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Measurements are presented of the total cross section for scattering of low-energy elec-
trons by a mixture of Po and P2 metastable argon. The atom-beam-recoil method was used
to make an absolute measurement. The cross section was measured from 0.35 to 6. 75 eV
with an angular resolution of 16.1' in the electron polar scattering angle at an electron energy
of 1 eV. The velocity distribution of the atom beam was measured by time-of-flight spec-
troscopy. Electron beams with typical energy distributions of 0. 3-eV full width at half-max-
imum were used. The over-all error in the cross section is estimated at +13% and the elec-
tron-energy determination is believed accurate to + 0. 150 eV.

I. INTRODUCTION

The atom-beam-recoil technique' has been used
in recent years to investigate low-energy electron
scattering from atomic and molecular targets.
All of these experiments, with the exception of that
of Neynaber et a/. 4 for which only preliminary data
were reported, were on ground-state systems. The
metastable rare gases afford the opportunity of mak-
ing a scattering measurement on an excited state
of an atomic system.

The P&~ metastable states of argon are the sub-
ject of this investigation. The Po state lies 0. 1V5
eV above the 'P2 state which in turn lies 11.57 eV
above the ground state. The electron configuration
is 1s 28 2P ss 3p 4s. The role of the polariza-
tion of the atomic electrons in the scattering process
will be emphasized here because of the very large
electric dipole polarizability' (= 330so), which is
attributable almost entirely to the valence electron.

Although there has been a surge of interest lately
in the calculation of elastic scattering cross sec-
tions for electrons on the metastable states of the
rare gases, ~ most of the calculations have been
made on metastable helium. To our knowledge the
only published calculation of the elastic scattering
cross section for electrons on metastable argon has
been made by Robinson. The results of this cal-
culation will be discussed in Sec. V C.

II. EXPERIMENTAL METHOD

An outline of the apparatus used in this experi-
ment is shown in Fig. 1. A beam of ground-state
argon atoms is allowed to effuse from an oven at
thermal velocities. It is then cross fired with an
electron beam and a small fraction of the atoms is
placed into the P2 and 'Po metastable states. The
beam then enters the scattering region where a sec-
ond electron gun is alternately turned on and off.
Those metastable atoms elastically scattered on the
average by more than a critical angle, signifying

P = I,o/yh, (v), (3)

where I, =J, gvh/y is the atom-beam current pass-
ing through the interaction region and hitting the
detector. If P is multiplied by the electron current

the angular resolution of the apparatus, are not de-
tected. The cross section can be calculated through
knowledge of the electron current, the average vel-
ocity of the atom beam, the geometry of the inter-
action region, and the ratio of the scattered-out
atom beam to the full (unscattered) beam.

Since scattering via other channels, including direct
deexcitation inelastic and ionization events, will
contribute to the scattering signal as well, the
cross-section measurements reported here are to-
tal cross sections. However, the polarization in-
teraction is so strong in the metastable rare gases
that, particularly at low energies, the contribution
of elastic scattering to the total cross section is ex-
pected to be dominant.

As shown in Fig. 2 the atom beam has cross-sec-
tional area h, gu while the electron beam threads
through the atom beam with cross-sectional area
h, l. The probability that a single electron will be
scattered is simply

P =IIo/h, l,
where N is the total number of target atoms pres-
ent in the interaction volume, o is the effective
cross section (taking into account the angular reso-
lution), and h, l is the total area an electron can
pass through. N can be calculated from

Ã= f [J,(x, y)/y(v)] dT, (&)

where Z, (x, y) is the detected atom-beam current
density, as measured by a detector whose efficiency
is y, (v) is the average speed of the particles found
in a volume element of the beam, and d7 is a vol-
ume element in the interaction region. Kith the as-
sumption that J,(x, y) is a constant over the inter-
action volume, we obtain
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I, (electrons/sec) passing through the intera, ction
volume, the scattered current I,/y (events/sec) is
obtained, where I, is the observed scattered cur-
rent, again as measured by the same detector which
determined J, .

The cross section is thus given by

o=(I,h,/I, I,)(v) . (4)

ATOMS

ELECTRONS

FIG. 2. Interaction-region geometry.

The ratio I,/I, is the ratio of the decrease in atom-
beam current detected when the electrons are on
to the entire atom-beam current detected. Note
that the detection efficiency does not appear in Eq.
(4) so long as I, and I, are measured with the same
detector. A more complete discussion of the valid-
ity of the assumptions made in deriving Eq. (4)
is contained in a recent article by Collins, Beder-
son, and Goldstein, ' in which analogous measure-
ments on potassium are presented.

The value of (v) can be determined either by as-
suming a specific speed distribution, as in previous
electron scattering experiments, ' or by direct
measurement. Since the production of the meta-
stable beam by electron bombardment will necessar-
ily affect the source speed distribution, a measure-
ment of the metastable atom speed distribution is
clearly desirable. Such a determination was made
in the present experiment by a time-of-flight tech-
nique. " The source gun is pulsed brieQy and the
metastables arriving at the detector are counted as
a. function of the elapsed time from the pulse. This
transit time distribution is then converted to a
speed distribution and the average velocity can be
computed numerically.

III. APPARATUS

A. Source

Argon gas is fed into the source well through a
leak valve, and leaves through a 6-mm-high by
1-mm-wide slit. An electron beam intersects this
ground-state atom beam along the vertical direc-
tion. It is produced by a Philips type-A dispenser
cathode. A magnetic field of approximately 250 G
is used to collimate the electron flow. The source
gun is operated well above the threshold for meta, -
stable production so that some photons are produced
as well. These must be corrected for, although they
also perform the useful function of supplying a zero-
time reference for the time-of-flight analysis.

B. Scattering Gun

Both electron guns used in this experiment are of
the same mechanical construction and reflect the
same design considerations. They are of modular
type, using interchangeable parts that are adapted
for each particular use' (see Fig. 3). The elec-
trons move as a rectangular beam through parallel
grids perpendicular to the electron beam. The
grids are photoetched and accurately positioned so
that all grid meshes are a,ligned. The scattering
region is formed by two molyMenum blocks and an
entrance grid. The anode is formed in two pieces,
a slitted anode which collects 95FO of the electrons
and an additional electrode which collects the elec-
trons that pass through the slit. This arrangement
is useful when making retarding potential measure-
ments since reflecting 5%%u~ of the electrons does not
significantly disturb the space-charge distribution
further back in the gun. The gun uses a collimating
magnetic field of about 400 G.

The scattering gun uses an oxide-coated cathode,
Raytheon type 4D32. Currents of 10-4000 p, A are
produced with typical energy distributions of 0. 3-eV
full width at half-maximum (FWHM), as measured
by the reta, rding potential technique. The back-
ground pressure in the scattering chamber is nor-
mally about 5&& 10 Torr.

The absolute energy of the electrons, independeot
of work-function difference, was also determined
by the use of retarding potentials. The energy
distribution of the electron beam is plotted for a
series of cathode-interaction region potentials (see
Fig. 4). For high values of this potential the dis-
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FIG. 3. Schematic side views of scattering and meta-
stabilizing guns.

tribution is reasonably symmetric and exhibits
0. 2-0. 4-eV FTHM. As the cathode-interaction
region potential is decreased the distribution be-
comes highly skewed exhibiting a sharp cutoff on
the low-energy side. This is due to electrons being
retarded and turned around at the interaction re-
gion. This cutoff determines the zero of energy in
the interaction region. This energy determination
is accurate to + 0. 150 eV. "

Figure 5 shows data taken to measure the tran-
sit-time distribution in the beam. Each of the 400
channels corresponds to a 25-p, sec interval in the
transit time. The pulse which activates the meta-
stabilizing gun is also of 25- p, sec duration and is
delayed with respect to the start of each sweep.
The photons generated by this pulse appear in chan-
nel 18. This provides us with a precise indication
of a zero-time base line. Also, since the photons
are always counted in the unscattered beam, it is
necessary to correct the beam signal for the photon
background. The photon current is measured in the
time-of-flight mode by lengthening the metastabiliz-
ing pulse to approximately 20 channels and com-
paring the area under the curve due to photons to
the total area. The correction applied as a conse-
quence of this background was usually of the order
of 3.Po.

B. Scattering Data

Most of the data accumulated in this experiment
were obtained by the technique described in Sec. III C.
As a check, additional data were taken at 30 values
of the energy. For these determinations the elec-
tron energy was preset and the electrons were mod-
ulated on and off. Each of these points required a
separate electron-energy determination. Data

C. Detector and Electronics

The detector consists of a Bendix model 306 mag-
netic electron multiplier with a suitable mask. The
metastable beam falls directly on the tungsten cath-
ode of the multiplier and is detected by emission
of Auger electrons. Multiplier currents of the or-
der of 3&&10 ' A are typically observed, with a gain
of about 106.

Time-of-Qight spectra are accumulated by con-
necting the multiplier output to a preamplifier, am-
plifier, and discriminator in series, and feeding
the discriminator output to a multichannel analyzer
operating in its multiscale mode.

For scattering measurements an electrometer is
used. Its output is digitized with a voltage-to-fre-
quency converter and fed to the input of the analyzer
again operating in a multiscale mode. A program-
ming sequence is employed in which the scattering

0 VOLTS

6.47 VOLTS

RETARDING POTENT IAL

FIG. 4. Retarding-potential technique for absolute
electron-energy determination.
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taken in this manner were in excellent agreement
with the sweep data. The results are presented in

Fig. 6.

V. ERRORS AND COMPARISON WITH THEORY

A. Error Estimates

The random statistical error present in the
cross-section data is relatively small. It ranges
from + 2 to + 8%%up.

The most serious sources of systematic error
occur within the electron gun. Electrons hitting
gun surfaces may produce low-energy secondary
electrons which participate strongly in the sca.tter-
ing process. In order to minimize the occurrence
of such events two steps are taken. First, the in-

teraction region is designed so that no grid is pres-
ent as the electrons leave the region. Even though
this grid mesh would be aligned with the others to
minimize collisions, a serious problem would still
exist. Second, the anode potential is kept at the
relatively high value of + 35.0 V with respect to the
interaction volume, to trap low-energy electrons
produced there. ' The effectiveness of these pro-
cedures in eliminating scattering by electrons going
the wrong way is tested by observing the "scatter-
ing-in" signal when the detector is placed off the
atom-beam center to the cathode side of the elec-
tron gun. From momentum-conservation consider-
ations, no "scattering-in" signal should appear here
when there are no reflected electrons. Proper
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choice of gun parameters eliminated this problem.
The electron-energy determination provides an-

other possibility for systematic error. The retard-
ing-potential procedure described above cannot
correct for the space-charge potential depression
that occurs in the scattering region. In order to
correct for this the experimental electron-energy
determination, taken under conditions where the
space-charge potential depression was negligible,
was used to fix the boundary conditions of the in-
teraction volume. Then, using these boundary con-
ditions, a solution was found numerically for the
space-charge equation

v'y = K/~p,

where

Z = 4vJ/(I/2e) .

(5)

(5)

Here f is the potential, J' is the electron current
density, m and e are the mass and charge of the
electron, respectively. This equation is valid with
the assumption that the collimating magnetic field
is strong enough that the space-charge depres-
sion acts only to slow electrons but not to signifi-
cantly defocus them. The solution of this equation,
averaged over the area of the atom beam, provides
the actual electron energy that the beam sees, in-
cluding space-charge effects and contact-potential
difference. A typical space-charge correction is
—0. 18 eV for a nominal energy of 1.56 eV when
the current is 0. 166 mA. Since the region over
which the calculation was made included the anode,
the effect of field penetration from the anode into the
scattering region is also included. The over-all
accuracy of the absolute electron-energy determi-
nation is estimated at + 0. 150 eV."

Miscellaneous errors in the cross-section deter-
mination, including the error in the determination
of (v), the error in calculating the photon back-
ground current, and the effect of metastables which
are not normally detected being scattered into the
detector, all contribute to an error estimate of
+ 13%%ug for the value of the cross section.

8. Angular Resolution

e „~, 1 aeV= V», +—(l —e " ') ——r 2 (r+r) (8)

where the first two terms are the Hartree-Fock-
Slater potential of the atom modified by a factor

+pe) and

.8 I eV ELECTRONS

.4

I I I I

.I .2 .3 .4 .5 .6 .7 .8 .9 IO LI

qN) = q„S)+ qhI)- q N) qq(8)

ARGON VELOCITY: 407 m/sec

tion of a scattering event. We define q (8)
and g„(8) as the probabilities that a scattering event
will be observed for a given electron polar scatter-
ing angle 8, due to the finite width or height of the
detector, respectively. These efficiencies are
calculated by integrating over the azimuthal elec-
tron-scattering angle Q in the expressions for the
fraction of the atom beam scattered out of the de-
tector. This is done for fixed values of the elec-
tron energy and average atom-beam velocity and as
a function of electron polar scattering angle. ' The
over-all efficiency for the detection of a scattering
event is obtained from the separate efficiencies by

R(8) = t) (8)+'t4(8) 4 (8-)qg(8) . (I)
Figure 7 shows these efficiencies for argon and
1.0- and 5. 0-eV electrons. The stated angular
resolution at 1.0 eV, 16.1', is the point at which
q(8) reaches 0. 5. This analysis applies only to the
elastic part of the cross section since all inelastic
events will be detected with unit efficiency.

C. Comparison with Theory

Robinson has performed an adiabatic calculation
based upon an interaction potential of the form

The term angular resolution, as applied here,
refers to the ability of the apparatus to distinguish
between atoms scattered by electrons and those
that experience no interaction. Since both the atom
beam and the detector have a finite height and width
it is possible for an atom to be scattered and still
be counted at the detector, i. e. , not be registered
as a collision. In order to simplify the angular-
resolution calculation we think of the detector slit
as being constructed from the overlap of a slit of
finite width and infinite height and a slit of finite
height and infinite width. For each of these slits
we define a detection efficiency for the observa-
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FIG. 7. 'Efficiencies for detection of a scattering
event as a function of the electron polar scattering
angle e.
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which removes the Coulomb tail of VH», and the
third term represents the static electric dipole in-
teraction. n is the electric dipole polarizability
taken from experiment, x~ is chosen to approximate
the mean-square radius of the valence-electron
orbital, and a is adjusted to yield the experimentally
observed electron affinity deduced from measure-
ments on electron resonances. The actual value of
r~ employed was taken from the experimental po-
larizability by means of the variational formula
u= f (r~)„. Exchange is indirectly taken into ac-
count because the empirical electron affinity is in-
fluenced by exchange. However, no attempt was
made to obtain properly symmetrized scattered
wave functions.

It is known that the phase shifts, particularly at
very low energies, are quite sensitive to variations
in the parameters n, a, and r~, particularly the
last of these. Exchange, also at very low energies,
contributes quite significantly to the scattering (as
observed in the analogous experiments in the alka-
lis'0). Thus it would be quite difficult to estimate
the error in the Robinson calculation, although the
principal feature of the scattering problem, which
is the influence of the large polarizability, is well
illustrated and should give qualitatively correct re-
sults. These observations are indeed borne out by
comparison of theory and experiment.

It should also be noted that the experimental atom
beam was composed of a mixture of 'Po and P2
metastable argon while Robinson's calculation con-
siders only the ~P& state. Also, as mentioned in
Sec. II, the experiment measures the total cross
section while the calculation considers elastic
scattering only.

In order to properly compare the present results
to Robinson's prediction a correction must also be
made for the angular resolution of the apparatus.
This is particularly true because of the large num-
ber of higher partial waves in the theoretical cross
section.

The effective elastic cross section that would be
measured by the experiment is

a=2' f; q(8)&r(8) sin8d8, (g)

where o(8) is the differential cross section. The
value of cr has been calculated from Robinson's
phase shifts and plotted along with the experimen-
tal results in Fig. 6. The correction was of order
10/q at 1 eV. As expected, the experimental data
lie above the predicted elastic cross section. There
is no fine structure present in either curve. At
higher energy the discrepancy becomes greater
than a factor of 2, implying that the difference
cannot be accounted for by inelastic events alone.
This is not unexpected, in view of the considera-
tions outlined above.

VI. CONCLUSION

The atom-beam-recoil technique has been utilized
to perform an absolute measurement of the total
cross section for electrons on metastable argon.
hovations in this experiment are the use of direct
measurements of the velocity distribution in the
atom beam and the calculation of the potentials
within the scattering gun to a high degree of ac-
curacy. We have demonstrated the feasibility of
performing accurate collision experiments employ-
ing metastable states indicating the need for a more
complete theoretical attack on the problem. Work
is continuing in our laboratory on further measure-
ments on the other metastable rare gases. Both
fine-structure and magnetic-substate selection is
being employed in these experiments.
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Angular and Energy Distribution of Cross Sections for Electron Production by
50-300-keV-Proton Impacts on N2, Q2, Ne, and Ar

J. B. Crooks and M. E. Rudd
Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68508

(Received 12 November 1970)

Cross sections differential in angle and ejection energy for electron production by proton
impact on nitrogen, oxygen, neon, and argon have been measured using electrostatic analysis
and counting of individual electrons. The range of proton energies was 50-300 keV, the angles
ranged from 10' to 160', and the electron energies were measured from 1.5 to 1057 eV. Inte-
grations over angle and/or electron energy yielded singly differential and total electron produc-
tion cross sections. Our total cross sections for oxygen fall halfway between previous data of
deHeer et al. and Hooper et al. , but our argon cross sections agree better with deHeer et al.
Cross sections for electron ejection in the backward hemisphere are much greater for these
multishell targets than for hydrogen and helium. The momentum-energy conservation hump
which was prominent in hydrogen is less conspicuous for these gases.

INTRODUCTION

The production of electrons in fast ion-atom and
ion-molecule collisions is of basic interest in a
number of areas. The energy distribution of elec-
trons from such collisions is useful in understanding
stopping power, ' energy deposition phenomena, 3

and auroral and upper atmospheric processes. ' The
angular distribution is of considerable importance
in testing various theoretical descriptions of the
ionization process. Some of the theoretical aspects
are discussed in the following paper. '

Cross sections for electron ejection which are
differential in both angle and energy have become
available only in the last few years. Kuyatt and
Jorgensen made the first such measurements for
protons of 50-100 keV on hydrogen. Rudd and Jor-
gensen made measurements on helium from 50 to
150 keV. The energy range was extended for both
gases to 300 keV in the work of Rudd, Sautter, and
Bailey. ~ This enters the region where Born-approx-
imation calculations yield accurate results for total
ionization cross sections, but it was shown that the
angular distributions were still off by large factors.
Cacak and Jorgensen recently studied Ne'-Ne and
Ar'-Ar collisions from 50 to 300 keV. Torburen
recently measured doubly differential cross sections

for electrons from O'-N2 collisions from 300 to
1700 keV.

In the present work, we have measured angular
and energy distributions of electrons from Np, 02,
Ne, and Ar bombarded by protons from 50 to 300
ke V. Comparison of these data with those on hydrogen
and helium is made to determine the effect of inner
shells on the ionization process. The data on at-
mospheric gases should be useful in determining the
interaction of the protons in the solar wind with the
upper atmosphere. Also since oxygen and nitrogen
are important constituents of protoplasm, these re-
sults can be applied to the problem of energy depo-
sition in cells and tissues.

EXPERIMENTAL METHOD

The apparatus used in this experiment is the
same as that used by Rudd and Jorgensen and mod-
ified in the work of Cacak and Jorgensen. A colli-
mated, magnetically analyzed proton beam entered
a, chamber containing the target gas at pressures
of about 4&&10 Torr. The beam was collected in
a shielded, positively biased Faraday cup and in-
tegrated. Electrons from a short length of the beam
went to a 127 electrostatic analyzer placed at any
of eight angles from 10' to 160' from the beam. Be-
fore entering the analyzer they were accelerated by


