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Density eiVect in K-shell ionization 13t relativistic electron impact
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A measurement of the cross section for j'-shell ionization by 10- and 20-MeV electrons in Mg
and Al has been made. These results, together with previous measurements at 50 MeV by
Hoffmann et al. and at 70 and 230 MeV by Kamiya et al. , allow the increase of the cross section
with energy to be de5ned. The results are found to support the claim of a density efkct by
Kamiya et aI., although the extent of the saturation is not as pronounced as Srst believed.

I. INTRODUCTION

For relativistic electron impact, the theoretical cross
section for the inner-shell ionization of isolated atoms is
predicted to rise logarithmically' with energy. Howev-
er, in general the atoms of a target are not isolated from
each other. To correct for the influence of the atoms
surrounding the target atom, it becomes necessary to
modify the virtual photon model that describes the ion-
ization process, as was done by Dangerfleld. s Such
effects are readily incorporated by ascribing to the target
medium a general frequency-dependent complex dielec-
tric constant. The ionizing electron then induces a po-
larization of the medium surrounding the target atom.

The predicted influence of this polarization on the
cross section is negligible at low energies up to 50 MeV
for atomic numbers less than 14. However, at incident
energies of several hundred MeV the influence of the po-
larization becomes dominant and a saturation of the
cross section is predicted. This phenomenon is called
the density effect. Experimental studies have been re-
ported by several authors, " using targets of relatively
high atomic number 29&Z &82. The incident energies
have ranged from threshold up to 0.9 GeV, yet, no evi-
dence of a density effect was reported.

The first evidence of a density efl'ect was reported by
Kamiya et al. for the light elements: Na, Al, and Cl, in
measurements made only at 70 and 230 MeV. A com-
parison between these measurements and the theoretical
predictions, ' for the case of an isolated atom, show the
experimental values to lie systematically lower It is evi.-

dent from these measurements that the agreement is im-

proved when one allows for the influence of the polariza-
tion of the target medium.

In a more recent measurement by Genz et al. the in-
cident energy was extended from 0.9 to 2.5 GeV with
targets of Ag, Ni, Cu, and Au. These cross sections
were stiB found to exhibit a rising behavior as described
by the low-energy scaling law and do not show any sign
of the saturation, predicted by Danger6eld, and observed
by Kamiya in the lighter elements Z ~ 17. The absence
of a density efFect in the measurements by Genz et al.
was lnvestlgated 1Q a paper by Amundsen, which lndl-
cated that a density efFect should not be expected to ap-
pear for x-ray energies greater than approximately 1.5

keV (i.e., Z y13). The explanation of Amundsen was
subsequently disputed by Bak et al. ,

" who claimed to
And such a density efFect in j:-shell ionization in Al and
Cu by pions of momentum 2 GeVfc. These authors pos-
tulated that the failure to observe the density efFect in
electron-induced E-ionization as due to "target thickness
effects in connection with transition radiation. "

It is evident from the published work on E-shell ion-
ization cross sections that there is a shor tage of relativis-
tic data for low-Z target elements, with which to define
accurately the shape of the cross section for the targets
used by Kamiya. The present paper therefore reports
measurements of the E-shell ionization cross section for
the elements Mg and Al at the bombarding energies, of
10 and 20 MeV. The results obtained are compared
with the theoretical calculations of Kolbenstvedt, ' and
finally„with previous measurements of Hoffmann et al.6

at 50 MeV and Kamiya et al. at 70 and 230 MeV,
thereby permitting the rising section of the cross section
to be established. Deviations from this rise at higher en-
ergies could then be interpreted as evidence of a density
efFect.

II. EXPERIMENTAL DETAILS

The experiment consisted of bombarding thin foils of
magnesium and aluminum with a beam of electrons from
the University of Melbourne betatron at energies of 10
and 20 MeV. The energy spread in the beam has been
measured to be less than 10 keV. Beam currents of elec-
trons extracted from the betatron were of the order
10 ' A at the target. The electron beam is deflected
through 15' by a single-dipole bending magnet and trans-
porfed to the target chamber, being focused with a sys-
tem of quadrupole lenses. To minimize the bremsstrah-
lung background radiation detected extensive shielding,
as well as a counting gate of 40 ps, was employed. The
accumulated charge was co)lected in a Faraday cup.
Loss of charge due to scattering of the electron beam
outside the entrance aperture to the Faraday cup by the
targets was corrected for and found to be approximately
2% and 3% for magnesium and aluminum, respectively,
at 10 MeV.

The characteristic atomic deexcitaiion E x rays were
observed with an Ortec model SPL-06165 lithium-drifted
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silicon x-ray detector with an active diameter of 6 mm.
The detector face was coupled directly to the vacuum of
the target chamber reducing the number of absorbcrs in
thc path of thc low-cncrgy x rays. Thc at tenuatlon of
the K x rays which occurred in the target itself and in
the entrance of the Si(Li) detector was calculated from
known x-ray absorption coeScients. It has been found
that the detector efBciency can vary significantly from
the low-energy x-ray region up to 3 keV, since ice build-
up on the detector face causes attenuation of the E x
rays. To determine the detector cScicncy for the x rays
of interest a procedure described by Cohen' was used,
and gave an absolute detector eSciency of 42% and
58% for the magnesium and aluminum E x rays, respec-
tively.

The x-ray production cross sections obtained were
converted into the ionization cross sections using the
values of Auorescence yield of Bambynek et a/. ' The
adopted fiuorescencc yields are consistent with those of
previous experiments. Total errors of the absolute cross
section were calculated to be 15%. Errors in the Auores-
cence yield have not been included.

GI. RESULTS AND DISCUSSION

The measured values of the cross sections are summa-
rized in Table I. In Fig. 1 the cross sections for E-shell
ionization are plotted as a function of incident electron
energy. Previously measured values at 50 MCV by
HofFmann et al. and 70 and 230 MeV by Kamiya et al.
are displayed; also shown is the theoretica1 calculation of
Kolbenstevdt, the dashed line is the predicted saturation
e5'ect that results when one considers the possible dielec-
tric properties of the target medium. The Stobbe pho-
toelectric cross section' has been used to calculate the
contribution to the cross section from the distant col-
11SIons.

It is evident from these measurements that the
theoretical predictions for the cross section are con-
sistently higher than the experimental values. This
discrepancy can be readily reduced if one considers the
relatively arbitrary choice of the free parameter bo (bo
being the parameter de6ning the interaction boundary
between the distant and close collisions in the virtual
photon theory; this is usually taken to be the K-shell ra-
dius). The efFect of bo on the cross section has been in-
vestigated by Dangcrfield. ' For energies greater than 1

MeV the variation in the cross section is approximately
a constant additive correction to the magnitude, with the
slope of the cross section with energy being larger for
larger bo. This is consistent with the present cxpcrimen-

TABLE I. Experimental details and results.
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FIG. 1. The I( -shell ionization cross sections for (a) Mg and

(b) Al. The solid line is the theoretical calculation of Kolben-
stvedt reported by Kamiya et a/. The dashed line includes the
density e6'ect using the dielectric constant given by Kamiya.
The experimental points are at 10 and 20 MeV, with previous
measurements at 50 MeV by Hoffmann et al. , 70 and 230 MeV
by Kamiya et al.

tal results.
Figure 1 shows that the rise of the cross section with

energy has been established with the present measure-
ments. There is a deviation of the 230-MeV measure-
ment from the rise de6ncd by the lower energy points.
The fact that the deviation is consistent in both the Mg
and Al measurements is evidence indicating the possible
beginnings of a density e6'ect. The results are therefore
found to be in agreement with the conclusions reported
by Kamiya et ah. , although the extent of the saturation
is not as pronounced as first believed.

Clearly, the situation remains indefinite, with the
present conclusions depending solely on the 230-McV
measurements of Kamiya. Further work, both experi-
mental and theoretical, is required in order to resolve
the problem. In particular, experimental studies are
needed in the region above 200 MeV for light atoms
where the saturation becomes dominant and departures
from the logarithmic rise mill be more readily
identifiable.
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