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The angular distribution of O™ produced by electron bombardment of O, has been measured
in the electron energy range 5.75-8.40 eV, The results show a strong energy dependence
and are consistent with the theory of O’ Malley and Taylor if the final Oj repulsive resonance
state is assumed to have the symmetry 2H,,, and if only the first two allowed partial waves
of the incident electron corresponding to L =1 and L =3 contribute. The results indicate that
the L =3 term becomes more important as energy increases and thereby demonstrate that the
single-term approximation for the angular distribution does not apply for this process.

I. INTRODUCTION

Measurements of the cross section as a function
of electron energy for the process

e+0,-0"+0 (1)

have yielded a simple structureless bell-shaped
curve indicative of dissociation from a single reso-
nant repulsive molecular negative-ion state.~®
Figure 1 shows the results of cross-section mea-
surements made at room temperature (300 °K) by
Schulz® and by Rapp and Briglia.® Recent observa-
tions® " of the temperature dependence of this pro-
cess agree quite well with a semiempirical calcu-
lation® which assumes that it proceeds via a single
repulsive resonance state. A slight discrepancy
between the calculated and observed results at the

high-energy tail of the cross-section curve at all
temperatures, however, suggests that more than
one O; repulsive state might contribute to dissocia-
tive attachment. From his calculation, O’Malley
suggested that the O} state responsible for dissocia-
tive attachment is probably the ZI[,, state proposed
by Gilmore.® Recent calculations of the O; states
provide additional support for this assignment. 1
It has been suggested, however, that the symmetry
of the O; state might also be ’Z}, *=; , %z;, ‘I, ,
‘m,, or 2p, .02

Using simple-symmetry arguments, Dunn®® showed
that the differential cross section for production
of negative ions by dissociative attachment should
have an angular dependence determined by the sym-
metries of the initial and final molecular states.
The selection rules derived by Dunn can be used to
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FIG. 1. Measured cross section for dissociative at-

tachment of oxygen. The dots represent data from Ref.
5, and the X’s represent data from Ref. 3. The arrows
indicate the electron energies at which the present an-

gular distribution measurements were made.

predict whether or not the cross section will vanish
when the molecular axis is oriented in a direction
either parallel or perpendicular to the incident
electron beam. From these arguments it can be
shown that a transition from the ground Z; state
of O, to a °II, state of O; gives a differential cross
section for dissociative attachment which vanishes
along the direction of the incident electron beam.
For a final %} state, the cross section should van-
ish along the direction perpendicular to the beam,
whereas for final Z}, II,, and A, states, the cross
section should vanish in both directions, i.e., along
and perpendicular to the beam. Since there are no
outgoing electrons, the symmetry axis which de-
fines the angular distribution of the dissociation
products for dissociative attachment lies along the
direction of the incident electron. Dunn’s predic-
tions apply if the effects of molecular thermal and
rotational motion can be neglected. These effects
result in a blurring of the angular distribution but
they are important only if the kinetic energy of the
dissociation products is comparable to the mean
thermal and rotational energy.®~'® For oxygen at
room temperature the mean thermal and rotational
energy is on the order of 0.02 eV, whereas the ob-
served kinetic energy of O™ corresponding to the
data of Fig.1 is greater than 1.0 eV for all elec-
tron energies. *!" Assuming a °II, state, O’Malley
and Taylor!® predicted from a single-term approxi-
mation that O formation should hava a sin®6 depen-
dence with respect to the incident electron’s direc-
tion.
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In the present work, a measurement of the angu-
lar distribution of O~ was performed in order to ob-
tain information about the number and symmetries
of the repulsive electronic resonance states of O3
involved in dissociative attachment. Prior to this
work, there have been no reported attempts to ex-
perimentally identify these states.

II. THEORY

According to the theory of O’Malley and Taylor,
the angular dependence for dissociative attachment
has the general form

1k, 0,6)~ | 35 az, 1 (007,06, )2, (2)

where the Y, (8, ¢)'s are spherical harmonics, and
the a1, (k)'s are expansion coefficients which de-
pend on the incident electron energy E, =k2/2m,.
Equation (2) is a valid expression provided either
the conditions 3T < 2uRE/T%J(J +1) or Ey>> %]
X(J+1)/2uR} is satisfied, where J is the molecular
rotational quantum number, u is the reduced mass
of the molecule, R, is the internuclear separation,
T is the width of the resonance, and E, is the ki-
netic energy of the fragments which, for a homo-
nuclear diatomic molecule, is given by

E,=%[E,-(D-4)] . (3)

Here D is the dissociation energy of the molecule,
and A is the electron affinity of the resulting nega-
tive ion. These conditions essentially require that
either the lifetime of the resonance be short com-
pared to the molecular rotation period or the kinet-
ic energy of the fragments be large compared to the
mean rotational energy.

The partial-wave expansion of the incident elec-
tron plane wave can be written as

- - L
eik~r: 4’"2 ol (Z)L YLu.(ey ¢) YL-u(eeJ ¢e)jL(k're) ’
(4)

where 6, ¢ give the orientation of the molecular axis
with respect to k and 6,, d, 7, give the electron’s
position relative to the molecular axis R. When
Eq. (4) is inserted in the electronic matrix element
which determines the scattering amplitude [Eq. (2)
of O’Malley and Taylor], then certain restrictions
occur on the summation indices p and L appearing
in Eq. (2). From conservation of axial orbital an-
gular momentum, the lowest allowed value of u is
given by

#:Af_lAil ) (5>

where A; and A, are the projections of orbital an-
gular momentum along the internuclear axis for the
initi~1 and final molecular states. In Eq.(2) the
summation is restricted to even or odd values of

L, depending on whether the initial and final states
have the same or opposite parity with respect to
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reflection through the midpoint of the internuclear
axis. Since the attached electron carries one-half
unit of spin, there is also the obvious selection rule

S;=Six3 (6)

where S; and S; are the total spins of the initial and
final states. Another rule applying to Z(A=0)
states requires that symmetry with respect to re-
flection in a plane passing through the molecular
axis be preserved; i.e., only Z*=~Z* and Z°~ "~
transitions can occur. This is necessary because
an electron with u =0 has a plus symmetry. The
last two conditions do not influence the angular de-
pendence given by Eq. (2), but are important in
choosing the proper electronic states for the pro-
cess.

O’Malley and Taylor argue that at sufficiently
low electron energies the first term should domi-
nate in Eq. (2); i.e., the angular distribution of the
dissociation products is primarily determined by
the lowest-order partial wave absorbed by the sys-
tem. A transition from the ground °Z; state of O,
to a I, state requires |ul=1 and a summation over
odd values of L; thus from the first term in Eq. (2)
the angular distributionof O"is givenby | ¥y,,(6, ¢)|?
«sin®g. For a I, final state, one obtains
a sin®26; for a A, state, a sin®20 sin®0; and for a
T;, a cos®6 distribution. A T} state is removed
from consideration since it involves a forbidden
—to + transition. These predictions are consis-
tent with the selection rules derived by Dunn. !*

III. MEASUREMENTS

The apparatus used to measure the angular dis-
tribution of O” from O, is the same as that used to
study dissociative ionization of hydrogen and deute-
rium. !® A detailed description of the instrument is
given in Ref. 19.

The negative ions, produced in a well-collimated
low-energy electron beam which passed through a
field-free region, drifted with their initial velocity
through a pair of apertures which defined the angu-
lar resolution and then entered a 60°-sector mag-
net. The magnet filtered out the scattered electrons
and selected ions of a particular momentum which
were then accelerated and detected with an electron
multiplier. The electron gun rotated with respect
to the ion detection system, so that measurements
of ion ihtensity could be made in the laboratory an-
gular range 157° = © > 23°, where © is the angle
between the electron beam axis and the axis of the
detector apertures such that the low angles (6 <90°)
correspond to “forward” directions. The angular
resolution was estimated to be +1. 2°,

It should be emphasized that the apparatus was
completely shielded from outside electric and mag-
netic fields. The electron gun, collision chamber,
magnet, ion-drift region, and multiplier were de-
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signed to be self-shielding so that fields produced
by one did not influence the operation of the other.
Magnetic fields in the interaction region were al-
ways less than 0.05 G, and it was estimated that
a uniform field of this strength would produce a
1.5° deflection of a 6.0-eV electron beam, which
is slightly less than the angular resolution of the
instrument.

The method of taking and analyzing data was sim-
ilar to that used for hydrogen and deuterium.'® At
each electron energy a plot of magnetic field versus
ion count was obtained to determine the kinetic-en-
ergy distribution of the O” ions. During each an-
gular distribution measurement, the magnet was
set at the peak of the observed ion-energy distri-
bution. Since the process of O formation by dis-
sociative attachment is resonant, the O~ kinetic-
energy distribution should essentially reflect the
electron-energy distribution, if the effect of ther-
mal motion is neglected; i.e., it should be sharply
peaked about a value E, given by Eq. (3). The effect
of molecular thermal motion is to broaden the ki-
netic-energy distribution, but it should still be
peaked about a value of E; corresponding to the
peak of the electron-energy distribution. "%® The
measured values of E, from the peak value of the
observed energy distribution using the magnet cal-
ibration, were always systematically higher than
the calculated values by about 0.25 eV. This small
discrepancy is easily rationalized in terms of the
contact potentials and errors in determining the
electron-energy scale. Both the ion and electron
energies could only be determined to within +0.2
ev, 19 and no attempt was made here to correct for
the effect of contact potentials. To calculate E,
from Eq. (3) for a particular E,, the measured val-
ues D=5.1eV¥ and A=1.5 eV'"2% were used. It
should be noted from Eq. (3) that when the electron
energy is changed by an amount AE,, the O~ kinetic
energy should increase by %AEG. The differences
in the observed, most probable kinetic energies for
O, calculated from the magnet calibration, always
agreed with those predicted from the difference in
measured electron energy.

Scans of magnetic field versus ion count for elec-
tron energies in the range 5-10 eV showed that
background due to negative ions from impurities
was negligible. The most abundant impurity was
H,0O; however, for electron energies corresponding
to dissociative attachment of O,, the negative ions
from H,0 are mostly of low momentum (H" with a
kinetic energy of 2.0 eV), and are formed with a
cross section comparable to that for O from
0,."%2 The cross sections for negative-ion forma-
tion from the possible contaminants CO, and CO are
known to be an order of magnitude smaller than for
O~ from O,. s Moreover, these should also produce
ions with lower momentum. From magnet scans
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there was never any evidence of negative ions with
momentum lower or higher than that of the O from
O, for all electron energies used.

A background of about 8 counts/min was always
measured when the system was tuned to observe
negative ions. This background was found to be
independent of pressure and the operation of the
apparatus components (excluding the multiplier)
such as the ion gauges, ion pump,/ and electron gun.
It was also independent of magnet-current setting
and angle of observation and was typically less than
3% of the lowest ion-count rate. During each data
run the background count was determined at several
different angles by tuning the magnet to a point suf-
ficiently far removed from the O™ peak. The ob-
served background was, on the average, the same
at all angles and magnetic field settings. The same
average background was subtracted from the ion
count at all angles before the data were corrected
for variations in the interaction volume. The vol-
ume correction was made by multiplying the ion
count by the sine of the angle. 19

The O measurements were typically made at a
collision chamber pressure of 8xX10° Torr and with
an electron beam current of about 2x 10°7 A. The
gas sample was of ultrahigh purity and consisted
of a 1-liter flask of 99.99% O, at atmospheric pres-
sure. The dependence of the O” count rate on pres-
sure was found to be linear below 1.3x10"* Torr
with a zero intercept. The data were corrected
for variations in electron current and pressure by
the technique described in Refs. 16 and 19.

A 6.5-V 0.2-uA electron beam was estimated to
create a 0.01-V well in the collision chamber. Cal-
culations of the effect of a field of this size on the
trajectory of a 1. 0-eV ion showed that it produces
an angular deviation in the ion path which is much
smaller than the angular resolution. Therefore,
because of the small beam currents used in this ex-
periment, the effect of electron-beam space charge
is negligible.

The data shown in Fig. 2 have been arbitrarily
normalized to 90°, and except for the data at 8. 40
eV, all of the points shown in this figure represent
an average of three data runs taken on three sepa-
rate days. The data at 8.40 eV are from a single
data run.

The data runs were performed in exactly the
same way as described for hydrogen and deuteri-
um. !® The duration of a typical data run was about
two hours. The calculated voltage corrections
needed to compensate for molecular recoil were
applied to the spectrometer, although in this case
the corrections were quite small, i.e., always less
than 20 mV.

IV. RESULTS

The results shown in Figs. 2(a) and 2(b) indicate
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FIG. 2. Angular distribution of O" from O, for E,
=8.40, 7.80, 6.70, and 5.75 eV. (a) Solid lines cor-

‘respond to a single-state theory assuming a II,, final

state; and (b) curves represent a double-state theory
assuming II, and TI, final states and including contribu-
tions from only the lowest-order allowed partial waves.

that the angular distribution of O” has a fairly strong
energy dependence. The cross section appears to
rapidly approach zero at 0° and 180° for all elec-
tron energies; therefore, on the basis of this ob-
servation the 2} states of O; are immediately ruled
out since those require a nonvanishing cross section
in the forward and backward directions. !* The
measurements were made at a temperature of about
330 °K; therefore the data at E,=6.7 eV roughly
correspond to the peak of the cross section. The
arrows in Fig. 1 indicate where the angular distri-
bution measurements were made. The observed
relative ion count as a function of electron energy
in this experiment was more consistent with the
data of Schulz.®

An attempt has been made to explain the results
in terms of one-parameter single- and double-state
theories. The solid lines in Fig. 2(a) are of the
form

|ay, (6, ¢)+BY,,5(6, ¢)|?=| sind +58"sing cos?6|?
where
B/a=E)12p/(1+8) . (1)

This corresponds to the first two terms in Eq. (2)
for a 211“ final O; state with appropriate normaliza-
tion at 6=90°.% The parameter 8’ has been ad-
justed to give the “best fit” to the data at each en-
ergy. The lines in Fig. 2(b) are given by the func-
tion sin®0 + b sin®26, corresponding to a sum of the
lowest-order allowed terms in Eq. (2) for II, and
Il, final states. The relative contribution from
these two states is determined by the adjustable
parameter b. A sum of the first terms in Eq. (2)
for a II, state plus a A, state also qualitatively gives
the same shape for the observed angular distribu-
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TABLE I. Dependence of the fitting parameters on
electron energy.

E,eV) oy(107% mad)  o(lp)  o(I) b B/a
8.40 0.27 0.08 0.19 2,00 0.353
7.80 0.65 0.16 0.49 1.57 0.309
6.70 1.56 0.26 1.30 1.02 0.247
5.75 1.03 0.13 0.90 0,69 0,187

tion; however, the fit to the data is poor and there-
fore not included.

The Oj states with configurations (I1,2p)* (HKZp)a
(0,20)%11, and (11,,2p)° (11,2p)* (0,2p)?11, should lie far
above the OCP)+0~(?P) energy limit'? and could be
responsible for the observed dissociation, although
recent calculations indicate that they are pi‘obably
too far above this limit to be important.!® The
curves in Fig. 2(b) do not fit the data points very
well at the higher energies, which means that if
dissociative attachment is a two-state process in-
volving either a I, plus a II, or a II,, plus a &, state,
higher-order term in Eq. (2) must contribute signif-
icantly to the angular dependence. No attempt was
made to fit the data to a multiparameter sum of
two expansions, since the fit would not be unique.
The relative contributions of the II, and II, states
to the dissociative-attachment cross section at a
given electron energy can be estimated from the
parameter b, and the known total cross section oy,
using the relationships o(1l,) =50,/(5+b) and o(l,)
=bo,/(5+b). Table I shows the dependence of
o(Il,), o(I,), and the parameters b and 8/a on elec-
tron energy, where the values for o, were taken
from Rapp and Briglia.® As seen from this table,
the estimated contribution to the cross section from
a II, state is less than 20% of that from a II, state.

The curves in Fig. 2(a) corresponding to the
single-state interpretation appear to fit the data
quite well. From Table I, we have 8/a=0. 353 at
the highest energy, implying that the largest ob-
served contribution from the L =3 term in Eq. (2)
is 25%. Since the energy dependence for dissocia-
tive attachment is contained in the partial-wave ex-
pansion [Eq. (3)], a consideration of the behavior
of j ;(k7) shows that contributions from higher val-
ues of L become more important as k2 increases.
This trend is consistent with the data of Fig. 2(a),
which show an increasing contribution from the
L =3 wave as electron energy increases. For E,
=8.0 eV, we have £=0.76(1/a,), where a, is one
Bohr radius; thus if the “range” of the molecular
potential is taken to be 3. 3q,; roughly correspond-
ing to the dimensions of the O, molecule, then we
find j, =0. 416, j3=0.104, and j;=0.007. For L >5,
the j, values are all less than 2X10"* and rapidly
approach zero as L increases. From this simple
energy argument one expects a significant contri-
bution from the L =3 partial wave for E,~8.0 eV
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and a negligible contribution from partial waves
with L >3. The experimental results are consis-
tent with this interpretation and suggest that the
single-term approximation proposed by O’Malley
and Taylor!® does not apply in the energy range for
dissociative attachment of O,. Dissociation via a
single °II, resonance state with inclusion of the L
=1 and L =3 partial waves appears to be the sim-
plest and most attractive explanation for the ob-
served energy dependence of the angular distribu-
tion of O” ions, because the above argument shows
that higher-order partial waves should be important
even in a two-state theory. If the data are inter-
preted in terms of two or more repulsive reso-
nances, one must also examine the possible effect
of interactions between the states. This is espe-
cially important in this case because the results
suggest that the states lie fairly close in energy
with a separation possibly as small as 0.15 eV.
From the Kronig selection rules® it is found that
a first-order interaction is possible between II,,
and A, states but not between II, and II, states.

Inclusion of an interaction term introduces a
forward-backward asymmetry in the angular depen-
dence of dissociative attachment. This can be un-
derstood from a consideration of Eqgs. (2), (5), and
(13) of O’Malley and Taylor. '® The angular depen-
dence for dissociative attachment is determined by
the electronic matrix element

VA(ﬁ): (¢r‘Hel|¢ad > ; (8)

where H,, is the electronic Hamiltonian, ¢, is the
final resonant electronic-state wave function, and
¢4 is a function containing the initial total molecu-
lar electronic state plus the incident electron plane
wave [see Eq. (2) of O’Malley and Taylor]. If two
interacting resonance states with unperturbed eigen-
functions ¢, and ¢, contribute to the process of
dissociative attachment, then the eigenfunctions of
the perturbed levels qﬁi, and ¢,‘.2 which appear in

Eq. (9) can be written as

¢:1:C¢’21+d¢22; ¢,1.2=d¢>21+c¢22 s (9)

where the value of d is determined by the magnitude
of the interaction term appearing in the negative-
ion molecule Hamiltonian (see, for example, Herz-
berg®). The expansion of v, R) corresponding to

a single unperturbed final state is

V)= (@2 5 ¥, (6,0) Ve (0, (10)

where u is given by Eq. (5) and the prime denotes
a sum over the allowed L values. The angular de-
pendence of the cross section for this case is pro-
portional to | V,(R)|? and given by Eq. (2) assuming
validity of the Born-Oppenheimer and related adia-
batic approximation. '*2" For perturbed states
given by Eq. (9), the expansions (10) have the form
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Va1(§):(477)1/2<c i;’ [YL,ul(97 ¢) Vz(,l.)lull(k)]
cd 5 173,06,9) ‘%(k]), (11)

Vil <4n>”2(d 3 ¥l 6) VDL (8)]

%ﬁ (Y, .20, &) VL‘Z?uz.(k)]>. (12)

The angular distribution for a two-state process,
assuming the single-term approximation is valid
for each, is then given by

1(k, 0, )~ |agy, wui®) Yy, ,1(6, 9) |2
+ ’aLz, luzl(k) YLz,uz(G, ¢)f2

+7 Yo u2(0, 0)* Yy 106, 0) (18)

where L1, ul and L2, p2 are the lowest allowed
values associated with the unperturbed final reso-
nance states ¢21 and 4)22. The last term in Eq. (13)
gives a forward-backward asymmetry, and the val-
ue of its coefficient v depends on the magnitude of
the interaction responsible for the mixing of the
unperturbed eigenfunctions of Eq. (9). For exam-
ple, if the two final states involved in dissociative
attachment of O, had the symmetries II, and A,
then the asymmetry term would have the form sin?
X sin26.

A slight degree of forward-backward asymmetry
not accounted for by molecular recoil is apparent
in the data shown in Fig. 2, and although it may have
physical significance, it could easily be a small
instrumental effect such as might result from non-
uniformities and small deflections of the electron
beam. The results obtained here indicate that if
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the process is due to two closely separated repul-
sive states, there is only a very weak interaction.

V. CONCLUSION

The observed electron-energy dependence for
the angular distribution of O™ from dissociative at-
tachment of O, can be explained most simply in
terms of a transition to a single 2II, resonance re-
pulsive state. This interpretation is consistent with
previous interpretations of the observed electron
energy and temperature dependence of the O, dis-
sociative-attachment cross section® as well as mea-
surements of the O kinetic energy.>!” Although the
dominant term in the expansion of the differential
cross section [Eq. (2)] corresponds to the L =1 par-
tial wave at all electron energies, a significant con-
tribution from the L =3 partial wave becomes ap-
parent at the higher energies. The magnitude of the
L =3 term increases with energy and is consistent
with the wavelength of the incident electron.

If dissociative attachment of O, is viewed as a
process involving two closely separated resonance
states, then the results indicate that higher-order
partial waves should again be included. Moreover,
the lack of a pronounced forward-backward asym-
metry suggests that such states do not interact
strongly. The results are not completely incom-
patible with a two-state theory, but this appears to
be a less attractive alternative.
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Absolute measurements of cross sections for electron-impact scattering in helium at an
angle of 5° have been made for elastic scattering and excitation of the 2'P and 2S states and
for incident energies of 50—-400 eV. Cross-section values of ¢(2 p,5°) are found to be lower
than theoretical Born values by (9.5+5.4)% at 400eV, (31.5+4.6)% at 100 eV, and (62.5 +3.4)%
at 50 eV. Deduced values of total 2'P excitation cross sections (E=100 eV) are in agree-

ment with other experimental values.
with recent theoretical calculations.

I. INTRODUCTION

This article reports the absolute! measurement
of small-angle differential cross sections for elec-
tron-impact scattering from He. Measurements
were carried out for elastic scattering and excita-
tion of the 2P and 2'S states at fixed angles of 5°
for incident energies of 50-400 eV utilizing a high-
resolution electron spectrometer with a static gas
target. The principal motivation for this work was
(a) to provide accurate absolute small-angle cross-
section values for normalization of angular-distri-
bution measurements and (b) to study the nature and
degree of breakdown of the Born approximation for
excitation of the (optically) allowed 2P state.

Until recently, 2 little work appears to have been
done on the absolute determinations of differential
cross sections for electron scattering in He at
small angles (<15°) and in the energy range of
1-1000 eV.® Lawson et al., * in determining theo-
retical zero-angle cross sections for He, pointed
out inconsistencies existing in experimental data
and emphasized the need for accurate small-angle
elastic cross sections. It is desirable, also, to
have accurate inelastic cross sections at small
angles, where the contribution to the total cross
section is the most significant. Excellent work on
angular distributions in various gases has been
carried out by Lassettre and collaborators®~7 who

Our measurements for elastic scattering agree well

normalized He (2'P) excitation to theoretical Born
values in order to calibrate their apparatus.

Although it is doubtful that the Born approximation
is valid for excitation at 50 eV, evidence has been
reported that the Born approximation still applies
within a few percent down to 100 eV for differential®
and total® » 'P excitations, whereas significant
deviations from Born occur at 1500 eV for total®
n 'S excitations. In contrast, we find the difference
between this experiment and Born theory for 2P
excitation to be (9.5+5.4)% at 400 eV and (31.5
+4.6)% at 100 eV.

In Sec. II, we briefly describe the apparatus.
Section III discusses the theory of the experiment,
the methods used in obtaining experimental param-
eters, and calibration and consistency checks made
on the apparatus. In Sec. V, analysis of the data
is discussed, the results are presented, and sources
of systematic error are considered. In Sec. VI,
we compare our results to other values of experi-
mental and theoretical cross sections selected
from various authors.

II. APPARATUS

Except for minor modifications, the apparatus
has been described in detail by Kuyatt and Simp-
son. ™! 1t was designed to operate over the energy
range 50-400 eV with a resolution range of 0.04
to 0.1 eV. In the interest of completeness, we



