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In a coincidence experiment, we have measured the absolute differential cross section
for K-shell ionization of Cu and Ag by 140-keV electrons. The results are discussed and
compared with the calculations of Das and of Cooper and Kalbensvedt. While the agree-
ment between experiment and theory is reasonable at 15', there appears to be a sizable
discrepancy at 45, particularly at larger detected electron energy.

We report here the first measurements of the
differential cross section for E-shell ionization
by electron bombardment of thin metallic film
targets of Cu and Ag. The production of a E-
shell vacancy is followed with known probability
by the emission of a characteristic K x ray. We
have utilized this fact to measure the cross sec-
tion differential in ele.ctron energy and angle by
observing either the scattered or the ejected elec-
tron in coincidence with the x ray. We have not
observed the second electron and, hence, the
present experiment measures a cross section
which has been integrated over this .second elec-
tron.

These measurements of inner-shell ionization
cross sections are important in the attempt to
understand better the basic inelastic electron-
atom interaction of ionization. Heretofore, mea-
surements of &-shell ionization of targets of in-
termediate atomic number by electron bombard-
ment at moderately relativistic energy have con-
sisted of total —cross-section measurements
where only the characteristic & x ray was ob-
served. For low atomic number (Z ~ 13) and

correspondingly low electron energy, there is a
variety of data. Total-cross-section measure-
ments have been made by observing the Auger

electron' as well as the x ray'; total backscatter-
ing cross sections have been measured by ob-
serving the energy loss of the scattered elec-
tron; and recently a measurement has been re-
ported of the fully differential cross section for
K-shell ionization of carbon in which both the
scattered and ejected electron were observed. '
It would also be interesting to have such data for
higher energy and higher atomic number; in the
meantime, however, the results presented here
provide much more detailed information than has
previously been available in this region.

Beginning with the work of Burhop in 1940,
several attempts'. have been made over the years
to describe the total K-shell ionization cross sec-
tion, but these have been only moderately suc-
cessful.

The differential cross section has recently
been considered by several authors. Glassgold
and Ialongo' have calculated the fully differential
cross section in a nonrelativistic approximation,
but their work is not directly applicable to the
present experiment. Cooper and Kolbensvedt'
have extended the earlier work of Ford and Mul-
lin' and Weber, Deck, and Mollin" and calcu-
lated the cross section differential in the detect-
ed electron angle and energy. Their work in-
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eludes exchange and interference effects, but is
expected to be applicable mainly at large mo-
mentum transfer and when neither electron has
too low an energy. Das" has also extended the
earlier work of Weber, Deck, and Mullin, and
calculated the spectrum for the low-energy eject-
ed electron in the extreme relativistic case. As
part of an attempt to obtain a better total cross
section, Das" has also calculated the differential
cross section for the scattered electron in the
Born approximation using the Ochkur approxima-
tion to include the exchange term. The calcula-
tion uses the relativistic interaction Hamiltonian,
nonrelativistic hydrogenic wave functions for the
K-shell electron, Coulomb wave functions for the
low-energy (ejected) electron, and relativistic
plane waves for the incident and high-energy
(scattered) electron. Fleming" has independent-
ly done a calculation similar to that of Das using
the semirelativistic Darwin wave functions for
the K-shell electron, and his results agree with
those of Das to a few percent for Cu and Ag.

In the present experiment, electrons were ac-
celerated to kinetic energy 140 keV and struck
a thin self-supporting target of Cu or Ag (=50
pg/cm' thickness) placed at the center of a scat-
teri. ng chamber. Electrons scattered at 15 (or
45) deg with respect to the incident beam were
momentum analyzed in a small magnetic spec-
trometer and detected by a silicon surface bar-
rier detector. Characteristic K x rays produced
at 90 with respect to the incident electron beam
passed out of the scattering chamber through a
thin Mylar window and were detected by a Ge(Li)
x-ray detector. A fast-slow coincidence system
with a timing resolution of =20 nsec was used
to measure the coincidence rate between the x
rays and the scattered electrons. The differen-
tial cross section for &-shell ionization was then
determined from

do 4nN,
d0dE XOTe AQ~ e& AO&coi'

where N, is the number of coincidences, N, the
incident electron beam rate, 7 the target thick-
ness, 4O the electron solid angle, e the efficien-
cy of the electron detector-magnetic spectrom-
eter, ~E the energy width, ~O& the photon de-
tector solid angle, && the photon detector effi-
ciency, and ~~ the K-shell fluorescent yield of
the target atom,

In an attempt to minimize the experimental
errors, several of the above factors were de-
termined in combination. The factor 7e AQ ~
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FIG. 1. Differential E-shell ionization cross section
at 15' for Cu and Ag versus detected electron energy
for incident electrons of 140 keV energy. Solid line,
calculation of Das; dashed line, Das calculation cor-
rected for electron spectrometer transmission.

was determined directly by measuring the num-
ber of electrons elastically scattered into the
magnetic spectrometer as a function of incident
beam energy. The resulting transmission curve
was normalized to the elastic-scattering cross-
section calculation of Doggett and Spencer~4 for
Cu and Sherman" for Ag (Sherman's results for
Cd were adjusted for Z' dependence), and inte-
grated over energy to obtain the above factor.
The energy width of the transmission curve was
typically of the order of 20-keV full width at half-
maximum. The factor e& b O&/4nwas measur'ed
directly using calibrated radioactive sources
placed at the position of the target. The fluores-
cent yields of 0.443 for Cu and 0.834 for Ag were
taken from the compilation of Bambynek et al."
A more complete description of the details of the
experiment will be published later.

The results of the experiment are shown in Fig.
1 for the electron detected at an angle of 15', and
in Fig. 2 for the electron angle at 45 . We have
plotted 2mdv/dQdZ versus the average detected
electron energy. The errors shown are a com-
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FIG. 2. Differential E-shell ionization cross section
at 45' for Cu and Ag versus detected electron energy
for incident electrons of 140 keV energy. Solid line,
calculation of Das for scattered electrons; dashed line,
calculation of Cooper and Kolbensvedt.

bination of statistical error and error due to un-
certainty in the absolute scattering angle and the
position of the target. This angular error ranged
from negligible at 45' and 65 keV for Ag to about
50% at 15' and 70 keV for Cu. The statistical er-
ror ranged from about 5% to 35%. In addition
there is a systematic error of about 10% due to
uncertainty in the transmission of the spectrom-
eter, the photon detector efficiency, and the beam
current.

For the case of electrons detected at 15' with
respect to the incident beam, we have evaluated
the cross-section formula of Das, Eq. (9) of Ref.
12, for the scattered electron. This is shown as
the solid line in Fig. 1. Because of the broad
(=20 keV) energy resolution of the magnetic spec-
trometer, it is necessary to integrate the theo-
retical cross section over the measured trans-
mission curve for the spectrometer in order to
obtain a theoretical value which can be directly
compared with the experimental points. This has
been done and the result is shown as the dashed
line in Fig. 1. The correction is larger for Cu

than for Ag because of a high-energy tail in the
spectrometer transmission function coupled with
the fact that the scattered electron energy al-
lowed for Cu extends an additional 16.5 keV be-
yond that allowed for Ag. Considering both the
errors and the fact that this experiment repre-
sents the first data available for comparison with
theory, the agreement between the experiment
and the theory at 15' is generally good, although
the theory does appear to overestimate the mea-
sured cross section somewhat, particularly for
Ag. The neglect of a full relativistic treatment
for the K-shell electrons of Ag may be a prob-
lem. However, as mentioned above, the use of
Darwin wave functions does not change the theory
significantly for Ag, so perhaps an even more
relativistic treatment may be necessary. The
neglect of the inclusion of the ejected electron
would not appear to be significant at 15 and, in
any case, its inclusion would tend to raise the
theoretical value. Clearly, to resolve any pos-
sible discrepancies at the forward angles will
require more precise data, and experimental
effort in this direction is continuing.

The comparison of the data with the theoretical
predictions for the case of the electron detected
at 45', shown in Fig. 2, presents a much more
difficult problem. Again we have plotted the
cross-section formula of Das for the scattered
electron alone as the solid curve. Unlike the
case at 15', the correction to the theoretical
curve for spectrometer transmission at 45' is
less than a few percent at the two energies of in-
terest so only the uncorrected curves are shown
for comparison. The dashed curve is an evalua-
tion of the cross-section formula for the detected
electron of Cooper and Kolbensvedt, Eg. (15) of
Ref. 8. This formula may be expected to be val-
id for 65 keV detected electron energy, but it is
surely not valid for either the high or low ener-
gies because Coulomb wave functions were not
used to describe the low-energy electron. Hence,
as expected, the formula of Cooper and Kolben-
svedt grossly underestimates the measured value
at 100 keV. At 65 keV, the agreement between
this formula and the experiment is rather good
for Ag, while for Cu the theory is higher than the
measured cross section by a factor of about 1.7.

The formula for the scattered electron of Das
underestimates the cross section at both 65 and
100 keV. This is to be expected since the exper-
iment detects both electrons scattered and eject-
ed at 45' with the measured energy, whereas the
theory only considers the scattered electrons.
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Das's calculation for the ejected electron spec-
trum for the case of extreme relativistic inci-
dent energy is not applicable at the energies of
this experiment. Hence, it is not possible as yet
to say whether the particularly large discrepan-
cy at 100 keV is completely due to the neglect of
the ejected electron contribution. However, since
the difference between the calculation of Cooper
and Kolbensvedt and that of Das may be a reason-
able estimate of the ejected electron spectrum at
65 keV, it is difficult to see how the ejected elec-
tron contribution could exceed the scattered elec-
tron contribution to the extent needed at 100 keV
to bring the theory and the experiment into good
agreement. Incidently, since the case at 100 keV
represents the point of largest momentum trans-
fer from the incident to the detected electron ob-
served in the experiment, it is reasonable to as-
sume that further discrepancies may occur par-
ticularly where both the momentum transfer and
the energy of one electron are large. Since the
cross section is strongly angular dependent, we
have investigated whether this discrepa, ncy at 100
keV could be due to the finite angular resolution
of the spectrometer. In order to bring the expect-
ed theoretical cross section up to the measured
value at 100 keV, however, would require a pre-
dominant contribution of electrons which scat-
tered through angles more than 10' less than that
allowed by the angular width (+ 2') of the system.
Hence, we do not believe this to be the source of
the observed discrepancy.

To resolve the apparent discrepancies, more
experimental and theoretical work is needed.
Clearly, a, calculation of the ejected electron con-
tribution valid in this energy range or the inclu-
sion of Coulomb wave corrections in the detected
electron cross-section formula of Cooper and
Kolbensvedt would be useful. Further experi-

ments are in progress at larger momentum trans-
fer, and efforts are underway to reduce further
the possible experimental errors.

In conclusion, we have presented the first re-
sults for the differential cross section for K-
shell ionization of Cu and Ag by 140-keV elec-
trons. The results are in reasonable agreement
with the expected cross section for the scattered
electron at 15', but significant discrepancies ap-
pear to exist between the experiment and the
available theories at 45'.
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