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Differential cross sections for the elastic scattering of electrons from atomic hydrogen
have been measured at 9.4, 12, and 20 eV. The data at 9.4 eV are shown to agree with a
previous measurement and to agree with the prediction of the close~-coupling approximation
even at the smaller scattering angles of the present experiment. The data at 12 eV agree
very well with the six-state close-coupling calculation. The data at 20 eV agree well with a
three-state calculation except at the most forward angles.

I. INTRODUCTION

The scattering of electrons from atomic hydro-
gen has for a long time proven to be of central
importance in developing approximations for solv-
ing the Coulomb three-body problem. The validity
of a particular approximation depends to a large
extent on the energy of the incident electron. At
low energies, where no or few inelastic channels
are open to the scattering process, the close-
coupling approximation has proven to be the most
reliable of the theoretical treatments.! Much of
the experimental evidence for the validity of the
close-coupling approximation in this energy range
comes from measurement of total cross sections
for the excitation of the 2p state?-® and the 2s
state,®-° and the polarization of the resonance
radiation.!® Whereas the total-cross-section mea-
surements disagree significantly with the close-
coupling calculations,! the polarization measure-
ments show good agreement up to the n =3 thresh-
old. Since in the total-cross-section measure-
ments the level under investigation is populated in
part by cascade from higher states, the discrepan-
cy between theory and experiment may reflect a
poor estimate of the contribution to the cross
section by cascade.

The angular distributions of elastically scat-
tered electrons do not suffer from ambiguities
due to cascade effects and should therefore pro-
vide a more reliable test of theory than the in-
elastic-scattering measurements. At low ener-
gies, the only differential elastic-scattering cross-
section measurements are those of Gilbody e?
al.,** whose measurements cover the energy range
3.8-9.4 eV and the angular range 30°-120°, Total
elastic cross sections have also been measured
at low energies.!?-'* Below the excitation thresh-
old the experimental elastic cross-section results
are in good agreement with theory. Although the
close-coupling approximation predicts the dif-

ferential cross section for scattering angles from
30° to 120°, no data exist outside this angular
range and for energies above the first excitation
threshold (10.2 eV).

In this paper we report the measurement of the
differential cross sections for the elastic scat-
tering of electrons from atomic hydrogen at in-
cident energies of 9.4, 12.0, and 20.0 eV, and
compare it with close-coupling calculations. We
also describe the modulated beam apparatus and
the technique employed in the measurements. In
a subsequent paper we will present the results of
our investigations at higher energies.

II. EXPERIMENTAL TECHNIQUE

The angular distributions were obtained by ob-
serving the electrons elastically scattered from
a beam of ground-state hydrogen atoms, produced
by dissociating molecular hydrogen in a heated
tungsten oven.?'!® It can be shown that the disso-
ciated fraction of molecules (D) in such an oven
decreases if the gas pressure in the oven is in-
creased. Since the density of neutral particles in
the interaction region is proportional to the source
pressure, high dissociation implies low target
densities. A compromise between the dissociation
and the neutral-particle density must be reached.

The dissociation was measured by sampling the
neutral beam downstream from the interaction
region with a mass spectrometer. Typically, D
was between 0.7 and 0.9, corresponding to a sig-
nificant fraction of molecular hydrogen in the tar-
get beam. Thus it was necessary to measure the
ratio R of cross sections oy(6)/0y,(6) at each scat-
tering angle and at each energy. This was done
using the relation®?

ou(6) _ 1 (S8 T \?
ow(8) V2D SZ(e)<"T7) +D-1y, M

where S5 (6) is the scattered signal at some tem-
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perature T at which the beam is highly dissociated,;
and Sz( 6) the scattered signal at a reference tem-
perature T, where the beam is wholly molecular.
The derivation of this relation assumes that the
neutral beam effuses from the source aperture
under conditions of molecular flow. Under these
conditions, for temperatures below which disso-
ciation occurs, STY? is constant. The results of
a typical measurement of the elastically scattered
signal as a function of the oven temperature are

shown in Fig. 1, logS being plotted versus the logT.

The gradient of the straight line is observed to be
-0.5, validating the use of Eq. (1) for determining
the cross-section ratio. The furnace was usually
operated at about 2800 °K, where D was typically
0.85. The beam temperature, taken to be that of
the black-body radiation which emanated from

the aperture in the wall of the furnace, was mea-
sured with an optical pyrometer. The temperature
measurements were corrected for the fact that
the furnace aperture was viewed through the chop-
per wheel, for absorption in the glass window,
and for aperture limitations caused by the mass
spectrometer. The degree of dissociation was
obtained by using the fact that the H,* ion signal
as recorded on the mass spectrometer output also
obeyed the relation STY2 = const. for beam tem-
peratures less than 1500 °K. When the beam was
dissociated the H,* ion signal decreased more
rapidly with temperature than given by this rela-
tion. The degree of dissociation can be calculated
from the relation

1-D=S,/S,, (2)

where S, is the H,* signal which was recorded

at the temperature T and S, the signal which would
have been found had no dissociation occurred.
Figure 1 also shows the variation of the H,* signal
with temperature. Although the slope of the
straight line is not exactly -0.5 in this case, this
does not affect the value of the dissociation ob-
tained from Eq. (2). Thus from measurements

of Sp(6), Sg(8), T, Tg, and D the required atomic
to molecular cross-section ratios can be obtained.

Superimposed on S;(6) and Sg(6) is a large back-
ground signal. This is due to electrons reaching
the detector after scattering from the background
gas and from parts of the surrounding vacuum
chamber. It is well known that by modulating the
neutral-particle beam with a mechanical chopper
and detecting only the in-phase component of the
scattered signal, large noise-to-signal ratios can
be tolerated.

A schematic diagram of the apparatus is shown
in Fig. 2. Atomic hydrogen was produced by the
thermal dissociation of molecular hydrogen in the
first of three differentially pumped chambers. A
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beam of hydrogen atoms emerged from a 1-mm
hole in the wall of the furnace and was modulated
at 240 Hz in the second chamber by a rotating
toothed wheel. The modulated neutral beam was
collimated before passing into the third chamber,
where it was crossed with a well-focussed elec-
tron beam. The number density of target atoms in
the beam was optimized by designing the vacuum
system so that the distance between the source and
the interaction region was as short as possible
(5.5 cm). The time constant of the scattering
chamber was approximately 0.5 sec, which was
substantially greater than the chopping period thus
minimizing errors due to background pressure
fluctuations. The base pressure in the scattering
chamber was typically 5X 10-7 torr, which was
essentially unaffected by the neutral beam entering
the chamber. The composition of the neutral beam
was analyzed with a rf quadrupole mass spectrom-
eter and a phase-sensitive detector.

The electron gun, based on the design outlined by
Kuyatt,'® incorporated a Pierce!” extraction sys-
tem as the initial electron source. To obtain a
well-collimated final beam a fixed-ratio decelerat-
ing lens was used. A three-tube variable-ratio-
energy -changing lens matched this stage to the
source stage. All lens elements were machined
from nonmagnetic stainless steel and were accu-
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FIG. 1. Temperature dependence of (a) elastically
scattered signal at 50° and 20 eV (full line) and (b) mass
spectrometer H,* and H* signals (dotted lines).
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rately located in the gun by sapphire ball spacers.
The gun was enclosed in an earthed p -metal box
which served a variety of purposes. It reduced
the magnetic field in the gun to less than 20 mG,
prevented stray electrons from reaching the spec-
trometer, and ensured that no stray electric fields
from the gun entered the collision region. Final
alignment of the electron beam with the target
beam was achieved by slightly varying the poten-
tial on sets of deflection plates that were situated
immediately in front of the gun.

After passing through the interaction region, the
electron beam was collected in a Faraday cup
consisting of two separately insulated concentric
cylinders. The electron beam was focussed by
maximizing the current to the center collector,
which was 6 mm in diameter, the outer cylinder
being 12 mm in diameter. Electrons backscat-
tered from the Faraday cup and reaching the de-
tector were an important source of noise in the
experiment. The number of such electrons was
reduced by making the front surfaces of the cy-
linders as thin as possible (0.025 mm) and by coat-
ing all surfaces bounding the interaction region
with colloidal graphite. The electron beam pro-
file was determined by measuring the current
collected in the Faraday cup versus the deflection
plate voltage. The angular divergence of the elec-
tron beam was less than 0.03 rad. A typical cur-
rent obtained at 12.0 eV with 90% focussing was
0.25 pA. The half-width of the energy spread in
the beam was estimated to be 0.3 eV.
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Both electron gun and Faraday cup were mounted
on a rotating table, the axis being formed by the
neutral beam. The angular position of the elec-
tron beam was determined by reading a scale and
a pointer through a window in the vacuum system.
A retarding potential analyzer viewed the entire
interaction region from a position fixed with re-
spect to the electron gun and collector. This
device selected those electrons which had been
scattered elastically from the neutral beam. The
solid angle subtended by the analyzer was suffi-
ciently large so that the scattering volume re-
mained independent of the scattering angle. The
angular resolution using this arrangement was 3°
with an energy resolution of less than 1 eV. The
retarding-field type of spectrometer is well suited
for the selection of elastically scattered electrons,
as its action is that of a high-pass energy filter.
Another advantage is that a large acceptance angle
could be obtained easily with constant transmission
characteristics across that angle. Its main dis-
advantage was that photons from excited atoms
in the interaction region were able to reach the
electron detector (Channeltron). Thus for ener-
gies above the first excitation threshold for atomic
and molecular hydrogen, the modulated beam
signal contained a component which arose from the
excitation of vacuum uv photons. This component
was resolved from the electron signal by reducing
the potential on the spectrometer to a value less
than that of the incident beam. The signal which
was then detected was attributed to photons and
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was subtracted from the signal recorded under
normal conditions. This correction for photons
was always much less than 1% of the elastic signal
for electron energies equal to or less than 20 eV.
The symmetry of the angular distributions was
verified by taking data at both positive and nega-
tive scattering angles. The possibility of the
earth’s magnetic field influencing the shape of

the distributions was reduced by using a set of
Helmholtz coils to balance out the earth’s field.
The residual field near the interaction region was
measured to be below 50 mG. The maximum devi-
ation in scattering angle that could be caused by
this residual field was calculated to be consider-
ably smaller than the angular resolution. The in-
teraction region was shielded from the magnetic
field due to the high oven current by surrounding
the oven chamber with netic A.A.

After passing though the retarding-field analyz-
er, the elastically scattered electrons were detect-
ed in a Channeltron. The output pulses from the
Channeltron were processed by a digital phase-
sensitive detection system in order to separate
the beam component from the background noise.
This was accomplished by gating two scalers so
that one was on only when the beam was on, and
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FIG. 3. Elastic e~H, differential cross sections at
9.4 eV. The data of Bullard et al., Trajmar et al., and
Ramsauer et al. were taken at 10 eV.
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the other on only when the beam was off. By rout-
ing the Channeltron output into both scalers, sca-
ler 1 recorded the counts produced by electrons
elastically scattered from the beam plus back-
ground, while scaler 2 recorded only the back-
ground counts. The gating signal was obtained
from a digital delay unit, triggered by a photo-
diode that was illuminated by a light source on the
opposite side of the mechanical chopper. A timing
circuit controlled by a 10-MHz crystal clock allow-
ed the reference signal to be delayed by a preset
interval. A second timing circuit controlled by
the same clock allowed the mark-space ratio to
be varied. Two outputs, 180° out of phase with
each other, were then used to gate the two sca-
lers on and off in synchronism with the beam sig-
nal. It was important to have accurate stable
switching times so that adverse signal-to-noise
ratios could be handled adequately. The switching
accuracy depended on whether the “on” times for
each scaler were equal. The 10-MHz clock with

+ 2-Hz uncertainty resulted in a timing precision
of 0.01%.

The electron beam current was maintained con-
stant to within 0.2% during the taking of data, and
the neutral-particle beam was monitored with the
mass spectrometer so that drifts in intensity could
be corrected for. The main source of error in the
data was then the statistical counting error. Dead-
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FIG. 4. Elastic e-H, differential cross section at
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FIG. 5. Elastic e-H, differential cross section at 20.0
ev.

time corrections were not necessary, as the count
rates were always less then 1 kHz.

III. RESULTS AND DISCUSSION
A. Molecular hydrogen

Angular distributions for the low-energy scat-
tering of electrons from molecular hydrogen have
been measured by many workers.'®:1%1t Of these
only Ramsauer and Kollath!® and Trajmar et al.'®
attempted to give absolute values. The highest

TABLE I. The ratio R =crH(t9)/fr[_,2 (6) for elastic scat-
tering of electrons by atomic and molecular hydrogen as
a function of angle and incident energy.

Scattering

angle

(deg) 9.4 eV 12.0 eV 20.0 eV
15 0.61+0.03 0.58+0.02
20 0.63+0.04 0.62+£0.03 0.58+0.02
30 0.57+0.03 0.54+0.03
40 0.57+0.03 0.57+0.035 0.53+£0.03
50 0.555+0.04 0.57+0.035
60 0.55+0.04 0.61+0.03
70 0.70+0.04 0.66+0.04 0.71+0.03
80 0.74+0.04 0.775+0.035
90 0.81+£0.05 0.78+0.06 0.87+0.04
100 0.85+0.08 0.98+0.05

110 0.97+0.06
120 1.00+0.07
135 0.98+0.10
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FIG. 6. Elastic e-H differential cross section at 9.4
eV. Dots with error bars show the present data.
Crosses show the data of Gilbody ef al.!! with their
error indicated 90°. The full line gives the results of
the close-coupling calculations (Ref. 21).

incident electron energy used by Ramsauer and
Kollath was only 10.0 eV, whereas Trajmar et
al. measured differential cross sections from 10°
to 80° scattering angle for impact energies of 7,
10, 13.6, 20, 45, 60, and 81.6 eV. At 20 eV and
below, these results were normalized using the
total e-H, elastic-scattering data of Golden et
al.,?® with an error estimated to be +35%. This
value included the error in the normalization pro-
cedure as well as experimental uncertainties.
Figures 3 to 5 show the present results compared
with other experimental results. Normalization
of the present results was achieved by using the
absolute H, values of Trajmar ef al., the data
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FIG. 7. Elastic e-H differential cross section at 12.0
eV. The full line gives the results of the six-state
close-coupling calculation (Ref. 22), the broken line that
of the three-state calculation (Ref. 21).
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Or—T T 7T T T T T T T T T ] and energies are shown in Table I. The errors
C H 20ev ] here quoted correspond to one standard deviation
L 4 and arise from the statistical sum of errors in Sy,
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FIG. 8. Elastic e-H differential cross section at 20.0
eV. The full line gives the three-state close-coupling
results of Scott (Ref. 23), and the broken line the results
obtained by Burke et al. (Refs. 21 and 22). The results
of the Born approximation are also shown for compari-
son.

at 9.4 and 12.0 eV being normalized by interpo-
lation. All other relative experimental angular
distributions except those of Ramsauer and Kollath
were then normalized to the present results for
the best visual fit. The relative errors in the
present data are less than 2% at all angles. In
general, the earlier scattering results'® do not
agree well with the present results and with those
of Trajmar et al., the main discrepancy occurring
at backward angles. However, the present re-
sults are in good agreement with the results of
Trajmar et al.'® and Gilbody et al.?®

B. Atomic hydrogen

The ratios R of electrons elastically scattered
from atomic hydrogen to those elastically scat-
tered from molecular hydrogen at different angles

Sg, T, Tg, and D. These ratios were converted
into differential cross sections for the elastic
scattering of electrons from atomic hydrogen by
forming the product Ro,(¢). The resulting cross
sections are shown in Figs. 6, 7, and 8. At 9.4
eV there is good agreement in both shape and
absolute value with the previous measurement

of Gilbody e¢ al., which was normalized to the
earlier data of Ramsauer and Kollath. At 90°
Gilbody et al. obtained the value of 0.83+ 0.16 for
R, in excellent agreement with the more-accu-
rate present value of 0.81+0.05. The close-cou-
pling calculation?! still fits the data at a scattering
angle of 20°.

The differential cross section at an incident en-
ergy of 12.0 eV is shown in Fig. 7. No previous
measurements exist at this energy. The results
compare very well in shape and absolute value
with the close-coupling calculations of Burke e/
al.??? The difference between the three-state
and the six-state close-coupling calculations is
significant only for angles less than 30°. The
present data are not sufficiently accurate to dis-
criminate between the two calculations, as both
fit the data to within the experimental error.

At 20.0 eV ( Fig. 8) the close-coupling calcula-
tions? 2% give the shape of the observed angular
distribution for scattering angles greater than
30°. The discrepancy in absolute value could be
due to the 35% error in normalization.!® The full
line in Fig. 8 represents the results obtained by
Scott,?® who used the three-state close-coupling
reactance matrix elements of Burke e/ al.?* sup-
plemented by Born-approximation values for high-
er partial waves. The broken line represents the
results obtained using Burke’s original data.
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