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Results are reported on the elastic scattering of low-energy electrons by potassium. The
atomic-beam crossed-beam recoil technique is used, with velocity selection and spin selec-
tion and analysis of the atom beam. The results include total, differential, and differential
spin-exchange cross sections, in the energy range 0.5-1.2 eV. Comparison is made with
close coupling, as well as with adiabatic-type calculations. Additional total cross-section
measurements up to 9 eV are also presented. These are significantly smaller and lack the
pronounced structure of the early results of Brode.

I. INTRODUCTION

Rubin, Perel, and Bederson' developed a novel
method for the study of low-energy electron-atom
collisions with spin analysis. In this method,
called the "recoil technique, " observation of the
interaction is made on the scattered atoms rather
than the electrons. The recoil scattering angles
are generally quite substantial and as a consequence
the method can be used to study both differential
scattering, by collecting atoms scattered away from
the beam axis (scattering-in), and total scattering,
by noting the attenuation of the full atom beam when

cross fired by electrons jscattering-out). In this
latter mode an absolute value of the cross section
can be obtained from knowledge of the electron
current, the atom-hearn mean speed, and geometry
factors; knowledge of the neutral beam density
is not required.

Scattering experiments can also be performed
with state selection before the interaction, and
state analysis after the interaction. For example,
using the alkalis in strong magnetic fields, one
can spin align the atomic beam and, after scatter-
ing, a spin analysis can be performed on the scat-
tered atoms. This procedure yields the spin-flip
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scattered into b,f. For such a system &=1. Or-
dinarily, because of the analyzer magnet, z «1
except for angles corresponding to 8 = 0' and =180'.
For a pencil beam the analytic forms for the AFF
are

&(8) =1, sin8 & h/2ol,

s(z}
const&& fdE r(8, E)N(E)/E'" ' (3)

S„(z)
&gz ' 4}const& f dE y(8, E}N(E}/E'"

Since the denominators of Eqs. (3) and (4} can be
evaluated as a function of E, apart from the con-
stant, relative curves for o(8, E) and o„(8,E) can
be obtained from measurements of S(z) and S„(z).

The cross sections are related to the appropriate
scattering amplitudes by

(6)

(6)

where f, g are the direct and exchange amplitudes,
respectively. These are related to T, S (the trip-
let and singlet amplitudes) by

The simplest quantity to measure in our experi-
ment is the ratio R, defined by

(2)
y(8)=1-—cos '(h/2eL sin8), sin8& h/2aI,

7r

where h is the detector height (assuming no obstruc-
tions}. Figure 3 of Ref. 6 shows plots of y(8} for
1-eV electrons and a potassium beam for both a
monoenergetic electron beam and for an electron
beam averaged over its observed energy spread.

A corresponding equation to Eq. (1) can be writ-
ten for the exchange signal S„(z}, the scattering
signal at z for atoms which have suffered change
of spin state during collisions with the electron
beam. All quantities in this expression will be
the same, except &r(8} is replaced by —,'o (8). This
assumes that the spin analyzer possesses a unit
transmission efficiency, i. e. , passes all atoms
with reversed spin states with the same efficiency
as when it is inoperative. (The influence of the
transmission of the analyzer is discussed in Ap-
pendix A. ) The factor —,

' appears multiplying o (8)
since only half of the electron beam, consisting
of those electrons with spins polarized opposite
to the polarized atom beam, participates in this
exchange measurement. Exchange events by elec-
trons oriented parallel to the atom beam are un-
observable, and are not counted in the signal S~.
We will assume that o(8) and o (8) are slowly
varying functions of E (or equivalently, we seek
values for &r and o„averaged over E) Then we.
have

R-=o„(8)/2o(8) = S.,(z)/S (z),

since in this determination the complicated denomi-
nators of Eqs. (3) and (4) cancel. The systematic
errors in the ratio measurement are thus consider-
ably reduced and are primarily the result of errors
in the employment of the polarization analyzer and
in the assumption that the cross sections are slow-
ly varying functions of the energy. The method
used to obtain absolute values of o(8) and o (8) is
described in Sec. VI.

In order to obtain relative values of o(8} and
o (8) separately, the integral

y(8, E)N(E)
El /2

is evaluated numerically, using the experimental
electron energy distribution and the AFF calculated
on the assumption of a pencil beam with the rele-
vant apparatus dimensions.

III. APPARATUS AND EXPERIMENTAL METHOD

The apparatus has been described by RBGC (see
Fig. 1 of Ref. 6). The vacuum envelope consists
of three separately pumped stainless-steel cham-
bers joined by two magnet assemblies. These are
connected by flexible stainless-steel bellows, per-
mitting independent movements of all components.
The polarizer is a Stern-Gerlach magnet which
serves to both polarize and velocity select the po-
tassium beam. The velocity resolution of a Stern-
Gerlach magnet h V/V can be shown to be approxi-
mately equal to 2ur/S, where w/S is the ratio of
source slit width to source displacement from the
beam axis. ' In the present experiment hV/V is
about + 10/p. The beam is about 98% polarized as
it enters the interaction region. The analyzer is
an E-H gradient balance magnet' adjusted so that
when operative it passes only those atoms which
have changed their spin states. The analyzer-de-
tector assembly is constructed so that it can
rigidly rotate about the scattering center in the
plane defined by the direction of the two incident
beams while the detector is capable, in addition,
of undergoing independent translation motion, in
order to study beam profiles.

The most critical element in this experiment,
from the point of view of obtaining reliable data,
is the electron gun. It must be capable of pro-
ducing a beam of reasonable energy spread, and a
mean energy which can be reliably determined,
reasonably unidirectional with minimal secondary
and reflected electrons in the interaction region,
accurately positioned, and with properly designed
anode to ensure that all electrons which pass
through the atom beam are collected and measured.
Finally, because of the small probability of scat-
tering into a solid-angle range subtended by the de-
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tector when positioned off-axis, the currents must
be reasonably large (of the order of tens of pA);
this latter requirement precludes the use of mono-
chromatic electrons at the present stage of de-
velopment of the recoil technique.

A detailed description of the design and operation
of this gun is contained in an article published
elsewhere. ~

The current density in the scattering region was
always less than 50 pA/cma. The gun produces
a uniform parallel beam of electrons of cross-sec-
tional area 0. 08' 2. 54 cm, possessing an energy
spread under normal operating conditions (with
absolute energies between 0. 5 and 3.0 eV) of about

0. 25-eV full width at half-height. A strong
magnetic field parallel to the electron motion
serves to collimate the electrons and to decouple
the nuclear and electron spins in the scattering
region. The absolute energies determined by re-
tarding potentials agree well with those obtained
by observing the onset of inelastic scattering cor-
responding to 8 = O'. This determination, depend-
ing solely upon conservation of linear momentum
and knowledge of the atom-beam speed, is an in-
dependent method of determining absolute electron
energy above the first excitation threshold 8 (l. 6
eV in potassium). (A complete discussion of space-
charge effects, retarding-potential measurements,
and other properties of the scattering gun is con-
tained in Ref. 10. )

IV. STATE AND VELOCITY SELECTION AND ANALYSIS

The pole pieces of the polarizer and analyzer
magnets are machined to follow the equipotential
surfaces of a two-wire field with a gradient-to-
field ratio of 10 cm '. The pole pieces of the E-H
gradient magnet (analyzer) must sustain a poten-
tial difference of about 10 kV. The edges of the
ceramic insulators which separate the pole pieces
are slotted to decrease electrical leakage. After
prolonged use a leakage current of 30 p, A at 6000
V develops, which we attribute to a thin potassium
coating which forms on the insulator surfaces.
Both electric and magnetic fields of the analyzer
are controlled by servomechanisms in order to
achieve long-term stability as well as uniform
and reproducible magnetization and demagnetiza-
tion cycles. The operation of the polarizer-veloc-
ity selector (Stern-Gerlach magnet) and the ana-
lyzer (E Hgradient balance-magnet) are described
in RBGC. The error introduced in the measure-
ments of o„(8) by spin-state impurity is between
1-2% and thus does not contribute significantly to
the over-all errors of the experiment. During
the course of a measurement the electric and mag-
netic fields in the analyzer have to be switched
on and off frequently. The circuits which per-
formed this operation, and the sensor devices

which enable reliable and stable reproducibility
of these operations, are described in Ref. 10.
The magnetic field was controllable to about 0. 5%,
and the electric field to better than 0. 2/(;.

V. DETECTION AND DATA PROCESSING

Differential scattering data were generally ob-
tained with the oven displaced so that atoms are
transmitted through the analyzer only if they have
changed their spin state in the interaction region
("fields-on" condition). That is, the analyzer is
normally set for extinction. With the analyzer
inoperative, all atoms scattered within the angular
range subtended by the detector are observed
("fields-off" condition).

The recoil angle corresponding to inelastic scat-

FROM
HOT WIRE

DETECTOP

TO
MODULATION GRID
OF E,LFCTRON GUN

FLUKE,
408A 6KV

SUPPLY

A.C.AMPL IF IE R,
MERCURY

RFLAY

ITT FW I4I KEITHLEY PAR J85
FLECTRON 603 ~ LOCK- IN
MULTIPLIER ELECTRQMETER AMPLIFIER

X —Y

RECORDER

VIDAR 240
I Q5 VOLTAGE TO

SCALER —TIMFR
CONVERTER

FIG. 2. Block diagram of detection system.

A block diagram of the detection system is shown

in Fig. 2. The output of the electron multiplier is
fed into a 10'-0 resistor at the input of a Keithley
603 electrometer. Beam-intensity measurements
are made directly from the instrument readout.
Scattering signals are observed on a PAR JB5
lock-in amplifier. The amplified reference signal
of this instrument drives a mercury relay which
modulates the potential of the control grid in the
electron gun at 40 Hz. The output of the lock-in
amplifier can be fed to the y axis of an X-Y re-
corder whose x-axis position is controlled by a
sensing potentiometer which records the displace-
ment of the detector from the beam axis. Alter-
natively, the output can be digitalized by a Vidar
model 240 voltage-to-frequency converter and a
scalar timer. The latter technique was used ex-
clusively when making quantitative ratio measure-
ments with and without spin analysis. The former
technique is more convenient when obtaining angu-
lar distribution of the scattering cross sections.

VI. DIFFERENTIAL MEASUREMENTS
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tering with energy loss Ep to first order in a, is

g= n [1 —(1-~E)"cos8],
where 8 is the electron polar scattering angle. As
in the elastic case, the finite detector height is
taken into account by introducing an AFF y'. For
energies somewhat higher than Ep Z' is strongly
peaked at the displacement z corresponding to
8 = 0. As a consequence, the inelastic differential
scattering signal exhibits a well-defined peak
which reproduces the unscattered beam shape (see,
for example, the 10-eV curve of Fig. 4 in RBGC).
The displacement of this peak can be used to de-
termine the mean atom speed or, assuming this
is known, can serve as an independent calibration
of the electron energy scale.

A typical differential scattering signal at 0. 5 eV
is shown in Fig. 3, under "fields-on" and "fields-
off" conditions. These curves are roughly repre-
sentative of the differential cross section, modi-
fied by the AFF, by the dispersions caused by
finite spreads in electron and atom speed distribu-
tions, by finite beam widths, and by other instru-
mental effects. The peak at large angles is at-
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FIG. 4. Measurements of ratio o~(&)/0. (~) at 0.5 and
0.75 eV compared to theoretical values of Karule at 0.4
and 0.8 eV. The horizontal error bars are indicative of
the over-all apparatus angular resolution.
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FIG. 3. Typical differential scattering signal. Elec-
tron energy is 0.5 eV. Upper and lower curves refer
to "fields-off" and "fields-on" conditions, respectively.
Abscissa is displacement of detector from beam axis,
and equivalently, atom recoil angle $.

tributable partly to a rise in the cross section at
these angles and partly to the increase in AFF to
unity at e= m.

With the detector set at a particular displace-
ment, measurements of the ratio of the scattering
signal with the analyzer fields on to that with the
fields off yields the ratio o„(8)/o(8). Experimental
values of this ratio are shown in Figs. 4 and 5 at
four different electron energies. These data have
been corrected for the analyzer transmission fac-
tor and the beam residual depolarization as out-
lined in Appendix A. Note that, as discussed in
Sec. II, geometry factors and the AFF corrections
cancel in this determination. Of course the mea-
sured ratios still represent averages over the
various distribution functions which yield an un-
certainty in the polar scattering angle. Horizontal
error bars in Figs. 4 and 5 indicate the approxi-
mate magnitude of this uncertainty. The vertical
error bars refer to statistical error, representing
two standard deviations.

These data exhibit the same general behavior
at all energies. The ratio is small at small angles
and large at large angles. This is to be expected
from simple physical arguments, since atoms
scattered through larger angles correspond to col-
lisions with smallerimpactparameters on the
average, where exchange contributions should be
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FIG. 5. Measurements of ratio o~(&)/o(tII) at 1.0 and
1.2 eV compared to theoretical values of Karule. The
horizontal error bars are indicative of the over-all appa-
ratus angular resolution.

by less than 20%.
Differential exchange cross sections were ob-

tained by multiplying the differential cross sections
in Fig. 6 by the observed cross-section ratios of
Figs. 4 and 5. Results are shown in Fig. 7. The
various remarks concerning the extrapolations to
small and large angles also apply here.

The error in these normalized cross sections is
attributable primarily to this extrapolation tech-
nique and to statistics. The AFF error is quite
small, owing to its relative insensitivity to scat-
tering angle over most of the angular range of our
experiment. The statistical error ranges from up
to about + 10% for the full differential data to about
a 20% for the differential exchange data. An over-
all estimate of the error for both of these quantities
is + 25% and + 27%, respectively, attributable to
+ 20% (uncertainty in total cross section used in
normalization), + 10% (extrapolation error), a 5%
(AFF error), and a 10% or a 20% (statistical error).

The maximum possible value for the ratio
o (8)/o(8) occurs when q -qa =modv and
I Tl /I Sl = —,', where q, q are the relative phases
of T, S, respectively. With these values
o„(8)/o(8) =$. Reference to Fig. 5 shows that this

important.
A small reproducible peak occurs in the 1.2-eV

data at cos8 = 0. This can be attributed to a "spin-
flip" signal caused by inelastic scattering from
the high-energy tail of the electron energy distribu-
tion (4'S, qa-4'P»3 3&a transition). At the threshold
for any inelastic transition the atom recoil angle
corresponds to 90' elastic scattering, i. e. ,
cos8= 0. Moreover, at threshold the inelastic AFF
is unity, i. e. , all inelastic events are observed,
whereas the corresponding form factor for elastic
events is a minimum at 8 = 90' [in our apparatus
y(90')= 0. 05 at 1.2 eV]. Inelastic collisions at
the P threshold have a spin-flip probability of
$ (see RBGC). For these reasons, even a small
number of inelastically scattered atoms would
give a relatively large effect, as observed.

Elastic differential cross sections, obtained by
applying the formulas discussed in Sec. II to the
raw scattering data, are shown in Fig. 6. Rather
than attempting evaluations of the geometry fac-
tors and beam parameters in Eq. (3), absolute
values have been assigned by a normalization
procedure. The 1.0-eV differential cross sec-
tions were integrated over all angles (making
reasonable extrapolations to zero and p rad) and
equated to an experimentally determined total
cross-section measurement at 1.0 eV performed
in transmission (see Sec. VII). An error of a
factor of 2 in the extrapolation to 0 and g scatter-
ing angles would have changed the absolute values

100—
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60-
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20-
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FIG. 6. Differential cross sections (solid curves) at
0.5, 0.75, 1.0, and 1.2 eV. Normalization is to the
total cross section measured in transmission at 1.0 eV.
Dot-dashed curves are theoretical values of Karule at
0.4 and 1.0 eV. The over-all error estimate in cr is
+ 25%. The ovet-all error estimate in cos &, defined as
q&(cos ~), is +4% at cos ~=0.6, +7% at cos ~ =0, +10% at
cos ~=-0.6.
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value is almost reached for cosa& -0.6, i. e. , for
scattering angles greater than 145 at 1.0 and 1.2
eV.

Limited data for o„(8}/cr(8) can be obtained near
the first inelastic threshold, since inelastic scat-
tering close to threshold is spatially localized
around angles corresponding to 8 = 90' in elastic
scattering. Experimental values for o„(8}/o(8)
corresponding to 180' elastic scattering are shown
in Fig. 8 for electron energies up to 1.65 eV. A
maximum occurs in this curve at an energy of 1.25
eV where the ratio very nearly reaches the theo-
retical limit.

l.4- I I

THKQRETCAL MAXIMLN

I.2—

I.O-

0.4—

VII. ABSOLUTE TOTAL CROSS-SECTION MEASUREMENTS

The total cross section is most conveniently ob-
tained in a scattering-out mode. The detector is
positioned on the center of the unscattered beam
(beam axis). The scattering-out signal, i. e. , the
decrease in beam intensity observed with the elec-
tron gun operative, is proportional to the total
collision cross section. Under certain simplifying
assumptions the measured cross section o is given
by

0.4-

I I I

0.5 I.O I.S

KI.KCTROH ENERGY (e V l

2.0

FIG. 8. &~(e)/0(e) for 8=180' (backward scattering) as
a function of electron energy from 0.5 to 1.65 eV.

10-
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,KAROLK

I

0,4 I I I I I I ~+~ I I I

I—

0 l

I.O .4
I

.6 4
l I I I I I I

.2 0 -.2 -.4 -.6 -.4 -I.O

cos 8
FIG. 7. Differential exchange cross sections (solid

curves) at 0.5, 0.75, 1.0, and 1.2 eV. Dot-dashed
curves are theoretical values of Karule at 0.4 and 1.0 eV.
The over-all error estimate in 0. is ~ 27%. The error
estimate in cos ~ is the same as in Fig. 6.

where I„ I, are the atom and electron currents
(particles/sec}, I' is the scattering-out signal, h

is the atom-beam height (i. e. , the long dimension
of the atom beam, assumed to be rectangular},
(V) is the mean speed of the atom beam defined as

(V) = Jf(V}Vd V,

where f(V) is the normalized velocity distribution
function of the beam in the interaction region.

The principal assumptions made in deriving Eq.
(7) are the following: (a) The atom-beam density
is uniform along both the beam-height dimension
and along the beam axis. Its density may vary
across the beam. (b) (V) is constant across the
beam. (c) The entire collected electron beam
crosses through the atom beam. It need not pos-
sess uniform density. (d) The angular resolution
is independent of position along the beam axis.
(This is a reasonable assumption if the length of
the electron beam is very much less than l.. )

Abso&ute cross sections can be obtained using
Eq. (7) provided I' and I, are measured using the
same detector, and the relaNve gains of the cur-
rent measurements of I' and I, are known. The
remaining quantities in Eq. (7} can be determined
with reasonable accuracy. It is generally not prac-
tical to measure I, in this experiment with the
lock-in system; accordingly, a calibration was
made to determine the relative gains by comparing
scattering-out signals as observed by the dc beam
electrometer and the phase-sensitive detector.
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FIG. 9. Influence of anode potential upon "scattering"
signal. Anode must be at least 28 V higher than the po-
tential of scattering region to ensure that all electrons
passing through scattering region are collected.

The atom-beam velocity was determined by ob-
serving the displacement of zero-angle inelastic
recoil at energies above 10 eV, as described in

Sec. III. Velocities obtained by this means are in

good agreement with the value of the most probable
velocity of a Maxwellian distribution corresponding
to the measured source temperature.

The angular-resolution problem is discussed
briefly in Appendix B in which estimates are made
of both the angular efficiency and the errors re-
sulting from the angular resolution in obtaining
total cross sections using the recoil technique.
It is shown that at 0. 5 eV this error is about 1%

and that it generally decreases with increasing en-
ergy. As a consequence, angular resolution does
not contribute significantly to the over-all error
in this experiment.

In both the differential and total cross-section
measurements certain routine checks were per-
formed to ensure proper operation of the electron
gun. Chief among these was, first, the effect on
scattering signal of the anode potential, and sec-
ond, the linearity of the scattering signal vs gun
current. When the anode potential V, is close to
the potential of the scattering region V„ it is en-
ergetically possible for low-energy secondary
electrons from the anode to reenter the scattering
region. It was found necessary to operate with
the anode at least 28 V more positive than the scat-
tering region. Under this condition the scattering
signal does not depend significantly upon the anode
potential. At energies above 0. 4 eV a linear rela-
tion between scattering signal and gun current was
obtained, over a wide range of operating currents.
Below 0.4 eV some nonlinearity was observed due
to excessive space charge; it is primarily for this
reason that we make no claim concerning the ac-
curacy of our total cross-section data at energies
below 0. 4 eV. Examples of these routine checks
are shown in Fig. 9 (effect of anode potential) and
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ENERGY = 3.5 e V
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FIG. 10. Influence of space charge upon "scattering"
signal. To ensure linearity of scattering signal vs gun
current, the latter was always held below 50 pA/cm .

Fig. 10 (linearity check). The total cross-section
measurements are shown in Fig. 11. Above the
very low-energy region, the experimental cross
sections lack pronounced structure. However, a
small inflection at E = 1.5 eV was reproducibly ob-
served in all the data. This is possibly indicative
of a resonance at an energy just below the first
excitation ener gy.

The maximum error in the absolute values of
the total cross-section measurements is estimated
to be +20/o. The error arises mostly from the
gain calibration of the lock-in amplifier (7%), from
the variation in scattering signal with anode volt-
age (10%), and from the uncertainties in the beam
height (6%) and in the atom velocity (4%). The
relative shape of the total cross-section curve is
estimated to be accurate to within 10% above 0. 4 eP.
Statistics (i. e. , signal-to-noise ratios S/N) are
quite favorable in the scattering-out mode despite
the generally small fraction of the total beam
which is scattered. Typical S/N for the integration
times employed in the present work (several min-
utes per datum point) are of the order of 30. Modu-
lation of the atom beam by scattering caused by
gas liberated from the anode by the modulated
electron beam could introduce serious error under
certain conditions. This has indeed been observed.
In the present case, with scattering currents of
the order of 10 p, A, this effect is completely negli-
gible.

Values of the total and total exchange cross
sections obtained by integrating the differential
cross sections are shown in Table I. Table I also
includes a comparison with total cross sections
obtained from the scattering-out data and theoret-
tical values of Karule (see Sec. VIII). In view of
the very good agreement between the energy depen-
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Peterkop (~). Experimental
values below 0.4 eV are of
qualitative value only, primar-
ily because of space-charge in-
fluence.

dence of the total cross sections obtained by in-
tegration and by scattering-out, it is reasonable
to assume that the estimates made in extrapolating
the differential data to 0 and m are not excessively
in error. The error in extrapolation of the dif-
ferential exchange data is expected to be even
smaller since the exchange cross sections are
much smaller than the full differential cross sec-
tions at small angles where most of the error
arises. We estimate the error in the total exchange
cross section to be + 25%, consisting of normaliza-
tion error (+ 20%), integration error (s 20%}, and
extrapolation error (+ 10/g).

VIII. COMPARISON WITH PREVIOUS RESULTS

The early measurements of Rubin et al. ' were
not corrected for the finite detector height (AFF).
When this is done the two sets of measurements are
in good agreement over the range of overlap
(20 & 8&60 ). Differential exchange cross sections
have not previously been reported.

The absolute values of the total cross sections
are a factor of about 2 smaller than those obtained
by Brode, "and furthermore do not reveal the pro-

nounced structure of the Brode curve. The dif-
ficulties with the Brode data are discussed by
Bederson'~ and in a forthcoming review article. '3

Perel, Englander, and Bederson'4 performed
measurements on lithium and sodium using the
recoil technique. These were relative determina-
tion normalized to Brode's potassium data. Several
attempts to obtain absolute values of total cross
sections at 13 eV were also made here, including
potassium as well. It is believed that these values
are in error due to inadequate shielding frbm sec-
ondary and reflected electrons. " (Renormalization
of the lithium and sodium data to the present results
is discussed in Ref. 15.)

Recently, Rubin and co-workers' have performed
similar total cross-section measurements using
the recoil technique in transmission (scattering-
out). Their potassium results are in good agree-
ment with ours, although the Rubin et al. absolute
values are slightly higher than those reported
here. The other alkalis studied by them (rubidium
and cesium} exhibit similar behavior, that is, are
roughly half the Brode values, and do not possess
structure. '

TABLE I. Summary of total elastic and exchange cross sections from theory (Karule) and present experiment. The
error estimate for o'~ is +35%. Units are 10 cm2.

Energy (eV)

o'(from integration o ~ (from integration
o (from scattering- of differential of differential

out data) cross sections) cross sections) Energy (eV) o (theory) o„(theory)

0.5
0.75
1.0

1.2

260 +40
230 +30
200+ 30

180 +30

270
220
200

190

63
41
33

21

0.4
0.6
0.8
1.0
1.2

350
290
260
240
220

113
72
53
45
32

~Normalized to scattering-out data.
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The upper and lower bounds set by Rubin et al. '

were obtained by normalization to Brode's total
cross sections. When renormalized to the present
values these bounds are satisfied by the values
presented in Table I. Total exchange cross sec-
tions for electron-alkali collisions as measured
by optical-pumping techniques are generally found
to be of the order of 2 &10 "cm . This is not con-
sidered to be in disagreement with the present re-
sults since the optical-pumping values generally
pertain to a lower-energy region than that reported
here.

The results of electron-alkali scattering calcula-
tions have been shown to be very sensitive to the
inclusion of exchange, and to the particular form
of the polarization potential used. ' As a con-
sequence, adiabatic calculations based upon an in-
teraction potential, even including exchange, will
show quite varied behavior in the low-energy
domain studied in the present work. The use of
close coupling has not been extensively employed
in the alkalis, although one should expect that
elastic scattering should be reasonably well de-
scribed in a two-state expansion involving only
nS, nP states provided accurate wave functions are
used. This is due to the fact that the dipole polar-
izability which contributes so heavily to the scat-
tering process in the alkalis at low energies is
attributable almost completely to the dipole matrix
element which couples nS-nP. Thus the oscillator
strengths for the resonance transition, which are
determined by this same matrix element, are very
nearly equal to unity in all of the alkalis. '

Karule and Karule and Peterkop4 have performed
such two-state calculations for Li, Na, K, and
Cs. They employed semiempirical wave functions
for potassium with closed-shell potentials deter-
mined by Gaspar's method. o It is primarily with
these calculations that we compare our results.
Karule and Peterkop calculated elements of the R
matrix for several energies from the 4S-4P thresh-
old to 5 eV. The first nine partial waves were
included, with exchange included in the first four.
They also calculated the 4S-4P excitation cross
section from the same R matrix, and as a conse-
quence obtain values for the total cross section,
to which we can directly compare our results (this
neglects, of course, contributions from other in-
elastic channels). Karule extended this work below
threshold to obtain elastic phase shifts; here up
to eight partial waves (at threshold) were included,
and exchange was taken into account for the lower
partial waves (up to I.=3).

The Karule values of o„(8)/o(8), as well as
cr,„(8) separately, are shown in Figs. 4-7 along with
our results. The deviations between theory and ex-
periment around cos8 = 0 are not considered serious
since the theoretical maxima and minima arise when
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APPENDIX A: CORRECTIONS TO RATIO MEASUREMENTS
FOR RESIDUAL DEPOLARIZATION AND FOR

TRANSMISSION OF ANALYZER

We assume (a} that the analyzer removes all the
atoms of spin state o.'(0) and transmits a fraction T
of atoms of spin state P(4), and (b) that the composi-
tion of the beam is symmetric for equal oven dis-
placements on either side of the beam axis (the in-
tensities need not be equal). Let D be the residual
depolarization. Figure 12 shows the various beam
constituents before and after polarization and anal-
ysis without scattering [Fig. 12(a)], and with
scattering [Fig. 12(b)]. The total current entering
the polarizer is I or I . Setting the oven to the
right (up in the figures) selects the P(0) state. This
setting is used to measure T. The observed trans-
mission To (usually of the order of 80% in our
apparatus} is

To = IT (1 —D) /I = T(1 —D) . (Al)

Setting the oven to the left (down in the figure)
selects the n'(0} state and is used to measure D.
The observed residual depolarization Do is

Do ——TD (A2)

Scattering data are taken with the oven displaced
to the left so that the analyzer is then set for ex-
tinction. At a given scattering angle a fraction S
of the incident atoms are scattered and a fraction R

the respective cross sections get very small due to
cancellation between the several partial waves in-
volved. A smallerror in the phase shifts will sub-
stantially change the shape of the curves in this region.
Moreover, since the cross sections in this region
are very small the experimental results are strongly
affected by scattering through other angles, as a
consequence of the spreads in the electron and
atom velocity distributions. The approximate mag-
nitude of the error introduced by these spreads
is shown by the horizontal error bars in Figs. 4
and 5. Agreement of theory and experiment in the
absolute differential cross-section curves (Figs.
6 and 7} is quite good considering the experimental
and theoretical uncertainties.

The Karule and Karule-Peterkop total cross
sections (including 4$ 4P ex-citation) are shown
along with the experimental values in Fig. 11.
Again the relative shapes and absolute values are
in good agreement. "
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of these change their spin state as a result of colli-
sions. The composition of the scattering signal
with and without spin analysis is shown in Fig.
12(b). The observed spin-flip ratio Ro is related
to the actual ratio R by

Ro ——TD(1 —R)+ T(1 —D)R .
Using Eqs. (Al) and (A2) we obtain

(A3)

R= (Ro —Do)/(T, —Do) .
APPENDIX B: ANGULAR RESOLUTION IN TOTAL

ELASTIC CROSS-SECTION MEASUREMENT

(A4)

The average angular efficiency ff(8) in a recoil
experiment using rectangular geometry has been
calculated by Eisner, ~' who shows that

il(e) n„(e)+ g, (e) —i„(e)q,(e) , (Bl)

where g„(8) and j,(8) are the average efficiencies
assuming a one-dimensional beam with infinite ex-
tent in the z and y directions, respectively. To
estimate the error caused by infinite angular res-
olution in the present experiment we will neglect
the contribution of p„, which is equivalent to assum-
ing that the atom beam possesses infinite height.
This calculation will thus overestimate the resolu-
tion error, which we shall show, in any case, is

small compared to other systematic effects.
Eisner shows that

q, ( )8= —(w —a)/2a+ (L a/2a) 8',
where w =beam width at de'.ector, a= beam width

in the interaction region, a= mv/MV=0. 0177' E
for potassium at 550'K, mv, M V= electron and atom
momentum, respectively, E= electron energy in

eV, and L= distance from interaction volume to
detector.

This calculation assumes a monoenergetic atom
beam possessing the most probable beam velocity
of an effusive source at temperature T. In the
present experiment w = 0. 016 in. , a = 0. 008 in. ,
L = 32. 000 in. The efficiencies as a function of
angle, under the above assumptions, are approxi-
mate step functions at 6' for 9 eV, 9. 5' at l. 2

eV, and 11.5' at 0. 5 eV.
The relative error 4 in the measured total cross

section caused by the finite resolution is

6= [ f o(8)sin8de- f Oq(8)sinedel/a, (a3)
0 0

where e is the total elastic cross section and 80 is
the smallest 8 for which g(8) = 1. To estimate n

we calculate a(8) from the Karule phase shifts
(Fig. 6); for all cases 4 =1% or less.
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Total quenching cross sections for metastable H(2s) atoms in collisions with helium, neon,
argon, and krypton have been calculated over the incident-energy range 1.0 keV-1, 6 MeV in
the first Born approximation with the added approximation of closure used to describe target
excitation. The first-Born-approximation cross sections for helium target atoms are one-
third the measured values of Byron, Krotkov, and Medeiros over the incident-energy range
1.0-5.0 keV. The first-Born-approximation results for the heavier targets are much larger
than experiment, although scaled results based on parameters determined from electron-loss
data for H(1s) show fair agreement with recent experiments. The contributions of individual
quenching processes are examined, and electron loss dominates for incident energies greater
than 4.0 keV.

I. INTRODUCTION

To determine the contributions of individual
quenching channels such as excitation, deexcitation,
and ionization to the total quenching cross section
and the dependence of these contributions on the
heavy-particle relative velocity, first-Born-ap-
proximation calculations of the total quenching
cross sections for metastable H(2s) in collision
with helium, neon, argon, and krypton target atoms

have been performed. The results for helium are
reported in detail and compared with the recent
measurements cf Byron, Krotkov, and Medeiros. '

II. THEORY

Derivations of the two basic cross-section for-
mulas have been discussed earlier by Levy.
Atomic units are used throughout.

The cross section for the particular quenching
process in which the target is not excited and the


