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K-shell x-ray production cross sections for 1.0-4.4 MeV « particles have been measured. The elements
selected were Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Ge, and Se, and all data were for thin targets evaporated onto
thin carbon backings. The measured cross sections are compared with predictions of the plane-wave Born
approximation (PWBA), the PWBA with binding-energy and trajectory corrections, and the binary-encounter
approximation. It is found that the PWBA with both corrections fits the data best for all elements and energies

considered.

I. INTRODUCTION

A large amount of recent literature has been de-
voted to the measurement of x-ray production cross
sections’~® and to the descriptions of the various
theoretical models which are applicable to the re-
sults. The research reported here has been mo-
tivated by an interest in the use of these cross sec-
tions as applied to trace element analysis in envi-
ronmental and biomedical samples. The use of x-
ray production cross sections for quantitative anal-
ysis work has become more important in recent
years,* and it is hoped that with the availability of
reliable x-ray cross-section measurements, this
very sensitive and inclusive method can be extended
to do accurate quantitative studies routinely.

The energy range used in such analysis work is
that commonly available from low-energy particle
accelerators, i.e., 1-5 MeV. « particles have
been chosen since there is already a wealth of data
for protons in this energy range'~%5"!% and since o
particles are also being used for x-ray trace-ele-
ment emission studies.'®* The values measured
here are compared with overlapping earlier mea-
surements,? "¢ and also with results predicted by
several theoretical models. These include the
plane-wave Born approximation (PWBA) with vari-
ous corrections, and the binary-encounter approx-
imation (BEA).

II. EXPERIMENTAL PROCEDURE AND DATA REDUCTION

Well-collimated (2.5 mm diameter) beams of *He
ions were obtained from the University of Florida’s
4-MV Van de Graaff accelerator. The normal to
the targets was oriented at 22.5° with respect to the
incident beam, and the beam was monitored using
a Faraday cup. The targets of 3-30 pg/cm? thick-
ness were evaporated onto 10-30-pug/cm?-thick
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carbon backings. The various target thicknesses
are shown in Table I. Target thicknesses were de-
termined using Rutherford scattering measured at
135° relative to the beam axis, in the vertical plane.
The scattered particles were detected by a silicon
surface barrier detector collimated to 1.5X1073 sr,
as measured with a calibrated 2*!Am « source.

The x rays produced were detected by a KEVEX
Si(Li) detector with an 80 mm? active area, located
at 135° to the beam direction in the horizontal plane.
The collimated beam of x-rays passed through the
0.025-mm-thick Mylar window of the scattering
chamber, a short (<5 mm) air path, and into the
detector through a 0.025-mm-thick beryllium win-
dow.

Pulses from both detectors were amplified and
then stored and analyzed by an 1830 General Auto-
mation on-line computing facility, which was also
used for the analysis of the data. Beam current
was kept low (<60 nA) so that dead-time correc-
tions were less than 1%.

The number of x rays, N,, under the peaks of

TABLE I. Target thicknesses, determined using
Rutherford scattering measured at 135° relative to the
beam axis, in the vertical plane.

Element Target thickness
(pg/cm?)
Ti 5.8£0.6
v 3.8%0.4
Mn 4.5+0.5
Fe 2.6+0.3
Co 25+3
Ni 9.8%1.0
Cu 30+3
Zn 121
Ge 28+ 3
Se 6.9+0.7
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interest for a particular run is given by
Nx:NpNt€Ux3 (1)

where N, is the number of the incident particles,
N, is the number of target atoms per unit area, €
is the absolute detector efficiency corrected for
solid angle and absorption, and g, is the K-shell
x-ray production cross section. The absolute de-
tector efficiency was determined in the standard
manner'”!® using calibrated radioactive sources of
51Cr, %"Co, °°Zn, and 2*!Am, located at the actual
beam-spot position. The target thickness N, was
determined by the elastic scattering as given by

N,

—_ . (2)
(do/dQ)N,Q

N,=
Here, N, is the number of particles scattered in
the particle detector, do/dQ is the differential
scattering cross section, and © is the solid angle
of the particle detector. Substitution of Eq. (2) in-
to Eq. (1) gives the following expression for the x-
ray production cross section:

N do

9N, € dQ ®

If x-ray and charged-particle data are taken simul-
taneously, o, is independent of the actual projectile
number. This eliminates the need for corrections
due to the equilibrium charge state of the beam.

All theories given predict the ionization cross
section (g, ), while the experimentally measured
quantity is the x-ray production cross section (o, ).
For K-shell measurements, these two quantities
are related to the K-shell fluorescence yield (w,)
by the relation

01=0./ Wy

The values of McGuire'® as tabulated by Bambynek
et al .*® are used to calculate the x-ray production
cross sections for the various models. All calcu-
lations shown in this work were performed with the
computer code XCODE?! which includes data tables
cited in these references.

The spectra obtained were very clean, with low
background, and were easily summed to give spec-
tral-line intensities. The number of counts in the
peaks was always such as to give 1% statistics in
the raw sum, and 3% accuracy was estimated in all
background subtractions. Further contributions to
the uncertainty in the measured cross sections
were from errors in the Rutherford cross section
due to geometrical uncertainties and possible pro-
jectile charge effects, as a nucleus-nucleus inter-
action with no screening effect was assumed for the
Rutherford cross section calculation. Also, an 8%
uncertainty in the strengths of calibrated sources

used in this experiment contributed to an over-all
10% error in the efficiency curve. Thus, combin-
ing these errors, the total uncertainty in the cross
sections was estimated to be of the order of 15%.

III. THEORY

Several theories were used to compare to the
data. The plane-wave Born approximation
(PWBA)**~% ig a quantum-mechanical treatment of
the inner-shell ionization problem using first-or-
der perturbation theory. Projectiles are assumed
to be point charges traveling at high velocities
which leads to the use of plane waves to describe
the projectiles. The interaction is assumed to be
Coulombic in nature, with initial- and final-state
wave functions taken to be those of bound atomic
states and initial bound states with one electron in
the continuum, respectively. The projectile is as-
sumed to be far from the electron when ionization
occurs; so nonrelativistic hydrogenic wave func-
tions may be used for bound states.

Two major corrections have been applied to the
above PWBA calculations which apply to the energy
range considered in this work (1.0-4.4 MeV). The
major effect arises from the increased binding of
the inner-shell electrons owing to the presence of
the projectile charge within the electron orbital
radius.?’~® The other correction is due to the
Coulomb deflection of the incident particle caused
by the target nucleus, as first developed in the
semiclassical approach by Bang, Hansteen, and
Mosebekk.? 32 A quantum-mechanical treatment®®
shows that the correction is more important for
low-energy projectiles and high-Z targets. In the
range Z =22-34 and projectile energy 1.0-4.4 MeV,
the trajectory correction is always much less than
the binding-energy correction. The corresponding
theory, when both corrections are applied, is de-
noted by PWBABC.

The binary-encounter approximation (BEA) is a
semiclassical treatment of the inner-shell ioniza-
tion problem.3** The mechanism is a Coulombic
interaction between two free particles with the
electron velocity determined by the interaction with
the nucleus and electrons of its atom. The cross
section is then an average of the free-particle ion-
ization cross sections over all possible energy ex-
changes and all possible electron velocities, where
the velocity distribution is given by the square of
the momentum-space wave function for the parti-
cular atomic state.®s"%7

No consideration was given to multiple ionization
effects, although such effects have been shown to
be present.® These may affect the cross sections
and especially the fluorescent yields; however in-
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clusion of such effects must await further theoret-
ical developments.

IV. DISCUSSION OF RESULTS

The measured K-shell x-ray production cross
sections from this experiment are tabulated in Ta-
ble II and plotted in Figs. 1 and 2. Also shown in
these figures are the predictions of the PWBA, the
BEA, and the PWBA with binding energy and tra-
jectory corrections (PWBABC). In addition, re-
sults of available earlier measurements are plot-
ted. These include a partial use of measurements
from Ref. 15 which cover energies up to 2.5 MeV
over a wide range of targets as well as the results
of the measurements from Ref. 14 for Ni, Cu, Fe,
and Co and those of Ref. 2 for Ti, Mn, Zn, and Se.
Finally, thin-target ionization cross sections for
1-5-MeV *He bombardment of Fe and Cu as given
in Ref. 16 have been converted to x-ray production
cross sections using the fluorescent yields previ-
ously cited. As is seen, all previous results ex-
cept those of Ref. 2 agree within the experimental
error. The reproducibility of measurements of
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this kind is very encouraging, particularly if we
consider the wide range of targets and projectile
energies covered by the data. While all theories
appear to reproduce the general shape of the data,
all but the PWBABC overpredict the cross section
for all targets and energies reported here. It is
also noted that the PWBABC seems to underpre-
dict the data at low energy for all targets, while
tending to overpredict the higher energies for the
higher-Z elements. It has been suggested® that
relativistic effects in the K-shell electron velocity
could be important for the higher-Z elements; how-
ever, it has been noted that including relativistic
wave functions® in the theory will only tend to raise
the predicted cross sections. These effects have
yet to be formally applied to the theory.

In conclusion, although minor discrepancies still
remain, the Born approximation with binding-en-
ergy and Coulomb-deflection corrections is the
most successful model for predicting experimental
thin-target x-ray production cross sections. These
results give one enough confidence to attempt using
these values for trace-element analysis applica-
tions.

TABLE II. K-shell x-ray production cross sections (in barns).

E, Ti A Mn Fe Co Ni Cu Zn Ge

(MeV) Z=22 Z=23 Z=25 Z=26 Z=27 Z=28 Z=29 Z=30 Z=32 Z=34
1.0 2.63 1.21 0.814 0.453 0.399 0.207 0.201 0.104 0.0676 0.0303
1.1 3.37 1.02 s+ 0.619 c-- 0.270 <= 0.0908 0.0482
1.3 5.43 *ee  1.66 tee 0976 e 0.464  --- 0.161  0.0736
1.5 7.80 see 2,50 s 147 0.709  ~--- 0.262  0.121
1.7 11.5 ce+  3.54 see 212 1.02 0.389 0.186
1.9 18.3 Tt 6.27 s 3.39 1.85 0.630  0.295
2.1 22.8 e ce o b e 2.81 e 1.05 0.386
2.2 30.6 19.7  10.8 7.48 5.31 3.95 3.02 2.11 1.11 0.665
2.3 34.9 22.6 123 8.66 6.00 4.52 3.38 2.38 1.30 0.801
2.4 40.2 25.9 13.5 9.86 6.80 4.97 3.74 2.68 1.48 0.887
2.5 45.1 29.6 16.1 11.0 7.83 5.80 4.22 3.05 1.66 0.943
2.6 46.7 29.6 15.9 11.7 9.69 6.66 4.70 3.39 1.83 1.12
2.7 56.7 37.0 19.8 14.1 9.86 7.32 5.45 3.94 2.17 1.30
2.8 63.8 41.5 22.2 15.9 11.1 8.21 6.12 4.44 2.42 1.48
2.9 70.1 45.4  24.7 17.9 12.3 9.08 6.84 5.01 2.73 1.62
3.0 77.5 50.0 28.8 19.3 13.6 10.2 7.67 5.58 2.96 1.76
3.1 84.6 55.1  30.1 21.5 14.8 11.0 8.32 6.24 3.28 1.89
3.2 90.8 59.3 31.9 23.4 16.2 12.0 8.99 6.42 3.68 2.11
3.3 100 64.6  35.3 26.5 17.9 13.4 9.80 7.11 4.08 2.62
3.4 111 68.6 38.4 29.9 19.7 14.6 10.8 7.74 4.54 3.15
3.5 119 77.1  42.5 33.3 21.6 16.1 12.1 8.44 5.17 2.84
3.6 123 83.7 46.0 35.9 23.1 17.6 13.5 9.42 5.56 3.41
3.7 134 90.1 494 38.9 25.2 19.2 14.6 10.4 5.91 3.56
3.8 146 97.0  54.3 41.4 27.2 20.9 15.9 11.3 6.49 3.87
3.9 158 105 55.7 47.7 29.5 21.7 16.7 11.4 6.92 4.26
4.0 169 112 62.0 49.4 32.2 24.3 18.5 12.3 7.59 4.92
41 175 111 67.4 52.1 34.0 26.1 19.7 14.3 8.04 5.08
4.2 190 125 71.9 56.6 36.9 28.1 21.5 15.4 8.72 5.90
4.3 204 136 77.6 60.0 39.2 29.7 22.7 16.5 9.17 5.76
4.4 203 138 83.6 61.2 43.5 32.4 25.7 18.1 10.0 5.81
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FIG. 1. Measured K-shell x-ray production cross
sections and predictions of the PWBA, PWBABC, and
BEA for a-particle bombardment of Fe, Ge, Co, and
Se.
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FIG. 2. Measured K-shell x-ray production cross
sections and predictions of the PWBA, PWBABC, and
BEA for a-particle bombardment of Ti, Ni, V, Cu, Mn,
and Zn.
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