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K-shell x-ray-production cross sections are reported for elements with K-shell x-ray energies between
277 eV (C) and 1487 eV (Al). The x-ray measurements were made with a windowless Si(Li) detector that
was calibrated for efficiency by comparing bremsstrahlung spectra from electron bombardment of thin
foils of aluminum, silver, and gold with theoretically determined bremsstrahlung spectral distributions.
The x-ray-production cross-section measurements are compared to first-order Born and perturbed-
stationary-state with energy-loss, Coulomb deflection, and relativistic corrections (ECPSSR) ionization
theories using single-hole fluorescence yields. The ECPSSR and first-order Born theoretical predictions
are, in general, in close agreement with each other and both generally fit the data quite well.

PACS number(s): 34.50.Fa, 34.70.+e¢

I. INTRODUCTION

Atomic inner-shell ionization by incident charged par-
ticles has been discussed and examined extensively. The
literature [1-5] for K-shell x-ray studies with protons in-
dicates a lack of precise data for target atomic numbers
less than 13, however. Of the existing K-shell ionization
measurements in this region, the earlier measurements
used flow-mode proportional counters [6—11]. More pre-
cise measurements of cross sections have become possible
with the use of high-resolution Si(Li) detectors [12-14];
this is the type of instrument employed in the present
study.

There are a number of reasons why the data presented
here have not been investigated extensively. First, the Be
window of standard Si(Li) detectors, for the most part, at-
tenuates all x rays below 1 keV. Even in the windowless
mode the detector efficiency curve is very steep in this re-
gion and is difficult to measure. Second, and perhaps of
equal importance, is the problem of low-energy contam-
inant x rays produced by the impurities which are present
on the carbon backings used for substrates to support the
evaporated targets. These impurities usually come from
the soap solution that is used as a surfactant in the
preparation of the carbon foils. In this paper, we will
outline the techniques that were used to overcome both
of these experimental problems.

There have been several theories proposed to explain
the measured cross sections. For K-shell ionization of an
atom, the direct ionization (DI) of a target electron to the
continuum has been shown to be a principal mode of in-
teraction for the region Z,<<Z, and v;>>v,r (Ref.
[15]), where Z, and Z, refer to the incident and target
atomic numbers, and v; and v, refer to the incident-ion
and target K-shell electron velocities, respectively. The
DI process has been described in the first-order Born ap-
proach by the plane-wave Born approximation [15]

44

(PWBA). For Z,<Z, and v| <v,g, K-electron capture
(EC) to incident-ion bound states is important. The
Oppenheimer-Brinkman-Kramers theory as modified by
Nikolaev [16] (OBKN) has been used in the first-order
Born approach for the EC process. The ECPSSR theory
of Brandt and Lapicki for DI [17] and Lapicki and
McDaniel for EC [18] accounts for the energy loss (E)
and Coulomb deflection (C) of the projectile as well as for
the perturbed stationary states (PSS) and the relativistic
nature (R) of inner-shell electrons. This theory has ex-
tended the region of validity to Z, <Z, and v; <v,g.

This paper reports x-ray production cross sections for
protons in the energy range 0.75-4.5 MeV on thin tar-
gets of (C, 30O, ¢F, ;;Na, ;;Mg, and ;Al. X-ray mea-
surements were made with a Link Analytical windowless
Si(Li) x-ray detector [19], which allowed the extension of
x-ray analysis down to carbon. The ranges of the Z, /Z,
and v,/v,x parameters investigated were 0.076
<Z,/Z,<0.167 and 0.43 <v, /v, <2.35, respectively.
The experimental results are compared to the predictions
of the first-order Born approximation (PWBA for DI and
OBKN for EC) and the ECPSSR theory.

II. EXPERIMENTAL PROCEDURE

Experiments were performed using the 3-MV tandem
accelerator (NEC 9 SDH) at the University of North
Texas Ion Beam Modification and Analysis Laboratory
[20]. Thin targets (see Table I) were prepared by vacuum
evaporation and deposition of the elements of interest
onto 5-ug/cm? carbon foils, except for magnesium, which
was evaporated onto gold backings. The impurities on
the carbon backings were mainly oxygen, sodium, and sil-
icon. These elements were removed by floating the car-
bon off in ultrapure water that was spiked with acetic
acid [21,22]. The cleaning procedure was repeated three
times in an ultrasonic bath. This technique essentially el-
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TABLE 1. Target specifications.

Thickness

Element Substance (ug/cm?)
«C C 12.3
o) GeO, 5.8
oF LiF 19.2
1 1Na NacCl 11.4
Mg Mg 4.6
13Al1 Al 1.7

iminated the problem of impurity-element x rays.

The Link Analytical windowless Si(Li) detector [19]
used for these measurements had an x-ray energy resolu-
tion of 135 eV at 5.9 keV. This detector was calibrated
for efficiency by comparing atomic-field bremsstrahlung
spectra from 66.5-keV electron bombardment of thin foils
of aluminum, silver, and gold with the theoretical brems-
strahlung spectral distributions [23,24]. A collimated
electron beam from a 300-kV Cockcroft-Walton accelera-
tor was used to produce bremsstrahlung in targets
mounted at a 45° angle to the incident beam direction.
To prevent scattered electrons from entering the detec-
tor, permanent magnets were mounted adjacent to the
flight path between the detector and target chambers.
The entire apparatus was also carefully shielded from
light.

In the experimental scattering chamber, the x-ray
detector was mounted at 135° to the incident ion beam
direction. A 25-mm? silicon surface barrier detector was
also mounted at 135° to the incident beam direction to
count ions backscattered from the target. The particle
detector solid angle was determined with a calibrated ra-
dioactive source to be 7.0X 10~ * sr. Two slit pairs, each
with a 1-mm? aperture, were used to collimate the in-
cident beam. All of the measurements presented in this
paper were made in an ultrahigh vacuum chamber that
was maintained at 107% Torr. The details of this mul-
tipurpose chamber have been described elsewhere [20].
The x-ray count rates were kept below 1000 cps in order
to avoid excessive pulse pileup. The x-ray pulses were
handled by a Link Analytical 2040 System pulse proces-
sor [19]. The pulse processor was designed to reduce
low-level electronic noise that interfered with low-energy
x-ray signals and to provide pulse pileup rejection.

The areas of the x-ray peaks (see Fig. 1) were evaluated
using the GUPIX program developed by Maxwell, Camp-
bell, and Teasdale [25]. This program used a digital filter
to eliminate background, and then employed a nonlinear
Marquardt least-squares-fitting procedure to give a com-
plete analysis of each K-shell spectrum.

III. RESULTS AND DISCUSSION
The K-shell x-ray-production cross section is deter-
mined by
Yx TX
o,=—",
* eN, oN 1
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where Y, is the number of x rays counted, T, is a dead
time correction for the x-ray detector, and € is the x-ray-
detector efficiency for the K x rays; N, is the number of
protons incident on the target and N, is the target thick-
ness in atoms/cm?.

There is always the question of whether the Rutherford
cross section is appropriate for measuring the target
thickness. Possible deviations from the Rutherford cross
section could have entered from two sources: resonant
nuclear scattering and screening effects due to the sur-
rounding electrons. The Coulomb barrier in MeV be-
tween the ion and target nucleus was calculated using the
formula [26]

E,=1.44Z,Z, /R,

where Z, and Z, are the atomic numbers of the two nu-
clei and

R=1.16(4]7+ 41?+2.07)

is the internuclear separation in femtometers. 4, and
A, are the mass numbers of the two nuclei involved in
the collision. In the worst case, protons scattered from
carbon, the Coulomb barrier was 1.51 MeV in the labora-
tory reference frame. It has been shown that protons
scattering from light target nuclei exhibit non-Rutherford
behavior at incident energies above 1 MeV [27-30]. The
target thicknesses for this work were measured at a pro-
ton energy of 0.75 MeV to overcome this problem. The
resulting thicknesses have a total uncertainty of 6% due
to uncertainties in solid angle (4%), ion energy (3%), and
counting statistics (3%).

The total uncertainty in the measured x-ray-
production cross sections was dominated by the uncer-
tainty in the x-ray-detector efficiency, which range from
12% for x-ray energies above 600 eV to 20% for carbon
and oxygen x rays. The statistical uncertainty was less
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FIG. 1. Typical carbon x-ray spectrum. In the low channels
from 25 to 75, a pulse-processor-induced noise peak is seen.
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TABLE II. X-ray-production cross sections (in kilobarns) by H" ions.

Energy 6C e oF nNa 12Mg 13A1
(MeV)
0.75 Measured 2.72 2.40 1.80 1.01 0.718 0.433
ECPSSR 2.78 2.13 1.77 0.905 0.643 0.466
First-order Born 2.68 2.08 1.75 0.921 0.673 0.502
1.0 Measured 2.51 2.66 2.05 1.34 0.962 0.544
ECPSSR 2.58 2.25 1.99 1.15 0.865 0.663
First-order Born 2.46 2.17 1.93 1.13 0.870 0.679
1.5 Measured 1.93 2.81 2.21 1.67 1.04 0.849
ECPSSR 2.20 2.20 2.10 1.39 1.14 0.931
First-order Born 2.09 2.10 2.01 1.35 1.11 0.919
2.0 Measured 1.74 2.50 2.17 1.77 1.21 1.00
ECPSSR 1.89 2.05 2.04 1.48 1.26 1.08
First-order Born 1.80 1.96 1.95 1.43 1.22 1.05
2.5 Measured 1.44 2.27 2.10 1.78 1.32 1.08
ECPSSR 1.66 1.89 1.94 1.49 1.31 1.15
First-order Born 1.60 1.81 1.85 1.44 1.26 1.12
3.0 Measured 1.30 2.18 1.98 1.75 1.32 1.19
ECPSSR 1.48 1.75 1.82 1.47 1.31 1.19
First-order Born 1.43 1.68 1.75 1.41 1.27 1.15
3.5 Measured 1.29 2.04 1.81 1.72 1.50 1.20
ECPSSR 1.35 1.62 1.71 1.42 1.30 1.19
First-order Born 1.30 1.56 1.65 1.37 1.25 1.15
4.0 Measured 1.08 1.92 1.73 1.64 1.43 1.20
ECPSSR 1.23 1.51 1.61 1.37 1.27 1.18
First-order Born 1.19 1.45 1.55 1.33 1.23 1.15
4.5 Measured 0.954 1.73 1.64 1.58 1.44 1.20
ECPSSR 1.13 1.41 1.52 1.32 1.23 1.17
First-order Born 1.10 1.37 1.47 1.28 1.20 1.13

}S

than 1% for the x-ray yields. The uncertainty from the
fitting program was estimated to be less than 3%. This
gives an overall uncertainty of 12—15 % for the heavier
elements measured and 25% for carbon and oxygen.

The results of our measurements are given in Table II,
along with the ECPSSR and first-order Born theoretical
predictions. In order to make this comparison, the
theoretical ionization cross sections were converted to x-
ray-production cross sections by using the single-hole
fluorescence yields and transition rates of Krause [31].
The electron-capture contribution to all electronic shells
is small, ranging from less than 1% for ;3Al to less than
4% in ¢(C according to the ECPSSR theory. The first-
order Born theory predicts an electron-capture contribu-
tion of less than 3% in 3Al to 11% in ¢(C. Figure 2
presents the K-shell x-ray-production cross sections as a
function of ion beam energy for all of the targets studied
in this report. Both the first-order Born (PWBA -+
OBKN) [15,16] and the ECPSSR [17,18] predictions are
shown as well. In addition to the present work, data
from other investigations [6—14] are also shown.

For ¢(C, our measurements are shown in Fig. 2 along
with measurements by Khan, Potter, and Worley [6],
Bissinger, Joyce, and Kugel [10], and Burch [9]. The

data of Khan, Potter, and Worley [6] and Bissinger,
Joyce, and Kugel [10] are in agreement with our mea-
surements, but the data of Burch [9] are slightly
(20-30 %) higher than our data. For oxygen, both of the
theories underpredict the data by approximately
15-30%. For ,F, the experimental results of Lennard
and Phillips [12] and Kawatsura et al. [13] are presented;
our results agree quite well with the data of Kawatsura
et al. in the ion energy range between 1 and 2 MeV, but
their data fall below the present results at lower energy.
The data of Lennard and Phillips are considerably below
our measured values at and below 1 MeV. For |;Na, the
data lie systematically above the predictions of both
theories, although with the discrepancy between theory
and experiment ranging merely from 10% to 25%. For
12Mg, the measurements are in good agreement with both
theories at ion energies less than 3.0 MeV. The theories
seem to slightly underpredict measurements taken above
3.0 MeV. The ,Mg data of Khan, Potter, and Worley [6]
agree with our 1.5-MeV measurement, but they lie well
below (30%) our measurements at 0.75 and 1.0 MeV.
The ;3Al measurements agree quite well with both
theories. The earlier measurement of Basbas, Brandt,
and Laubert [8] fall 35% below our data. The measure-
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FIG. 2. K-shell x-ray-production cross sections for H* ions
incident upon carbon, oxygen, fluorine, sodium, magnesium,
and aluminum as a function of proton energy. Data are com-
pared to the first-order Born approximation (PWBA plus
OBKN) and the ECPSSR theory. The other data are from Refs.
[6-14].

ments of Sera et al. [14], along with the later measure-
ments of Basbas, Brandt, and Laubert [11] are 15-30 %
below our data.

IV. CONCLUSIONS

The K-shell x-ray-production cross sections in
¢C> 30, oF, ||Na, ;,Mg, and 3Al have been measured to
0.75-4.5-MeV H™ ions and are compared to the
ECPSSR and first-order Born theories. The first-order
Born and ECPSSR theories are in close agreement with
each other and the data in the 0.43 <v, /v, <2.35 range
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FIG. 3. Ratio of experimental K-shell x-ray-production cross
sections (Table I) to theoretical predictions according to the
first-order Born (open symbols; Refs. [17] and [18]) vs the pro-
ton velocity relative to the electron velocity in the K-shell orbit
or the target atom.

of our experiments. Figure 3 illustrates these findings,
which are consistent with Figs. 5 and 6 of Ref. [4]. An
approximately 10% overestimate of the observed K-shell
x-ray production in carbon was also evident in a
comprehensive comparison of available data to the pre-
dictions of the ECPSSR theory. Furthermore, for v; of
our data on F, Na, Mg, and Al, both theories—within
experimental uncertainties—overlap each other and only
slightly underestimate the data. This is consistent with
the findings of Ref. [4]. An approximately 25% underes-
timate of our oxygen data is surprising given that
Z,/Z,=0.125 for this system, which is between
Z,/Z,=0.167 for the carbon data which are overes-
timated and our remaining data with Z,/Z,=<0.111
which are only marginally underestimated. We cannot
compare this anomalous trend with Ref. [4] since there
are no other oxygen data at the relatively high velocities
of our experiment where the projectile velocity is of the
order of the K-shell electron velocity.

Figure 4 shows a plot of the ratio of experimental K-
shell x-ray-production cross sections to the ECPSSR
theory versus the target atomic number. Since the aver-
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FIG. 4. Ratio of experimental K-shell x-ray-production cross
sections to the ECPSSR theory (Refs. [17] and [18]) vs the target
atomic number.



5706

age experimental error is £20% for a typical data point,
no conclusive trend can be determined from the figure.
In general both theories accurately predict the data and
appear to agree better for higher Z, (i.e., smaller Z,/Z,
system). However, the fluorescence yields and transition
rates used did not take into account the effect of multiple
ionization of the target atom, which could raise the
theoretical predictions for x-ray production above all
data points, especially at lowest v, /v,x where the L shell
is more likely to be ionized.
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