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By analyzing the time-of-flight distribution of metastable helium atoms produced by bombardment of a
ground-state atomic beam by low-energy electrons, we have measured the differential cross section for
excitation of the 2°S, state over the energy range 19.9-20.4 eV. The results are compared with those
determined from electron energy-loss experiments as well as with various theoretical predictions.

1. INTRODUCTION

Because of the ease of helium-beam production
and its relative simplicity as an atomic system for
theoretical study, electron-helium collisions have
long been the subject of active experimental and
theoretical investigation. An extra impetus was
received from the discovery in the early sixties of
resonant structure in cross-section measurements.

Various techniques have been used to measure
the total cross section'™® and the total metastable
production®™® (2°S+21S) for electron excitation of
helium. The excitation cross section at selected
angles has been measured by Ehrhardt and co-
workers™® and more recently by Andrick, Lang-
hans, Linder, and Seng® and by Pichou, Huetz,
Joyez, Landau, and Mazeau.'® A comprehensive
review of this work through 1972 has been given b¥
Schulz.! ) :

Theoretical calculations of the differential cross
section have been performed by several groups,
notably Burke, Cooper, and Ormonde,** using a
close-coupling technique, and Oberoi and Nesbet,'*
who used a variational technique. More recently,
Nesbet!* has calculated cross sections near thresh-
old and Sinfailam®® has used an R-matrix method to
calculate elastic and inelastic cross sections for
electron energies from 19.5 to 22.0 eV.

The present experiment differs from previous
measurements in that the differential cross section
is calculated from metastable-atom time-of-flight
(MTOF) distributions.' By detecting the metasta-
ble atom, we circumvent a number of difficulties'®
inherent in energy analysis of low-energy .elec-
trons.

II. EXPERIMENTAL PROCEDURE AND APPARATUS

Figure 1 shows the overall layout of our appara-
tus, which is a modification of the one used by
Heppner and Zorn.!” The vacuum system consists
of differentially pumped source and detection
chambers. The atomic beam originates in a source
cell, is collimated, and intersects a pulsed elec-
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tron beam where a small fraction of the ground-
state beam is excited to the 23S, metastable state.
The metastable beam then exits through a slit in

the interaction region of the electron gun and is
again collimated before detection. The resulting
signal is amplified, time-to-height converted, and
fed into a multichannel analyzer for storage and
display. The data from each good run are trans- -
ferred to a computer.

Helium effuses from the room-temperature
source cell through a circular orifice of 0.13-mm
diameter. The source-cell pressure is monitored
by a Barocell variable-capacitance electronic ma-
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FIG. 1. Overall layout of the experiment and block
diagram of the electronics.
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nometer and is typically in the range of 1 torr. In
this range of pressure, temperature, and orifice
diameter, no appreciable deviations from the Max-
well velocity distribution are expected and, indeed,
in the subsequent analysis of the time-of-flight dis-
tributions no indication of such deviations was
found.

The electron gun consists of a Phillips type-M
cathode mounted into a molybdenum heat shield
which is, in turn, mounted in a boron nitride base.
A Pierce shield and accelerating electrode focus
and accelerate the electrons into an einzel lens
which further focuses the electron beam into the
interaction region. Electrons transmitted through
the interaction region are accelerated into a Fara-
day cup where they are trapped. All components
which are exposed to the electron beam are fabri-
cated from molybdenum. Accurate reproducible
location of all components is achieved through the
use of lapped ground-glass locating rods that are
press {it into a stainless-steel end block. Elec-
trode spacing is maintained with mica sheets. De-
tails can be found in Ref. 18.

Typical operating voltages with respect to the
cathode were: Pierce shield, -2 V; accelerating
electrode, 22 V; einzel-lens electrodes, 18, 14,
and 19.5 V. The post-interaction-region voltages
were kept moderately high (~30 V) to reduce back-
scattering. The current to the Faraday cup under
such conditions is about 500 nA. For timedof-flight
operation, the middle electrode of the einzel lens.
is biased negative and then pulsed to its operating
voltage for 5 psec at a frequency of about 5 kHz.
In order to reduce background, the entire electron-
gun assembly is floated about 50 V positive with
respect to the vacuum chamber and detector hous-
ing.

The average kinetic energy of electrons in the
interaction region differs from the potential differ-
ence between that region and the gun cathode by an
amount that we refer to as the “voltage offset.”
The reason that the voltage offset is not zero lies
in the various electrode contact potentials; the
situation is further complicated by the gradual
buildup of insulating layers and the resulting accu-
mulation of charge which introduces a time depen-
dence into the voltage offset. Our approach to this
problem has been to determine both the voltage off-
set and the distribution of electron energies from a
careful analysis of the “appearance-potential
curve” for metastable helium. This curve is ob-
tained by operating the gun in an unpulsed mode
and flooding the interaction region with helium at
low pressure. The interaction-region voltage is
then varied from about 19.5 to about 21.5 V and the
metastable flux is monitored. A typical appear-
ance-potential curve is shown in Fig. 2. By com-
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FIG. 2. (a) Typical helium appearance-potential curve.
The solid circles are experimental points, The dashed
straight line indicates the voltage offset is 0.52 V. ()
Comparison of a Gaussian electron-energy distribution
(dashed curve) with the extended Gaussian of Eq. (1)
(solid curve); I'=0.3, a=0.2, b=0.05.

paring this curve with the metastable-production
curve of Pichanick and Simpson,® whose resolu-

tion was considerably better than ours, we can

find the approximate electron-energy distribution
and voltage offset.

We were able to obtain a satisfactory fit of our
experimental appearance-potential curve by assum-
ing that the electrons are spread about their mean
energy ¢, according to the distribution function

_ ~-2.77(e — €,)* b
f(i)“exf)( T2 )+1+(€_€0)2/a2'

A pure Gaussian distribution without the tails added
by the second term was not sufficient. Typically,
I varied from 0.2 to 0.4 and a from 0.1 to 0.3.
The weighting constant b was typically. 0.05. Our
electron-energy distribution appears to have,
therefore, a full width at half maximum of ~0.25 eV
and long tails. This agrees with the findings of
Collins et al.'® for a similar electron gun. The
high-energy tail of the electron-energy distribution
is especially significant near threshold, where the
cross section rises sharply with energy.

Although the fitting procedure described above
yields the voltage offset, it should be noted that
the MTOF spectra themselves are also an excel-
lent indication of that quantity. Since, at a given
observation angle ¢, the cutoff momenta for the
metastable atoms depend only on the incident-elec-
tron energy, the width of the spectrum compared

1)
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to the width of the simulated spectrum (see the Ap-
pendix) is a measure of the voltage offset.

The metastable-atom detector is a Channeltron
continuous electron multiplier® which is mounted
18.8-cm downstream from the region of metastable
production. It can be pivoted about the interaction
region in the plane of scattering and has an angular
resolution of 0.5°. The Channeltron signal is pre-
amplified, amplified, and discriminated so that the
resulting pulses can be used to gate an accurately
generated ramp triggered synchronously with the
electron-gun pulse. This process converts the
times of flight into pulse heights which are then fed
to a Nuclear Data 2200 multichannel analyzer in the
pulse-height mode. Accumulation times of 2000
sec and count rates of 2 counts/sec were typical
for the MTOF spectra used in this work. Time-
base calibration is established by a time-mark
generator accurate to 0.2 psec, which provides
markers at 10-pusec intervals from 0 to 150 psec
after the gun pulse.

The almost total absence of background, as il-
lustrated in Figs. 3-5, was achieved by careful
shielding and adjustment of the relative potentials
of the various parts of the apparatus. Without
these precautions, stray charged particles arriv-
ing at the detector could easily produce count rates
20 times as large as our signals. ’

The statistical uncertainties associated with each
MTOF distribution ranged from 8% to 16%. Since
the cross section was measured both as a function

200¢
150 E=19.9 eV

100t

COUNTS

50r

0 50 100 150

150} E=20.0eV

0 50 100 150
TIME OF FLIGHT (4SEC)

FIG. 3. MTOF distributions at ©=11.8°: dots—actual
data; dashed curve—simulated distributions using em-
pirical cross sections (see Fig. 6); solid curve—simu-
lated distributions, isotropic cross section using energy
variation of Pichanick and Simpson, Ref. 5. The spectra
are peak normalized at the 20.3-eV distribution only.
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FIG. 4. MTOF distributions at ®=11.8°: conditions
are the same as in Fig. 2 except for the incident elec-
tron energy.

of energy and of scattering angle, uncertainties
must be given for each of these quantities. The
electron-energy resolution was limited by the elec-
tron gun to about 0.25 eV. Since we do not measure
the cross,?section as a function of scattering angle
directly, the equivafent uncertainty must be de-
termined from Eq. (A8). It is typically £+7°. Com-
bining statistical and instrumental uncertainties,
an overall uncertainty of about 15% must be as-
cribed to our measured values of the differential
cross section.
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FIG. 5. MTOF distributions at ¢=11.8°: conditions
are the same as in Fig. 2 except for the incident elec-
tron energy.
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HI. REDUCTION OF DATA

Our method of analysis is based on the discussion
of collision kinematics developed in the Appendix.
It should be especially emphasized that, in the
ideal case of perfect geometrical resolution and of
a perfectly monochromatic electron beam, there
would be (for a given detector position) a one-to-
one correspondence between the metastable-atom
time-of-flight and the angle g through which the
electron is scattered.

We utilized the results derived in the Appendix
as the basis of a computer program that simulates
a given experiment. Numerical tables of (i) the
electron-energy distribution, (ii) the cross section.
as a function of energy and angle, and (iii) the
ground-state-atom velocity distribution, are sup-
plied to the program. The finite detector resolu-
tion and pulse width are also taken into account. A
simulation of the results of each experimental run
is initially attempted using an isotropic cross sec-
tion. By computing the ratio of experimental to
simulated intensity as a function of cosg, we ob-
tain a first approximation to the differential cross
section at a particular energy. These cross sec-
tions can, in turn, be used in the simulation pro-
gram to generate another series of MTOF spectra
and a second comparison can be made yielding a
second approximation. The procedure continues
until a sa}isfactory fit to the data is established,
typieally after two r three iterations.

Figures 3-5 show typical MTOF spectra. Slmu-
lated MTOF spectra are also plotted for compari-
son.

IV. DISCUSSION OF RESULTS

We have studied the inelastic electron-helium
differential cross section over the energy range
19.82 (threshold for the 23S state) to about 20.4 eV.
By staying well below the 2'S, threshold at 20. 61
eV, we have e11mmated any effects due to contribu-
tions from that or higher states. A typical set of
MTOF distributions is shown in Figs. 3=5.

As indicated in the Appendix, we generally expect
two peaks, one at either extreme of the MTOF dis-
tribution. Although the experimental cutoffs are
fairly sharp, a certain amount of rounding due to
lack of resolution is apparent. As expected, the
overall width of the distribution increases with in-
creasing energy. The most striking feature is the
dramatic shift in the relative peak heights. This
variation is due to strong cross-section variations
over the energy range under study.

As seen from Eq. (A8), the inverse times of flight
are linear in the cosine of the electronscattering
angle, with forward scattering at long times and
backward scattering at short times. With this rule

in mind, it is qualitatively clear from Figs. 3.5
that backward scattering is favored at energies
nearest the 19,82 eV threshold, while at somewhat
higher energies, for example at 20.3 eV, forward
scattering is strongly favored.

Figure 6 shows this behavior in a quantitative
form. This set of curves was extracted from the
MTOF distributions of Figs. 3-5 by the method de-
seribed in Sec. III. The above-mentioned details ol
the cross-section behavior are clearly seen in
these curves. To be stressed is the fact that mea-
surements are no! made at individual electron
scattering angles as is done in traditional scatter-
ing experiments. Rather, a single MTOF distribu-
tion is used to yield the cross section for all elec-
tron scattering angles at a given energy.

For purposes of comparison, other experimental
determinations of the differential cross section are
also plotted on Fig. 6. The data of Andrick et al.®
and Pichou et al.'® were obtained at only four an-
gles over a limited range. Both groups determine
the cross section by detection of scattered elec-
trons. Although there is qualitative agreement be-
tween our results and those of Andrick ef al. and of
Pichou et al., we disagree in some specifics. As
can be seen from Fig. 6, we disagree most notably
at 19.9 eV with Andrick ef al. and with both Andrick
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FIG. 6. Differential cross section for excitation of
3S helium near threshold. Our results (solid curve,
thh typical error bar shown on the 19.9 eV curve) are
compared to those of Pichou et dl. {dotted lines connect-
ing their data points) and those of Andrick et al. {dashed
lines). The values of all experiments are normalized to

be the same at 30° for an energy of 20.3 eV.
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et al. and Pichou et al. at 20.3 and 20.4 eV. Convo-
lution of the data of Andrick ef al. and Pichou et al.
with our electron-energy distribution has been per-
formed but is not shown since the differences gen-

erated are still within our experimental error.

Of particular interest is the cross-section behav-
ior at about 20.2 eV and that near threshold. As
can be seen from Fig. 6, our measured differential
cross section in the region of 20.2 eV changes from
mostly backward to mostly forward scattering, in-
dicating interference between s and p partial-wave
contributions. Previous experiments’ '® have iden-
tified this feature as due to the existence of a p-
wave resonance located in the range 20.2-20.45 eV.
The recent high-resolution measurements of the
metastable-excitation function by Brunt and his col-
leagues show this resonance as a broad (0.78 eV)
smooth peak centered at 20.27 eV. From our data,
we see that the electron scattering changes in a
pronounced manner as the electron energy varies
in this region. Our most “p-like” curve, in the
gense of equal forward- and backward-scattering
cross sections, is at about 20.2 eV.

Earlier measurements of near-threshold cross-
section behavior appeared consistent with isotropic
scattering of the electron,? and these results ap-
peared to be confirmed by the first MTOF experi-
ments.!” With our improved resolution and new
techniques of data analysis, we find that even at
our lowest energy, 19.9 eV, the cross section is
already anisotropic. This behavior is consistent
with the recent calculations of Nesbet' for that en-
ergy region. Although he predicts a peak in the s-
wave partial cross section at 19.89 eV, the p-wave
contribution is already 30% of that of the s-wave.
Thus, one would expect to see interference effects
already at that low energy. A comparison of the
differential cross sections at 19.9 eV given by sev-
eral investigators is shown in Fig. 7. We also re-
mark that Brunt and his colleagues® have identified
a break in the excitation function curve at 19.85 eV.
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APPENDIX: COLLISION KINEMATICS

We denote the initial and final electron momenta
by U, and U, and the initial and final atom momenta

o
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FIG. 7. Differential cross section. Comparison of
this experiment (solid curve) with Andrick et al.
(squares), Pichou et al. (circles), and Burke, Cooper,
and Ormonde {dashed curve). The Burke, Cooper, and
Ormonde curve is normalized to show angular depen-
dence only, while the experimental points are normal-
ized as indicated in Fig. 6.

by V, and V. The conservation of momentum in the
collision is then expressed by

ﬁ0+vo=f}'+\7. (A1)
As for conservation of energy, the very small
electron-to-atom mass ratio allows us to treat the
atom as a “momentum sink”; in other words, the
eniergy required to excite the metastable state can
be viewed as coming frem the kinetic energy of the
electron only, so that we may write .i

Uz=U2_ me. (A2)

Here ¢ is the excitation energy of the atom, m is
the electron mass, and we have taken the atom
mass to be unity. Equation (A2) shows that the
magnitude (but not the direction) of the outgoing
electron momentum is completely determined by
the values of U, and €.

Figure 8 shows a momentum-vector diagram of
the collision. If the atomic momenta are drawn
with their tails at the origin O, the head of V must
lie on the surface of a sphere of radius U centered
at the total momentum point @. Each velocity rep-
resented in the incoming atom beam will contribute

- jits own sphere of radius U centered somewhere on

the line b-b. The possible values of V are then
those whose heads lie inside the cylinder that forms
the envelope of this family of spheres. For a given
direction of \7 its magnitude is thus constrained to
a finite range between two kmematlc limits.

We shall specify the d1rect10n of V by the polar
angles (q,8) for which V0 is the polar axis, and for
which the U,V,-plane defines the zero of the azi-
muthal angle 8. We fix the angle 8 first, reducing
the problem to one in the V,V plane. The inter-
section of this plane with the family of spheres
yields a family of circles, and it is easily shown
that the magnitudes of the projected vectors U’ and

s 4
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FIG. 8. Momeéntum diagram of an inelastic electron-atom collision. The momenta of the incoming electron (ﬁo) and
the incoming atom (V) establish one reference plane; the incoming and outgoing atom momenta (V, and V) establish
the other reference plane. Ujand U’ are the projections of U, and U, respectively, on the V¥ plane. Since the mag-

-

nitude, but not the direction, of U is determined by the initial conditions, v will terminate somewhere on a sphere

(the radius of which is U) that is centered about the total momentum point @. If there is a distribution of incoming-

atom momenta f(Vy), there will be a continuous series of such spheres with their centers on line b-b in the Uy plane.
T

U are given by
Ul=U,cosB, (A3)

U'=(U?- U2 sin’p)’2. ‘ (A4)

Only the range of ground-state-atom momenta be-
tween the limits

Vo= (Us £ U')cota (A5)

will contribute to the signal seen by a detector po-
sitioned at a,B; also, the kinematic limits to the
final atom momentum for a given a,B are

V,=(Us+U')csca . (A6)

The conservation of momentum in Fig. 8 is em-
bodied in the two equations

Vcosa=V,~ U’siné’, . (A7)
V sina = U} — U’ cosé’ (A8)

where 6’ is the angle between U{ and U’. These
equations show that at fixed «,8 a single value of
V corresponds to two different values of V;, and
vice versa. For a given V, the two values of V,,

3

are
V,=Vcosa = U’ siné’. : (A9)

The actual electron scattering angle 6, thatis, the
angle between U, and U, is given by the relation

cosé=[1— (U'/U)*}/2%sin8+ (U’/U)cosBeost’ . (A10)

The velocity distribution I(V, a,f) in the meta-
stable beam is determined by

I(V,a,B) dV dw =Ko (0)f(V,) dV,dQ, (a1

where dw is an element of solid angle with refer-
ence to the direction of \7, 0(9)‘ is the differential
scattering cross section, f(V,) is the ground-state-
atom velocity distribution, dQ is an element of
solid angle with reference to the outgoing electron
direction, that is, the direction of U, and K con-
tains the appropriate constants of proportionality.
It is easily shown that

dv,d=V?dVdw/U'Usiné’ ; (A12)

also, we must sum the contributions of the two
values of V,, as given by Eq. (A9). This yields

I(V,a,B) = K[ f(V cosa — U’ sin6’) + f(V cosa + U’ sin8’) |V 2 (9)/UU’ sind’. (A13)
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The right side of this equation contains the vari-
ables U, U’, 6, and 6’ in addition to the ones ex-
plicitly incCicated on the left side. Assuming, how-
ever, that the electron energy is known, U can be
computed from Eq. (A2), and U’ from Eq. (A4). As
for the angle 8’, Eq. (A8) shows that its cosine is a
linear function of V; indeed, by comparing that
formula with Eq. (A6), we see that cos8’ varies
from +1 at the lower kinematic limit of V to -1 at
the upper one. Thus, the factor siné’ in the de-
nominator of Eq. (A13) indicates that I(V, «,8) has
singularities at the two values of V that correspond
to the kinematic limits (A6). For V outside the
limits, I(V, a,B) is, of course, zero; just inside,
it is very large. As for the actual scattering angle
6, its cosine is given by the rather unwieldy ex-
pression (A10); this simplifies greatly, however,

in the case of in-plane (8=0) scattering, when 6
and 6’ become the same.

In order to make comparisons with experiment,
it is necessary to integrate I(V, «,B) over a dis-
tribution of electron energies and over the angular
acceptance of the detector, which converts the
singularities into finite peaks. Moreover, one gen-
erally replaces I(V,a,B8) with a time-of-flight
spectrum J(¢, o, 8) by

J(t,a)B)=(D/tz)I(D/t’a,B) ) (A14)

where D is the distance between collision region
and detector. Inthe event that the ground-state
beam is not well collimated, an additional integra-
tion must be performed; this case, and a number
of others, are discussed in detail in Ref. 21.
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