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Near-Threshold Measurements of the Spin Dependence of Electron-Impact Ionization
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The spin dependence of the electron-impact ionization of Na has been measured up to
2 eV above threshold with high precision to search for the existence of characteristic
oscillations which would support the Coulomb-dipole theory of threshold ionization. The
authors have been unable to observe any statistically significant oscillations. The pres-
ent results are fully consistent'with the Wannier theory.

PACS numbers: 34.10.+x, 34.80.Dp

Recently there has been extensive discussion'
of the relative merits of the Wannier' and
Coulomb-dipole' theories of electron-impact
ionization of atoms. It has been suggested' that
a study of the spin dependence of the threshold
ionization process might reveal oscillations char-
acteristic of the Coulomb-dipole theory. The
Wannier theory, as extended' to include spin,
predicts a spin dependence which does not vary
with energy near threshold. We have therefore
carried out a measurement of the energy varia-
tion of the spin dependence for near-threshold
ionization of Na with high precision and with
higher electron-energy resolution than previous
experiments.

Briefly stated, the Wannier theory holds that
the most probable two-electron escape occurs
with the two electrons taking a highly correlated
escape route, each having the same energy and
maintaining an equal distance from and remaining
on opposite sides of the ion core. The threshold
law is v ~E""', where E is the energy above
threshold, and E is uniformly distributed between
the exiting electrons. Alternatively, the Coulomb-
dipole theory sees the ionization process as domi-
nated by situations where the outgoing electrons
have very different energies with the slower
electron seeing the char ge of the nearby ion core
while the faster electron sees the dipole poten-
tial of the ion core and the inner electron. The
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where e„ILL., and e„p, are the Coulomb-dipole
parameters for the singlet and triplet initial elec-
tron states, respectively, and p is the average
value of the asymmetry. Discrimination between
the two theories depends on the detection of os-
cillations in the ionization asymmetry in the near-
threshold region and the predictions of the Cou-
lomb-dipole theory depend upon estimates for a

latest treatment of this theory" includes a non-
static dipole moment and predicts a modulated,
quasilinear threshold law, v~E(lnE) '[1+ot
xsin(n lnE+ p)], where n and Iu are parameters
of the theory. An outgoing electron does not have
a uniform probability of having any energy from
zero to the excess energy above threshold. This
probability oscillates rapidly with energy as en-
ergy sharing becomes asymmetric (e, =4c,) and
approaches zero for the case where one electron
possesses all of the energy.

So far, experimental studies of threshold ion-
ization have not proven totally decisive in dis-
criminating between these two theoretical ap-
proaches. Temkin has suggested' that the asym-
metry in the ionization cross section due to the
spin dependence of the scattering process should
provide a means of distinguishing between the
two theories. The asymmetry A is defined as A
= (v, —v, )/(v, +3v, ), where v, and v, represent
the ionization cross sections for the atom's va-
lence electron with the incident electron in a sin-
glet or triplet spin state, respectively. The de-
nominator is the total ionization cross section
and A spans the range of +1 to —& representing
the singlet-only or triplet-only scattering limits.
In the near-threshold region the Wannier theory
predicts a uniform, structureless asymmetry as
a function of excess energy while the Coulomb-
dipole theory predicts' that
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! number of parameters. For example, if we as-
sume n, = o, = a, we can use Eq. (1) to estimate
the amplitude of the modulation to be = (1+2p
—3P')/n. If n = 10.8, as suggested in Ref. 6,
then the amplitude of the modulation will be = 0.12
or an approximately 3@ modulation of the sodi-
um asymmetry. '' This experiment tests an ob-
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served asymmetry for statistically significant de-
viations from a straight line.

The experimental arrangement consists of
crossed Na atom and electron beams with a col-
lection facility near their interaction region for
detecting individual positive ions as they are pro-
duced. The positive-ion current is accumulated
as a function of incident electron energy and the
polarization directions of the electrons and atoms.
The electron beam is produced by the now stan™
dard GaAs polarized-electron source. " The
atom beam, collimated from an effusive oven, is
polarized via laser optical pumping. " Its polari-
zation is monitored with the use of fluorescence
techniques. The apparatus, which will be fully
described in a subsequent paper, "mainta, ins an
ultrahigh-vacuum, magnetically shielded environ-
ment.

A typical measurement protocol involves nu-
merous sweeps of the energy range of interest,
stepping in both ascending and descending order
of electron energy, with the electron polarization
direction reversed every 0.5 msec. The direc-
tion of atomic polarization is fixed for any given
run. Runs of the opposite atomic polarizations
are compared as a test for apparatus asymme-
tries. We have established that systematic appa-
ratus asymmetries are insignificant at the pres-
ent level of uncertainty.

The electron-energy scale zero is determined
by a nonlinear least-squares fit of a model func-
tion to the observed total ionization cross section.
The model is a threshold power law convolved
with a Gaussian electron energy distribution.
This determines the energy zero to within+ 0.016
eV for all the reported measurements. The fit
also gives the width (full width at half maximum)
of the Gaussian used to approximate the electron
energy distribution. The mean width for the pres-
ent data was about 0.-15 eV, which agrees with

retarding-potential analysis of the beam. Also
provided is the energy exponent 1.097+ 0.17.
These parameters were derived in a fit over the
energy range extending up to about 0.8 eV above
threshold.

We show in Fig. 1 the measured spin-averaged
ionization cross section and spin asymmetry as
functions of incident electron energy with data
taken at 0.05 eV intervals. An arbitrary scale is
used along the y axis since it is the shape of the
curves that is of primary interest here. Meas-
urements to resolve a discrepancy which exists
between previous determinations" of the asym-
metry are not yet complete. The asymmetry
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data shown represent the summation of thirteen
separate data runs. Individual runs consisted of
separate measurements of the asymmetry at
each energy. A total integration time of 1000 sec
per point below 5.5 eV, and 275 sec above 5.5 eV,
was achieved. The error bars in the figure rep-
resent + 1 standard deviation in the estimate of
the mean of the measurements. These error es-
timates are based on the counting statistics and
agree very well with error estimates derived
from the reproducibility of the thirteen indepen-
dent runs.

The asymmetry data in the figure can be fitted
very well with a straight line (also shown) with a
reduced X' of 1.014. The slope of the line is not
significantly different from zero. Based on a
lack-of-fit I' test at 5%%ug significance, there is no
evidence in the data that a linear function is inad-
equate to fit the data. Separate fits over the re-
stricted energy range of 5.10-5.80 eV also give
excellent fits to a linear function with similar re-
sults from the I' test. A grouping of data runs
with higher energy resolution (0.093 eV), but
slightly larger error estimates, is also well
fitted by a straight line and shows no significant
structure. No statistically significant structure
is visible with 1-standard-deviation error esti-
mates of 1.5%%up-2. 5% of the asymmetry. Values of
n = 10.8 and 40 would imply modulations of 33'%%up

and 9%%u~ of the asymmetry, respectively. No os-
cillations of this magnitude are observed.

Our measurements are in full agreement with

FIG. 1. Measured ionization cross section (circles)
is shown with a power-law fit over the range 5.10—
5.80 eV. Ionization asymmetry values with +1-standard-
deviation error bars are shown along with the best
linear fit. The threshold energy is indicated by an
arrow. Both vertical scales are arbitrary.
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the Wannier theory's prediction of a uniform
asymmetry up to 2 eV above threshold. Further,
we agree with the Wannier power-law prediction
of the ionization cross section up to about 0.8 eV
above threshold with a measured energy expo-
nent of 1.097+ 0.17. We see no evidence of struc-
tures characteristic of the Coulomb-dipole theo-
ry. We must conclude that if oscillations charac-
teristic of the Coulomb-dipole theory exist, they
must lie outside the range of our current experi-
mental parameters. For example, they may be
confined to a region closer to threshold, or vary
so rapidly as to not be observable with electron
beams of 0.09 eV energy width. Because of the
arbitrary nature of the energy scale" used in
the Coulomb-dipole theory it is difficult to esti-
mate its range of validity or the energy resolu-
tion necessary to observe the oscillations. Fur-
ther experiments with still higher energy resolu-
tion will be attempted in the future, but these
first measurements support the Wannier theory.

Valuable discussions with A. Temkin are grate-
fully acknowledged. Research support was pro-
vided by the U. S. Department of Energy Office
of Basic Energy Sciences.
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