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Absolute total cross sections for the scattering of 2 —18-eV electrons by cesium atoms
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Absolute total cross sections for the scattering of electrons by cesium atoms between 2 and 18 eV have
been measured using the atomic-recoil technique in the scattering-out mode. Our results are somewhat
lower than those of Visconti, Slevin, and Rubin [Phys. Rev. A 3, 131011971)]above 2 eV.

PACS number(s): 34.80.—i

I. INTRODUCTION

Alkali-metal atoms have been traditionally chosen by
electron-atom scattering experimentalists and theorists as
common testing grounds. Since the body of work on
electron-alkali-metal-atom collisions has become very
large, we will not attempt to give a complete bibliogra-
phy. Alkali-metal atomic beams are relatively easy to
produce and detect, making them the target of choice in
some of the earliest crossed-beams scattering experiments
[1—6]. Alkali-metal atoms, consisting of a tightly bound
noble-gas-like core plus a single, loosely bound valence
electron, make ideal targets for studies of the role of spin
in electron-atom collisions [2,7 —12]. They can also be
easily excited at visible or near-infrared wavelengths,
which makes them convenient targets to study electron
collisions with excited state atoms [13—21]. Recently,
alkali-metal vapors also became the subject of collision
studies involving positrons [22]. Because of the large os-
cillator strength of the transition coupling the nS ground
state of an alkali-metal atom with its nP first excited
state, few-state close-coupling calculations [23—28] have
been extraordinarily successful in describing low-energy
electron scattering by the alkali metals. At higher ener-
gies, those calculations lose validity. A number of
different approaches [29—31] have been attempted to
treat electron-atom scattering in the intermediate-energy
regime in which few-state close-coupling calculations be-
come unsatisfactory, while techniques like the Born ap-
proximation or its many variants may not yet be accurate
enough.

Most of the experimental and theoretical work on elec-
tron collisions with alkali-metal atoms has been per-
formed using sodium or potassium as targets. Lately,
there has been a surge of interest on electron-cesium col-
lisions, mainly because cesium, having a fairly high atom-
ic number, is more likely than the rest of the stable alkali
metals to display the effects of spin-orbit or other relativ-
istic couplings on the electron scattering amplitudes. We
have started a program to investigate the role of spin in
electron collisions with cesium atoms, using optical tech-
niques for atomic spin state preparation and analysis.

As a first experiment, we have measured absolute total
electron scattering cross sections on cesium atoms. For
the lighter alkali metals, two-state close-coupling calcula-
tions [23,24] yield total cross sections which are in very

good agreement with experiment, but the results of previ-
ous measurements by Visconti, Slevin, and Rubin [5]
(VSR) for cesium are significantly lower than the two-
state close-coupling calculations of Karule [24] below the
first inelastic threshold; above it, they agree better with
the close-coupling calculations of Karule and Peterkop
[23]. The energy range we have explored, between 2 and
18 eV, partially overlaps those measurements, and it is
embedded in the intermediate-energy regime, currently
the subject of considerable theoretical interest.

II. EXPERIMENT

Our measurements were performed using the atomic-
recoil technique in the scattering-out mode, first de-
scribed by Rubin, Perel, and Bederson [32]. The ap-
paratus is shown schematically in Fig. 1. The cesium
beam source is a two-chamber effusive oven, with the
cesium reservoir heated up to about 200'C, and the out-
let chamber 25'C hotter. Half of the cesium atoms in the
beam have negative magnetic moments; these are velocity
selected and collimated by a hexapole magnet. The cesi-
um dimer concentration in the oven reservoir chamber is
about [33] 1.7X10, and is lowered somewhat by the
higher temperature at the outlet chamber. Inserting the
hexapole magnet triples the cesium beam intensity at the
detection end of the atomic beam apparatus; since only
the cesium atoms are focused by the hexapole magnet,
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FIG. 1. Schematic view of the cesium atomic beam ap-
paratus. The "hot-wire" detector can be displaced sideways to
explore the angular distribution of atoms crossing the detector
plane.
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FIG. 2. Cross-sectional view of the electron gun. Dashed
areas: alumina insulators. The electrodes are made of molybde-
num. The Pierce gun employs an indirectly heated alkaline-
earth oxide cathode.
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and not the dimers, we conclude that the dimer fraction
of the detected beam is well below 0.1%.

The atomic beam is cross fired by an orthogonal,
ribbon-shaped electron beam; the experiment coordinate
system is defined with the x axis pointing along the atom-
ic beam and the z axis along the electron beam. The
beams overlap region measures approximately 38, 2.3,
and 1.6 rnm along the x, y, and z axes, respectively; our
technique does not require an accurate knowledge of the
geometry of the overlap region. The electron gun, shown
in cross section in Fig. 2, consists of a Pierce gun [34]
with an indirectly heated alkaline-earth oxide cathode, a
decelerating lens [35], an equipotential collision region
where the electron and atomic beams intersect, and a
retarding-field electron energy analyzer. The electron

FIG. 4. Intensity profile of the cesium atomic beam at the
detector plane.

beam can be prevented from entering the interaction re-
gion by applying a negative voltage at the center element
of the decelerating lens. Figure 3 shows a typical elec-
tron energy distribution; the full width at half maximum
(FWHM) of 400 meV is consistent with the cathode tem-
perature.

The cesium atoms are detected at a distance L =914
mm downstream from the collision volume by surface
ionization on a hot tungsten wire. The resulting cesium
ions are accelerated into the entrance slit of a 90' sector
magnetic mass analyzer which discriminates against sodi-
um or potassium ions diffusing off the hot tungsten wire.
The ion current coming out through the mass analyzer
slit is amplified by a high-current Channeltron electron
multiplier. The cesium-atom detector can rotate in the
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FIG. 3. Electron energy distribution, obtained from the mea-

sured transmission of the retarding field analyzer by
differentiation. This distribution was measured at approximate-
ly 5-eV peak energy.

FIG. 5. Typical atomic beam signal collected in the MCS for
a total cross-section measurement. Dwell time: =82 ps/bin,
8192 bins/scan, 2200 scans. The electron-gun current was
turned off synchronously with the beginning of each scan, and
turned on at middle on each scan. The electron energy in this
case was 12 eV, and the electron current was 697 pA.
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plane defined by the beams (the xz plane), about the
center of the collision region. Figure 4 displays the inten-
sity profile of the atomic beam, showing a 2.8-mm
FWHM.

In the scattering-out recoil technique, the atomic beam
intensity is monitored by the detector, positioned on the
beam axis. If the electron beam is allowed to enter the in-
teraction region (by switching the voltage at the center
element of the decelerating lens from the negative cutoff
voltage to the appropriate positive focusing voltage),
some of the atoms in the beam will collide with electrons
and will be recoiled away from the beam axis. The atom-
ic beam current will be reduced by an amount [1]equal to
the collision rate,

bI, =0 (I,I, /H)(1/V ),
where I, and I, are the atomic and electronic beam num-
ber currents, o is the total electron-atom scattering cross
section, H is the height of the atomic beam within the in-
teraction region (3.79 mm, as defined by an entrance slit),
and (1/V) is the mean inverse atomic speed over the

atomic beam speed distribution (which in this experiment
is non-Maxwellian, determined mainly by the hexapole
magnet}. This assumes that the geometry of the beams
overlap volume is such that all the collected electrons
cross the atomic beam. As long as the detector is linear,
bI, /I, =b S, /S, (S, being the detector signal), and so

Thus, this technique allows us to determine absolute total
cross sections without measuring the atomic beam densi-
ty or calibrating the atomic detector (an absolute mea-
surement of I, is required}.

Figure 5 shows typical beam signal data measured in a
scattering-out experiment. The electron multiplier col-
lector current is measured by an electrometer; the com-
bined hot-wire plus electrometer time constant is about 5
ms. The analog output of the electrometer (approximate-
ly 1.7 V) is sampled by a voltage-to-frequency converter
of our design (based on the Burr-Brown VFC320 IC
chip), operating at 0.1 MHz/V; the output pulses are
counted by and stored in a multichannel sealer (MCS)
operated at 82 Ius/bin with an 8-kbin scan. The MCS
sweep and the beam on-off switching signal at the de-
celerating lens central electrode are triggered synchro-
nously at about 1.5 Hz, and enough scans are accumulat-
ed to have the same resolution as a 15-bit analog-to-
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FIG. 6. 15-Hz component of the atomic detector signal vs
detector position; the origin is set at the beam axis. The elec-
tron gun is chopped at 15 Hz, and the ac component of the
atomic signal is detected synchronously. Atoms are predom-
inantly recoiled away from the detector near the beam axis
(scattering-out signal), and into the detector to the right of the
beam axis (scattering-in signal). The prominent peak at z =2.3
mm is the signature of forward electron scattering after impact
excitation of the 6I' atomic state. These data were obtained at
8.2-eV electron energy.

FIG. 7. Schematic mapping of the cesium atomic beam cross
section at the detector plane. Atoms which, in the absence of
collisions with electrons would cross the detector plane where
indicated by open circles, will be deflected towards the right by
collisional recoil and cross it where indicated by dark circles.
Many of the atoms which would impact the detector at the
center (D) will miss it (scattering out), while a few that would
miss it will impact it (scattering in). Moving the detector to-
wards the left (D') reduces the number of atoms available to be
recoiled into the detector, thus reducing the scattering-in con-
tribution to the signal.
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digital converter (i.e., about 3 X 10 '). The figure shows
clearly how the atomic beam signal responds to the elec-
tron beam being switched off and on.

Equation (2) requires the determination of ( 1/V); this
is accomplished by using a technique discussed in more
detail elsewhere [15]. Briefly, the electron beam is
chopped at about 15 Hz and the phase-locked ac com-
ponent of the atomic beam signal is measured while the
atomic beam detector is displaced along the z axis. Re-
sults typical of such a measurement, when performed at
electron energies higher than the cesium 6S-6P excitation
threshold eE'=1.46 eV, are shown in Fig. 6. The large
negative signal near beam axis indicates that atoms are
being recoiled predominantly away from the detector; as
the detector moves away from the atomic beam, atoms
begin to be recoiled predominantly into the detector, and
the signal becomes positive. The pronounced peak in the
scattering-in signal is the signature of forward electron
scattering after impact excitation of the 6P state, and its
positron, relative to the beam axis, is given by [15]

bzo=[(2me)' L/M](1/V)[E'~ (E E—')I~i—], (3)

where m, e are the electron mass and charge, M is the
mass of the cesium atom, and eE is the electron energy.
Thus, a measurement of Mo determines ( 1/V). In this
experiment, ( I/V) '=(271+13) m/s, and it remained
constant from day to day.

Equation (1) implicitly requires the atomic beam and
detector to have negligible widths, since it assumes that
collisions within the overlap volume will recoil atoms
away from the detector, but not into it. As soon as the
widths of the beam and detector become finite, a certain
fraction of the collisions will recoil into the detector some
atoms which otherwise would not be detected, as illus-

trated in Fig. 7. There will be two contributions of oppo-
site signs to hS„

ES, =AS, (out) —bS, (in),

but cr is related only to the scattering-out contribution,
ES,(out). In general, the scattering-in contribution
b,S, (in) will depend on the shape of the small-angle
differential cross section, atomic beam density distribu-
tion, atomic and electron momentum distributions, and
detector geometry; Jaduszliwer et ttl. [36] analyzed
b,S, (in) in detail for the case of electron scattering by
highly polar molecules, where the largely forward charac-
ter of the differential cross section made it an important
contribution to bS, . The scattering-in contribution is
less significant for electron-atom recoil experiments, and
can be minimized. Inspection of Fig. 7 shows that as the
atomic detector is displaced in the —z direction, less and
less atoms are available to contribute to ES,(in). If S,
and AS, are measured as a function of detector position,
and an effective total cross section a,z is calculated using
Eq. (1), as b,S,(in) becomes smaller cr,Ir will increase.
This is shown in Fig. 8: for small detector displacements,
o,z- increases as the detector is moved away from axis,
and it approaches cr asymptotically as the scattering-in
contribution becomes too small to afFect the measure-
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FIG. 8. Effective total collision cross sections at 12 eV vs
detector position. As the detector is displaced towards the left,
the scattering-in contribution to the signal is reduced, thus rais-
ing the effective cross-section value. Once the detector is dis-
placed by 0.5 mm, the effective cross section becomes insensitive
to further displacement, implying that the scattering-in contri-
bution to the detector signal has been minimized. The arrow
shows the standard detector position when accumulating data
for cross-section determinations.
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FICx. 9. Total electron —cesium-atom collision cross sections
vs electron energy. Dark circles, this work; open squares, mea-
surements by Visconti, Slevin, and Rubin (Ref. [5]); solid line,
two-state close-coupling calculation by Karule and Peterkop
(Ref. [19]);dashed line, two-state close-coupling calculation by
Burke and Mitchell (Ref. [33]);dark triangle, five-state relativis-
tic close-coupling calculation by Scott et al. (Ref. [38]). Verti-
cal error bars indicate one standard deviation level of
confidence; horizontal error bars in our data indicate the
FWHM of the electron energy distribution.
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ment. The cross-section measurements were made with
the detector at z = —0.55 mm (denoted by the arrow in
Fig. 8), so that the condition o,s =a prevailed during the
experiments.

III. RESULTS

We have used the apparatus and experimental tech-
niques described in the preceding section to measure ab-
solute electron-cesium atom collision cross sections in the
2 —18-eV impact energy range. Our results are shown by
the dark circles in Fig. 9. The vertical error bars indicate
one standard deviation level of confidence, and are essen-
tially determined by the statistical errors in the measure-
ments of S, and ( I /V). The horizontal error bars mea-
sure the electron energy spread (FWHM). Electron ener-
gies have been corrected for contact potential differences
and space-charge potential; S, has been corrected for a
small background contribution.

The VSR measurements span the 0.3-9-eV energy
range; those above 2 eV are shown in Fig. 9. Also shown

in Fig. 9 are the results of two-state close-coupling calcu-
lations by Karule and Peterkop [23] and by Burke and
Mitchell, [37], as well as the value obtained by Scott
et al. [38] at 2 eV in a relativistic five-state close-coupling
calculation.

Comparison of our results with the VSR results shows
that ours are systematically lower, although typical
differences are less than a combined standard deviation.
As mentioned before, the VSR results are significantly
lower than those of Karule [24] (which are the lowest of
the close-coupling total cross sections) below the 6P exci-
tation thresholds, and agree better with those of Karule
and Peterkop [23] above it. Our results would indicate
that the close-coupling calculations have yielded total
cross sections which are consistently high over the
covered energy range.
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