-
duce an isotropic term in the angular distribution
which is less than 1. 0% of the amplitude of the
anisotropic component if E, > kT, a condition well
satisfied in the present experiment. For example,
when the initial thermal velocity of the molecule

is added in and an average performed over all
directions and magnitudes of this velocity assuming
a Maxwellian distribution, a cos?6 distribution dis-
torts to a cos?6 +0. 01 distribution when E,=1.0 eV
and 7=300°K, i.e., an isotropic term is intro-
duced which is 1. 0% of the amplitude of the cos?8
term. These considerations indicate that instru-
mental factors are not responsible for the large
isotropic term observed here.

Due to the relatively wide energy spread of the
electrons and the errors associated with the deter-
mination of the electron and ion energy scales, it
is possible that a significant portion of the ions ob-
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served were actually formed at as much as a volt
above threshold. Above threshold, an isotropic
term is introduced by averaging the cross section
over all magnitudes and orientations of the momen -
tum change vector K. The magnitude of the iso-
tropic term may increase rapidly with energy above
threshold, and this undoubtedly is responsible for
at least a small part of the isotropic term which

is observed. If large-angle scattering becomes
rapidly more probable above threshold, then from
Eq. (6) the angular distribution should quickly be-
come more isotropic and eventually distort to a
sin@ character as 6’ ~90°. However, examina-
tion of the results of Dunn and Kieffer, % as well

as comparison with Zare’s? calculation, indicate
that this change is not rapid enough to explain the
degree of isotropy observed here. This was ver-
ified in the present experiment, where measure-
ments made at electron energies between 29. 0 and
38.0 eV, corresponding to the range of thresholds
for formation of H* ions of different kinetic ener-
gies (see Fig. 1, Ref. 2), showed that the angular
distribution was rather insensitive to energy, con-
sistent with the energy-distribution data shown in
Fig. 6. The degree of anisotropy defined by the
ratio I(23°) /I(90°) was slightly greater at low
energies than at high energies. For E, =29.0 eV,
1(23°)/1(90°) = 3. 5 and for E = 38. 0 eV, I(23°)/1(90°)
=2.9. This is expected, since at higher electron
energies, ions produced above threshold contribute
more heavily to the observed ion count because of
the fairly wide energy spread in the electron beam.
A plausible explanation for the isotropic term is
the existence of another process which contributes
to H* formation with nearly the same appearance
potential as that for dissociative ionization from
the repulsive 22: state. To explain a discrepancy
between the observed and calculated kinetic-energy
distribution of H* from H, (see Fig. 2), Kieffer
and Dunn® have proposed that some of the H* is
formed by autoionization from repulsive high-lying
Rydberg states of H,.

The observations of Kieffer and Dunn were veri-
fied in this experiment, and, in addition, the de-
pendence of the shape of the distribution curves on
electron energy was obtained as illustrated by the
results in Figs. 3 and 4. The observed energy
distribution at E, =150 eV is definitely wider than
that predicted from Franck-Condon overlaps.
There are relatively more ions at both high and
low energies than theory predicts.!® Moreover,
there is obvious structure on the low-energy side
of the curves for both H" and D* which strongly
suggests the existence of another process. An
enhancement of the relative numbers of ions with
kinetic energy below 7.0 eV becomes more apparent
at E,=150 eV, and at E, =300 eV a peak at 6.0 eV
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is a dominant characteristic of the distribution.
Measurements of the appearance potentials of ions
with both high and low kinetic energy agreed with
the results found by Kieffer and Dunn, ® i.e., there
was no observed structure in the ionization efficien-
cy curves above threshold to indicate the onset of

a new process. The appearance potential measure-
ments included electron energies up to 60 eV.

As mentioned previously, the degree of aniso-
tropy in the angular distribution of H* (D*) changed
only slightly as the threshold energy was varied.
This observation suggests that if the isotropic com-
ponent at threshold is due to another process with
about the same appearance potential, then it con-
tributes with nearly equal relative intensity at all
energies. The measured angular distribution of
D* from D; at threshold did not differ appreciably
from that for H*. This is expected if the observed
dissociation is the result of a direct transition to
a repulsive electronic state, since the electronic
states of H; and D; are identical assuming validity
of the Born-Oppenheimer separation. On the other
hand, if autoionization contributes heavily to the
process, an isotope dependence for the angular
distribution would be possible since the autoioniza-
tion probabilities for H, and D, may be different.
The fact that there was no discernible isotope effect
implies that the condition I" 7>>1 holds for both
H, and D;, where I is the autoionization transition
probability and 7 is the period of nuclear motion
proportional to (i1)!/?, where u is the reduced mass
of molecule. This means that the width of the auto-
ionizing state of the molecule is large; hence the
probability of a radiationless ionizing transition is
also very high, such that nearly all molecules decay
from this state via autoionization.

V. CONCLUSION

The results obtained in this experiment have
demonstrated the importance of molecular recoil
in determining the energy and angular distributions
in the laboratory reference frame of protons and
deuterons produced by dissociative ionization of
H, and D,. A direct measurement made of the re-
coil momentum of the heavy particles along the
beam direction showed that it remains essentially
constant from threshold up to 300 eV. No satis-
factory theoretical explanation has been found for
this observation, although the results do not appear
to be physically unreasonable. A completetheoreti-
cal description of the effect is complicated by the
fact that the final momentum is divided up among
four outgoing particles.

When the measured angular distribution of H*
(D*) at threshold is corrected to the center-of-mass
system, the resultis found to contain an isotropic
term plus an anisotropic component which does not
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fit a cos?6 dependence. If the observed ion count
is due to only the 12;-.22; transition, then these re-
sults indicate a violation of Dunn’s selection rules!
which predict a vanishing cross section at 6§ =90°.
Moreover, they demonstrate that the dipole limit
does not apply for this process and that the devia-
tion from this approximation follows the form
suggested by Zare.* Since a large part of the in-
cident electron’s momentum is imparted to the
heavy particles, even for energies much above
threshold, it is doubtful that the momentum change
vector K is the proper assignment for symmetry
axis which defines the angular distribution for
dissociative ionization.

The effect of the ejected electron plus a possible
rapid change in the most probable direction of the
momentum change vector K with energy might
explain part of the observed isotropic component.
Energy-dependence measurements, reported here
as well as in an earlier experiment, 2 suggest that
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this is a small effect. A possible explanation is
found in postulating the existence of a process other
than excitation to the 237 repulsive state of Hj which
has nearly the same appearance potential as this
process. Kieffer and Dunn® have proposed that
autoionization from repulsive high-lying Rydberg
states of H, may contribute significantly to the pro-
duction of H* (D*) by dissociative ionization. This
explanation appears to be consistent with their
measurements of the appearance potentials and
kinetic-energy distributions of H* (D*) ions from

H, (D,) which were verified here. The lack of an
observed isotope effect in the angular distribution
argues against autoionization, but does not eliminate
this possibility.
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