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The yields for characteristic E-shell x rays in aluminum are measured as produced by H,
He, and He ions in the energy range 25-200 keV. The ionization cross sections deduced
from these data are in detailed agreement with the theory, if the Coulomb deflection of the
incoming particle by the target nucleus and the binding of the E-shell electrons to the in-
coming particle are included in the Born approximation.

INTRODUCTION

Until very recently, measurements of ionization
cross sections of inner atomic shells by heavy
charged particles were essentially limited to pro-
tons. ' In a previous paper, ' data on E-shell ioniza-
tion cross sections of Mg, Al, and Cu were re-
ported for low-energy hydrogen and helium atoms.
It was shown that the large discrepancies between
theory and experiment found earlier for, protons'
can be removed if, in addition to the effect of the
Coulomb deflection of the incoming particle by the
target nucleus, one incorporates the binding of the
target electrons to the moving particle. The pres-
ent paper reports new experimental data to test in
detail on aluminum this expanded theory.

EXPERIMENTAL

The apparatus is similar to that described ear-
lier. ' An ion beam, after characterization by par-
ticle energy and mass, impinges on a thick target
of high-purity aluminum. The target is inclined
by 45' with respect to the ion beam axis and to
the line of sight of a proportional counter. The
target is heated to 150'C to suppress carbon depo-
sition and insulated from the ground to measure
the incident particle current accurately. The x
rays emitted from the target are viewed by a flow-
mode proportional counter whose output is con-
nected to a multichannel analyzer. The total x
ray yield is obtained from an appropriate inte-
gration over the spectrum as recorded for pre-
set values of the integrated beam current.

RESULTS AND DISCUSSION

From the measurements of the Al (E) x ray

yield F, one extracts the x-ray production cross
section oz(E1) in a standard manner by the formu-
la'

o (E )=— S (E )+tt Y(E ) (1)d Y(E)

and calculates the E-shell ionization cross sec-
tion o~ according to

E, is the energy of the incoming particles, N, the
density of target atoms, S,(E,) the stopping power
of the target for particles of energy E„p., the
absorption coefficient of the target for its own

characteristic x rays, and y~ the E-shell fluo-
resence yield. The differentiation of the experi-
mental yield curves with respect to energy in-
troduces an uncertainty of -15/q, which is com-
parable with the uncertainty introduced by the
stopping power. We used recent stopping-power
data4 ' and data obtained in this laboratory. '
The ionization cross sections in absolute units are
calculated by normalizing our data to the ioniza-
tion cross section aE=53 b reported by Khan et al. '
for protons at 100 keV. This cross section is ob-
tained by assuming that y&= 0.03, independent of
the atomic number and the energy of the incoming
particle. The uncertainty of this value is +30%.'

The resulting E-shell ionization cross sections
for H', He', and He4 on aluminum are shown in
Figs. 1-3, respectively. The l.arge error bars
represent the uncertainty in the absolute cross
sections, the small error bars indicate the un-
certainty of the points relative to each other. The
data for protons on aluminum (cf. Fig. 1) agree
with the results of Khan et al. ' at all energies.
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FIG. 1. Aluminum K-shell ionization cross section
for protons

FIG. 2. Aluminum E-shell ionization cross section
for He .

The curves marked "Born" represent the theo-
retical E-shell ionization cross sections o~' for
slow heavy particles as calculated by Merzbacher
and Lewis. ' In these calculations the Coulomb
interaction between the particles and the target
nuclei is neglected. At low energies the asymp-
totic form of the cross sections is'

K 2K l 2 l 0

where Z, is the atomic number of the incident
particle of velocity e, and energy E„Z, is the
atomic number of the target atoms, C2~ is a tar-
get constant, and qo -=cu2&/el, where &@2' is the
binding energy of the electrons to be ejected.

Bang and Hansteen" calculated in a semiclassi-
cal approximation the effect of the Coulomb deQec-
tion of the incoming particle by the target nucleus
on the differential cross section. Incorporating
their results to leading terms, one obtains'

o =9E (mdq )o ',
where 2d =Z,Z,/E, is the distance of closest ap-
proach; E„(x) is an exponential integral which is
tabulated. " The curves marked "Coulomb" are
calculated from Eq. (4). Clearly the Coulomb de-
flection accounts only for part of the discrepancy
between theory and experiment.

Brandt et al. ' showed that in slow collisions the
interaction between the E electrons of the target
and the incoming particle can have a marked ef-
fect on the ionization cross section. If this in-
teraction is incorporated as a pexturbation on

+2& one finds to leading terms

=9& 'E (mdq e)o

where e=a(Z„Z„e,) is given in Ref. 2. The
curves in Figs. 1-3 marked "Binding" represent
Eq. (5). Within experimental accuracy, the data
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FIG. 3. Aluminum K-shell ionization cross section
for He .4
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agree with the theory in this form.
A sensitive test of the theory can be made by

analyzing at equal velocities the ratio of the cross
sections for H and He as a function of particle
velocity. The uncertainties in the absolute magni-
tude of the cross sections cancel. The results are
shown in Figs. 4 and 5. Figure 4 plots the velocity
dependence of the ratio o&(He')/oE(He'). It tests
the Coulomb correction in Eq. (4), because the
difference in the binding correction contained in
Eq. (5) is less than 5% for these two isotopes,
i. e. , less than the uncertainty of the data. In
this sense, Fig. 4 gives direct experimental evi-
dence of the effect of the Coulomb deflection of
the incoming particle by the target nucleus on the
K-shell cross sections for ionization by slow
charged particles. The ratio o~(He')/4oIt(H')
shown in Fig. 5 varies over a factor of 2 in our
energy range and exhibits clearly the effect of
the binding of the K electrons to the incoming
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FIG. 5. The closs section 1Rtlo 0" 4/40'+g for Rluml

num as a function of incident ion energy per amu. The

two values of o.
H& below 22 keV/amu are extrapolations

(cf. Fig. 1).

particle. In fact Fig. 5, in conjunction with the
conclusion drawn from Fig. 4, is direct experi-
mental confirmation of the effects of Coulomb
deflection and of binding on the cross sections as
predicted by Eq. (5).

In conclusion we find for protons and helium
ions on aluminum that the experimental ionization
cross sections agree with the theory as given by
Brandt et al. '
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Charge-transfer cross sections for H on 0, 02, and NO2, 0 on H, 0, H2, 02, and N02,
and C on H and 0 have been measured over an energy range of 0.5 to 4 keV using a modu-

lated crossed-beam apparatus. The experimental cross sections are compared with theories
of resonant and nonresonant charge transfer based on a tvro-state approximation. For the
reactions H +0 0 +H, the cross sections are found to be consistent with detailed bal-
ancing. The effect of electrvn detachment on charge-transfer cross sections is discussed.

INTRODUCTION

Charge-transfer collision phenomena involving
negative ions have not generally been investigated
as extensively as those involving positive ions.
Measurements of charge-transfer cross sections
for atmospheric negative ions have been made in
the range of a few electron volts to a few hundred
electron volts by Bailey, ' Rutherford and Turner, '
and Paulson. ' In the energy range of a few
hundred to a few thousand electron volts, which is
covered by the present work, Hummer, ' et al. ,
have made an absolute measurement of the H +H
resonant charge-transfer cross section, and Bydin'
has measured charge-transfer cross sections for
negative ions of some of the alkali metals.

H-+Q~-8+02

0 +H~ 0+H+H

0 + NG 0+ NO

H-+ NQ, -H+ NG, —,

(c)

(D)

(E)

This paper contributes experimental data which,
it is hoped, will further the understanding of
negative ions in general and the charge-transfer
process in particular, and discusses these data
in terms of current theoretical approaches to
charge transfer for both negative and positive
ions '

Measurements have been made over an energy
range of 0. 5 to 4 keV, for the following reactions:

0 +0, 0+0, (A)

(B)


