
PHYSIC AL R EVIEW A VOLUM E 5, NUMB ER 3 MARC H 1972

Production of E X Rays by 160-Mev Protons
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K-shell ionization cross sections have been measured for elements between Z=26 and Z=92
using 160-MeV protons as incident projectiles. The results are compared with two theoretical
models, the plane-wave-Born-approximation calculations of Khandelwal, Choi, and Merz-
bacher and the binary-encounter model of Garcia. The results are in qualitative agreement
with both these nonrelativistic models. The necessity for a relativistic theory is emphasized
by comparison with recent high-energy-electron measurements.

I. INTRODUCTION

Many experimental and theoretical studies have
been made of the production of K x radiation from
various materials by heavy particles of very low
energy. The early work in this field was reviewed
by Merzbacher and Lewis' in 1958. Until very re-
cently, subsequent work was also concerned with
low-energy projectiles. When the present work was
initiated the most recent experimental study was
that of Sellers et al. , who used n particles in the
energy range 1-5 MeV. During the course of the
present work, however, further measurements have
become available including those of Bissinger
et al. using 2-28-MeV protons, and of Richard
et al. ' using 6—10-MeV protons and 15-19-MeV ox-
ygen ions. Of particular related interest are the
ultrarelativistic electron measurements of Middle-
man et al. using electrons in the range 150-900
MeV.

Previous to the present work all the heavy parti-
cle K x-radiation cross-section data have been ob-
tained at quite low projectile energies for which a
nonrelativistic theoretical treatment is expected to
be reasonably accurate. A major incentive for the
present measurements was to extend the proton
work to high energies in order to investigate the
importance of relativistic effects. In particular,
it was of interest to test whether the production
cross section, which was expected to rise to a
maximum for a proton velocity close to the rms
velocity of the K-shell electron, would indeed fall
as 1/F. on the high-energy side of the peak as pre-
dicted. The present high bombarding energy readi-
ly permits a study of the excitation cross sections
for even the heaviest stable elements. This is in
contrast with the other recent measurements in
which only light elements (Z& 29) were studied.
Whereas previous work has usually been for a single
element as a function of energy, the present work

is for a wide range of elements at a single energy-
a consequence of the type of particle accelerator
used. According to the existing nonrelativistic
theories the two different approaches provide equiv-
alent results.

II. EXPERIMENTAL ARRANGEMENT

The experimental geometry is shown in Fig. 1.
The 160-MeV proton beam from the Harwell syn-
chrocyclotron was focused onto the targets by three
pairs of quadrupoles to form a spot of about 1 cm
diam over-all. After emerging from the evacuated
target chamber the proton beam first passed through
a 1-mm-thick sheet of polythene used as a target
for a P-2P intensity monitor and was then collected
in a 10-cm-diam Faraday cup for normalization
purposes. The target chamber was constructed so
that the target foils mere observed by the x-ray de-
tector at a scattering angle of 155 to the beam di-
rection. This large angle was required to reduce
the intensity of high-energy protons scattered by the
target which might subsequently pass through the
detector.

The x-ray detector was a Si(Li) detector of 1.10-
cm area and 5 mm thick. The energy resolution
was 1.3 keV at 6 keV, which was quite adequate for
the present work. Si(Li) was chosen instead of
Ge(Li) because the narrow region of energy sensi-
tivity of the Si(Li) detector is desirable when used
in regions of very high background radiation levels,
such as exist in the experimental areas of the syn-
chrocyclotron.

The amplified signals from the Si(Li) detector
were fed into an ADC coupled to the on-line Honey-
well DDP-516 computer using the standard CAMAC
interface electronics. The computer was used in
multiprogramming mode so that the software per-
mitted data reduction, graph plotting, and magnetic
tape data storage and retrieval, all to be carried on
simultaneously with data acquisition. Typical
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FIG. 1. General layout of the machine and experimental area.

pulse-height spectra are shown in Fig. 2. Counting
rates were generally in the range 500-5, 000 counts/
sec, using beam currents of between 0. 3 and 3.0
nA. The normal duty cycle of the beam extracted
from the synchrocyclotron was increased to about
20/p with the use of the auxiliary Cee electrode, but
nevertheless the dead-time corrections were large
(5-50/p) and their determination was a major prob-
lem. To enable dead-time corrections to be made,
a pulser was fed both into the detector preamplifier
and into a separate scaling system. To allow for
the pulsed nature of the proton beam, this pulser
was triggered by signals from the P-2P monitor.
However, corrections based on this technique were
not entirely satisfactory, presumably because the
duty cycle for the characteristic x rays is different
from that for the backgrounds (which arise from
long life induced activity) and consequently mea-
surements were made at several beam levels so
that an extrapolation to zero count rate could be
made for each target. Additional complications
arose from the fact that the effective duty cycle of
the beam varied with time and with beam level. Use
of very low beam levels to minimize counting losses
was impracticable owing to the difficulty of inte-
grating accurately beam currents below 0. 1 nA.

A consequence of the high background in the ex-
perimental area was the necessity to use thick tar-
gets; the target thickness used lay in the range 1-
200 mg/cm . Corrections were made for the ab-
sorption by the target of its own characteristic K x
radiation. The use of thick targets also introduced
the need to allow for the subsidiary effect of char-
acteristic K x radiation produced by the energetic
& rays which in turn are produced by the incident
protons whilst passing through the target. This
contribution was taken into account by ma@~.ng mea-

surements for each element as a function of target
thickness. Some care was necessary in the extrap-
olation to zero thickness because the &-ray contri-
bution is not linear with thickness, and only in the
limits of very thin or very thick targets is a linear
dependence obtained; in the latter case the extrap-
olation to zero thickness does not give the desired
cross section. The two limiting regions occur be-
cause the 6-ray contribution arises from two dis-
tinct physical processes. For very thin targets only
the direct ionization by the 6 ray is important, but
for thick targets the secondary process involving
bremsstrahlung production followed by photoelectric
absorption provides an important contribution. In
the Appendix the results of approximate calculations
of the apparent ionization cross sections due to
these processes are compared with experiment.
Where necessary, these calculations were used to
guide the extrapolation of the experimental cross
sections to zero target thickness.

Except for the two elements Ba and Tb, the tar-
gets were all in the form of self-supporting metal
foils. The two exceptions were provided in the

form of the oxides painted onto a hydrocarbon back-
ing. Target thicknesses were estimated both by
weighing and by measurements of x-ray attenuations
using appropriate radioisotope sources and the con-
venient tabulation of absorption coefficients of
Dewey et al. Since the accuracy of the coefficients
presented in this tabulation is expected to be only
+ 5'%%up on average, the attenuations were measured
for several different photon energies. A generous
uncertainty of + 3/p was attributed to the target
thickness measurements for the self-supporting
foils, but the much larger uncertainty of a 20%%up was
attributed to the two oxide targets as these were
notice ably nonuniform.
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The detector efficiency was determined over the
energy range 6-120 keV using radioisotope sources
of 'Am, Tb, and ' Co assuming the relative y-
ray yields quoted by I ederer et al. ' and the x:y
yield for Co given by Campbell et al. The shape
of the low-energy side of the efficiency curve near
the 6. 4-keV ' Co line was obtained by calculation
from the known materials of the cryostat windows
and the assumption that any residual loss of effi-
ciency at 6. 4 keV was attributable to a Si dead layer
on the front surface of the detector. The active
area of the detector was determined using an Fe

source and a collimator of known dimensions. In-
terpolated efficiencies for each target element are
given in Table I.

III. EXPERIMENTAL MEASUREMENTS

The experimental measurements were spread
over three separate data-taking periods, with much
repetition. For each element at least two separate
targets were used. For the heavier elements Ta
through U it was necessary to interpose an appro-
priate filter between the target and detector to ab-
sorb preferentially the highly intense L x radiation.
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TABLE I. The total ionization cross sections for each
target element, together with the assumed fluorescent
yields and detector efficiencies. Over-all accuracy: + 7%.
Oz =total K-shell ionization cross section assuming iso-
tropic emission. q = interpolated detector efficiency.
cuz = fluorescent yield (Ref. 10) assumed in deducing IT@,.
no allowance has been made for uncertainties in &~.

Element

Fe
Cu

Zr
Mo

Rh

Ag
Sn

Ba
Sm
'l'h

ra
Pt
Au

P13

U

26
29
40
42
45'
47
50
56
62
65
73
78
79
82
99

'I'arget thickness range
(mg/c m')

1 —3
2. 5 —41. 1

5, 5 —16.0
2. 8 —52. 0

5. 8 —16.4

7, 7 —23. 3
8, 0 —24. 2

7. 0 —21.0
10, 0 —55. 0

9. 8
91.7 —185.9

22 ~ 5
2. 7 —487. 2

25 75
207

0, 293
0. 393
0, 70
0. 73
0. 78
0. 80
0. 84
0. 88
0. 91
0. 92
0. 94
0. 95
0. 95
0. 96
0. 96

0.36
0. 62
0. 89
0. 88
0. 81
0. 76
0.68
0, 52
0.35
0.27
0. 132
0. 083
0, 076
0, 059
0. 027

+0. 03
+0. 04
+0. 02
+0. 02

+0, 03
+0, 03
+0, 03
+0. 02

+0. 02
+0. 02
+ 0. 008
+0 QQ5

+0.004
+0. 005
+0. 005

780
560
193
162
149
136
112
48
50
32
24 3
19.2
17.7

19.2
10.5

+65
+40
+13

7
7
7
6

+10
2. 8

6
1.6
1.4
1, 0

1.7
l. 9

This introduced only a small correction for absorp-
tion of the Kx rays.

For all the elements except Fe and Cu the photo-
peak intensities were extracted from the spectra
assuming a linear background dependence. For the
two light elements this was inapplicable and the
background was estimated by eye; fortunately, the
necessary background subtractions mere small.
Some difficulty was experienced in subtracting the
background from the spectra for the thinnest gold
target (2 mg/cm ) and for the uranium target (207
mg/cm ). The difficulty for uranium was partly due
to the small cross section, to the high background,
and to the Ee, and En~ radiations being sufficiently
separated as to reduce the apparent cross section
relative to the lighter targets for which these two
radiations mere not resolved. It is pertinent to note
that the cross section for production of K x rays
from uranium is comparable with the cross section
for induced fission.

For elements with atomic number belom 65 both
Kn and KP radiations were summed together, but
for elements with S & 65 only the Kn contribution
was taken from the spectra and the KP contribution
was estimated from the known KP:Ko ratios as ob-
tained from x-ray fluorescence studies.

It was assumed implicitly in the present experi-
ment that the emission of characteristic K x radia-
tion is isotropic. This point has been investigated
and found valid by Merzbacher and Lewis' for L x
rays from gold and mas again checked in the high-
energy-electron measurements of Middleman et al.

The final K-shell ionization cross-section data
are listed in Table I, together with the assumed flu-
orescent yields' and the detector efficiency. There
is an over-all normalization uncertainty to be ap-

plied to these data. This uncertainty contains con-
tributions from the detector sensitive area, the
solid angle subtended at the target, the Faraday-
cup calibration, and for the collection of P rays in
the Faraday cup —these 6 rays being produced in the
window of the Faraday-cup vacuum chamber. Sum-
ming these contributions quadratically yields an
over-all uncertainty of + 7/p.

Some preliminary measurements were also made
using the 85-MeV deuteron and the 160-MeV n-par-
ticle beams from the synchrocyclotron. These
measurements were bedevilled by counting rate and
dead-time problems because the long duty-cycle
facility exists only for the proton beam.

IV. RESULTS

A. Proton Data
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FIG. 3. Total K-shell ionization cross sections for
a range of elements between Z =26 and Z=92. The 160-
MeV proton data are compared with a P%'BA theory
(which has been scaled by a factor of 1.26, see text).
The data are compared with results for electrons of
the same velocity as the protons (80-keV electrons)
and with results for 150-MeV electrons (for which
the agreement with PWBA theory is entirely fortuitous).

The final cross-section data for 160-MeV protons
are listed in Table I and are presented graphically
in Fig. 3. The solid curve is derived from the
plane-wave-Born-approximation (PWBA) calcula. -
tions conveniently tabulated by Khandelwa1. et al.
These calculations were made for low-energy pro-



1202 JARVIS, WHIT EHE AD, AND SHAH

jectiles and utilized nonrelativistic hydrogenic wave
functions for the atomic states. The total cross
section OE is expressed as

o» = («»'O'Z»&») f»(7I», II») .

In this expression ze is the projectile charge, Z~e
is the effective nuclear charge as seen by a K-shell
electron, and go is the Bohr radius of hydrogen. The

quantity g~ is dimensionless and is given by

7I» = mZ/MZ»R„,

where m is the electron mass, M and E are the
mass and energy of the incident particles, and 8
is the Rydberg constant (13.605 eV). Finally,
f»(p», 8») is the quantity which is actually tabulated

by Khandelwal et al. The parameter I9& is the K-
shell screening number

„/Z,~„=1,
where && is the observed K-shell ionization poten-
tial; 8~ is the lower limit of the integration defining

f„. The effective charge is taken to be Z»= Z- 0. 3,
as is customary. Rather than use the 0E values
computed from the simple relationship above, we

adopt the values given by Walske' where 6I~ has
been modified so as to partially correct for the rel-
ativistic contributions to the binding energy E&. In

Fig. 3 the theoretical PWBA curve has been multi-
plied by the factor 1.26 in an attempt to correct at
least partially for the relativistic velocity of the
160-MeV protons. It is assumed that the most im-
portant kinematic factor in the PWBA formula for

g» is the 1/v term which enters through the ratio
M/F. contained in the quantity 7I». The impulse ap-
proximation calculation —to be discussed later —also
possesses such a factor. It is clearly desirable to
use the true relativistic velocity in the 1/v2 term
instead of the velocity computed using nonrelativis-
tic kinematics, hence the factor 1.26. This correc-
tion factor is by no means sufficient compensation
for not using relativistic kinematics throughout but
perhaps gives a fair estimate of the magnitude of
the corrections required at the present energy.
Furthermore, as the energy moves into the highly
relativistic region, 0~ will begin to increase be-
cause of the relativistic enhancement of the trans-
verse component of the electromagnetic field.

The "theoretical" curve in Fig. 3 provides a good
qualitative description of the data. Perhaps sur-
prisingly, the fit is best for high-Z elements where
the lack of a relativistic description for the atomic
states would have been thought most serious. Fig-
ure 3 also presents some K-shell ionization data
obtained for electrons: These data will be consid-
ered later.

In Fig. 4 we again present the ionization data for
160-MeV protons, but this time in a form which
permits comparison with data for other heavy pro-
jectiles taken over a wide range of energies. Merz-
bacher and Lewis have shown that there is an ap-

proximatee

relationship

f»( I»~ ») = e»f»(7»/~»~ 1)

Since this enables us to write
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we see that a "universal" curve can be obtained by
plotting 8» Z» o»/a against rI»/8„. This approxima-
tion is quite good on the low-energy side of the
maximum, where existing data for energies such
that the abscissa lies between 0. 005 and 1.0 cover
six orders of magnitude of the ordinate. However,
it does not hold very well for the high-energy side
of the maximum as can be seen (Fig. 4) by the dif-
fering results for ~~=0. 78 and HE=0. 95. In this
presentation the 160-MeV proton data have been
scaled for the effect of relativity, instead of the
theoretical curves. (Also, in this and later figures,
the data for the two oxide targets have been omitted
as their uncertainties are large and tend to obscure
other pertinent features. ) Shown together with the
160-MeV data for Z between 26 and 92 are the 2-28-
MeV proton data of Bissinger et al. for Ca, Ti, and
Ni. It is clear that the fit of theory to experiment
is poorer for the low-energy proton data than for
the 160-MeV data. In fact, the PWBA theory under-
estimates the Ti and Ni data by about 50%. Perhaps
tt should be noted that the absolute errors on the
low-energy data are quite large (11-13%)and that
for relatively light elements such as Ca, Ti and
even Ni there is a possibility that the fluorescent
yields may be substantially in error.

A simpler method of presenting K-shell ionization
data has been proposed by Garcia. He has shown
that a classical binary-encounter model' (an im-
pulse-approximation calculation) provides a very
simple scaling law such that &~0~ plotted against
E/e» defines a universal function. Such a graph is
more convenient than the PWBA method which in-
volves the parameters g~ and 8&. Moreover, this
impulse-approximation calculation provides a better
fit'6 to the low-energy data. (q» & 1 or 2/c»& 2000).
Figure 5 presents the proton data (modified, as be-
fore, for relativistic projectiles) on a graph drawn
to Garcia's prescription. It is clear that this rep-
resentation is more truly universal than that pro-
vided by the PWBA calculation, that the fit to the
160-MeV data is of similar quality to that shown in
Fig. 3 and, furthermore, that the fit to the 2-28-
MeV data is now greatly improved.

B. Deuteron and Ot'- Particle Data

As mentioned earlier, these results are of a pre-
liminary nature. Therefore, we restrict ourselves
to considering only the averaged results for five
elements between Z= 29 and Z= 79, expressed as
ratios for the different projectiles. The compari-
son between the 160-MeV a particle and the 85-
MeV deuteron data is particularly simple because
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the velocities of these two projectiles are equal-
the theoretical ratio for each element is then just
4/1, arising from the fact that the n particle pos-
sesses charge z= 2. Experimentally, we have ob-
served a mean ratio of 4. 6+0. 8. For the ratio of
e particle to proton cross-section data the situation
is more complicated because the projectile veloc-
ities are quite different. Following the PVYBA

theory, the n-particle cross section is enhanced
relative to the proton cross section by a factor of
4 through the factor z, a further factor of 4 (non-
relativistically) for the reduction in T(E and is re-
duced by an amount dependent on Z through the fac-
tor fE It was fo. und that the experimenta1 ratio
{Tr({3.)/(TE(p), divided by the theoretical ratio, taken

as an average for all Z was 0. 96+ 0. 10. Since good
qualitative agreement has already been demon-
strated for the proton data with theory, this result
indicates that the o.'-particle data (and, from the
previous result, the deuteron data also) are in
equally good agreement with theory.

V. COMPARISON WITH ELECTRON DATA

In any first-order theory of the interaction be-
tween a very fast charged particle and an atomic
electron, the ionization cross section will be deter-
mined essentially by the atomic number of the tar-
get atom, the magnitude of the projectile charge,
and its velocity, but should be relatively indepen-
dent of the projectile mass. This is not true, of
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course, for low projectile velocities where the
various conservation laws impose kinematic re-
strictions which in turn define the low-energy be-
havior of the cross sections. For low-energy elec-
trons the increase in kinetic energy experienced by
the electron while penetrating the atom is most im-
portant, and the energy threshold for ionization is
determined solely by energy conservation. For
protons a purely two-body collision would imply a
threshold velocity one-half that for electrons but,
in fact, the proton production of K-shell ionization
is appreciable for energies considerably less than

this because the internal motion of the atomic elec-
tron is important (momentum conservation being
satisfied by the recoil of the atom).

For proton energies well above the "classical"
threshold of approximately 460&~, we would expect
proton- and electron-produced ionization cross sec-
tions to be equal provided the projectile velocities
are the same. We therefore compare the present
160-MeV proton data with 80-keV electron data.
Very few electron measurements have been made,
and Fig. 3 presents the only available data (for Ni,

Ag, and Sn). That these electron data are smaller
than the proton data is not suprising, since we

really require data for elements of very low Z for
which the electron-production cross sections are
determined by momentum conservation rather than

energy conservation. However, the electron and

proton data appear to be converging as Z decreases.
Also shown in Fig. 3 are the 150-MeV electron

data of Middleman et al. , the three high-Z points
being extrapolated downwards from their 300-900-
MeV data. The remarkable agreement with our
160-MeV proton data is entirely fortuitous. The
variation with Z for electrons is a good fit to Z "
with n= 2. 70+0. 02. The proton data does not pos-
sess such a simple Z dependence, but for compari-
son purposes a reasonable representation can be
found with n= 3. 3.

The behavior of the electron data for Ag with en-
ergy is shown in Fig. 6. This figure covers an en-
ergy range from 25 keV to 900 MeV, and clearly the
fit to the revised relativistic theory of Kolben-
stvedt is excellent. For the nonrelativistic energy
range the cross sections may be expressed" as

&»o»=7. 92&&10 (E»/E)lnE/e» cm keV~.

This relationship provides a "universal" curve
bearing a very strong resemblance to the prescrip-
tion of Garcia. "

We expect the cross-section data to be similar
for protons and electrons at the same velocity when
in the ultrarelativistic energy region. (The cross
sections cannot be identical since the proton and
electron magnetic moments differ. , ) Figure 7 has
been drawn in an attempt to gain some feeling for
the behavior of the proton data in the relativistic

energy region. This figure should be viewed not
as an attempt to provide a universal curve for all
Z at any energy, as previously considered, but
rather as an indication of the energy dependence for
each particular element. The curves labelled
"electron theory" have been adapted from the theory
of Kolbenstvedt by the simple expedient of using as
the abscissa the proton energy corresponding to the
same velocity of the electron to which the Kolben-
stvedt theory applies. The three "proton theory"
curves are adapted from the theory of Garcia
et al. ; of these three curves one is the uncorrected
theory and the other two —for Ag and Au —being ob-
tained by making the approximate correction for
projectiles of relativistic velocities as before. The
collapse of the "universal" curve and the expected
crossover of the true cross sections from the be-
havior given by the nonrelativistic proton theory to
that of the relativistic electron theory can be readi-
ly imagined.

VI. CONCLUSIONS

Cross sections for the K-shell ionization pro-
duced by 160-MeV protons have been measured for
elements in the range 26& Z & 92. These cross sec-
tions have been shown to be in qualitative agreement
with both the PWBA calculations of Khandelwal
et al. ' and the binary-collision model calculations
of Garcia et al. ,

' provided approximate correction
is made for the relativistic velocity of the protons.
For lower energies the binary-collision model pro-
vides a better fit to the data than the PWBA method
and any existing discrepancies between this theory
and the low-energy experiments are as likely to be
due to uncertainties in the various experimental
measurements as to the approximation of the theo-
ry. Preliminary measurements with 85-MeV deu-
terons and with 160-MeV n particles have also been
found to be in good agreement with theory.

Attention has been given to the manner in which
the proton cross sections vary with energy as the
energy moves into the relativistic region. The non-
relativistic theories are clearly on the verge of
breaking down at 160 MeV. The need for a fully
relativistic proton theory is therefore apparent.
Since the Kolbenstvedt theory fits the ultrarelativis-
tic electron data remarkably well without recourse
to a relativistic description of the atomic wave func-
tions, it is probable that this complication will also
prove unnecessary for the proton work.
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APPENDIX: CORRECTIONS FOR SECONDARY

K X-RAY PRODUCTION PROCESSES

In the study of K-shell ionization by heavy ions of
high energy, there are competing ionization pro-
cesses which must be considered. These processes
are due to the copious production of 6 rays of suffi-
cient energy to eject E-shell electrons either in
direct collisions or indirectly by photoelectric ab-
sorption of the bremsstrahlung radiation associated
with the 6 rays. This radiation arises both from
the slowing down of the 6 rays in the target and
from the initial impacts in which the ~ rays are
formed.

Ideally, difficulties arising from these secondary
ionization processes would be avoided by the use of
extremely thin targets. However, when relatively
thick targets are required —as in the present exper-
iment —it becomes necessary to measure the excita-
tion cross section as a function of target thickness
and to extrapolate to zero thickness. Some approx-
imate calculations were made to discover the

range of target thickness over which a linear ex-
trapolation could be considered appropriate. The
calculations were made for the two extreme cases:
(a) In the thin-target approximation the 6 rays pass
through the target without loss of energy. (b) In the
thick-target approximation the ~ rays are all
stopped within the target medium.

Two further gross simplifications were made by
assuming (i) the bremsstrahlung radiation is either
isotropic, or (ii) the bremsstrahlung radiation is
strongly peaked in the forward direction. The for-
ward-peaking assumption is reasonable for very
high-energy 5 rays, but the isotropic production may
be more appropriate to very low-energy 5 rays.
However, low-energy 6 rays can contribute only to
the ionization of low-Z elements for which the
bremsstrahlung process is relatively unimportant.
Consequently we expect the forward-peaking or
"relativistic" approximation to be more realistic
than the "isotropic" approximation.

In Fig. 8 we show the experimentally determined
K-shell ionization cross sections for 160-MeV pro-
tons on copper and gold as a function of target thick-
ness. These data have been corrected for self-ab-
sorption of the K x radiation in the targets. The
discontinuities in the curves indicate the change
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FIG. 8. Apparent K-shell ionization cross sections
for copper and gold, measured as a function of target
thickness.

from the "thin" to the "thick" target approximations.
For copper the "isotropic" and "relativistic" calcu-
lations give very similar results, a reflection of
the insignificance ot' the indirect (bremsstrahlung
production) process relative to the direct collision
process for low-Z elements. The copper data
clearly favor the "relativistic" calculations. For
gold the difference between the "isotropic" and "rel-
ativistic" calculations is very considerable, but-
again, as expected —the data strongly favor the rela-
tivistic calculations. From these two comparisons
we conclude that the "relativistic" calculations may
be used to make surprisingly precise corrections
for the 6-ray ionization processes and this, in turn,
implies that the limiting factor in choice of target
thickness need not be an awareness of the 5-ray
ionization process but simply the desire to keep the
self-absorption corrections to acceptably small val-
ues. For most of the measurements in the present
work the magnitude of the 6-ray ionization correc-
tions are less than the uncertainties in target thick-
ness.
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Differential and total cross sections for electron-transfer rearrangement collisions are calcu-
lated in the first-order Faddeev-Watson multiple-scattering approximation for a number of
three-body atomic systems. For the (p', H) system, it is shown that the inclusion of the pure
p'-p' interaction to all orders (including the contributions coming from the on-shell Coulomb
cuts) cancels only part of the effect given by the bare p -p' interaction so that the present elec-
tron-transfer cross section lies inbetween the Brinkman-Kramers and Jackson-Schiff cross
sections and asymptotically approaches the Jackson-Schiff cross section from above in the high-
energy limit (where the nonrelativistic approximation is no longer expected to be valid). The
knock-out contributions to the electron-transfer amplitude at large angles are particularly im-
portant for the equal-mass resonant (e', e"e') electron-transfer collision. Owing to the e'-e
knock-out contribution, the total (e, e e ) electron-transfer cross section exhibits an E"~ energy
dependence in the high-energy limit.

I. INTRODUCTION

Three-body electron-transfer processes such as

P'+H- H+p',
e'+ (e e') —(e' e ) + e',
e'+H- (e'e )+p',
p'+(e it' )-H+ p,

'

(1. lb)

are among the simplest types of rearrangement col-
lision processes. The high-energy behavior of such
processes has, however, not yet been adequately
understood. ' The purpose of the present work is to
investigate the high-energy behavior of these pro-
cesses in the first-order Faddeev-Watson multiple-
scattering approximation.

One of the difficulties encountered in the past con-
cerns the role of the repulsive pair interaction V2

f such as the p'-p' interaction in the (p', H) system,
for example] in the high-energy behavior of elec-
tron-transfer collisions. It is clear that the repul-
sive interaction may contribute to the electron-
transfer amplitude through knock-out collisions

which are peaked in the backward direction. De-
pending on the particle masses of the system, the
knock-out contribution to the electron-transfer am-
plitude may not always be significant in the energy
domain of validity of the nonrelativistic approxima-
tion. The repulsive pair interaction may also con-
tribute to the electron-transfer probability through
nonclassical behavior. The importance of the non-
classical behavior in the high-energy region depends
also on the particle masses of the system. Owing
to the large proton-electron mass ratio, one may
argue that the (p', H) collision should follow a clas-
sical description in the high-energy region. Con-
sequently, the repulsive pair interaction in the
(p', H) system (i.e. , the p'-p' interaction) merely
defines the classical trajectory and introduces a
phase factor in the amplitude so that it should not
effectively contribute to the (p', H) electron-transfer
probability. '

Using arguments based on the above classical
picture, Brinkman and Kramers' (BK) neglected the
bare p'-p' interaction in their treatment of the
(p', H) electron-transfer collision in the first-order


