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Abstract

Murozono and Ishii et al recently published theoretical QFEB, SEB and AB
bremsstrahlung cross sections which, when modified by typical X-ray detection
efficiencies, provide excellent predictions of the backgrounds in PIXE spectra for a
range of light target matrices.

Introduction

MeV ions impinging on solid targets produce bremsstrahlung radiation. For MeV ions
on light to medium atomic numbered targets this radiation has at least three
components; quasifree electron (QFEB), secondary electron (SEB) and atomic
bremsstrahlung (AB)[1-4]. The QFEB process is represented schematically in Fig. 1.
A target electron is scattered by the Coulomb field of the projectile producing
bremsstrahlung x-rays. The cross section becomes large when the projectile velocity
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Fig. 1. Schematic QFEB Fig. 2. Schematic SEB. Fig. 3. Schematic AB.

is much larger than the target electron velocity. The maximum energy transferred to
the electron at rest is [T=m.Ey/M,]. The SEB radiation is produced when the
projectile ejects a target electron which is then scattered by the Coulomb field of
another target nucleus. This process is shown in Fig. 2.
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mechanisms are shown in Fig. 4. The QFEB process is significant below 2keV, SEB
dominates the total bremsstrahlung cross sections from 2-8keV and AB becomes
significant above 8keV x-ray energies. For 3MeV protons on carbon T,;=1.6 keV and
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Tm=6.5keV which is reflected well in the cross section fall off in the QFEB and SEB
data of Fig. 4 (see vertical dashed lines). These bremsstrahlung cross sections are
monotonic and continuous with X-ray energy and increase significantly with
decreasing energies below 10 keV.

Particle Induced X-ray Emission (PIXE) experiments [5,6] are generally performed
using 3MeV protons on carbon like matrices with silicon based detection systems.
Fig. 5 shows the calculated detection efficiency for a typical Si(Li) detector with
25um beryllium entrance window thickness and two different crystal dead layer
thicknesses of 0.1pm and 0.5pm [7]. Discontinuities are produced in the detection
efficiency at the Si K edges and the gold contact M edges as shown [8].
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Fig. 5. Typical efficiency for a Si(Li) detector with 25 | Fig. 6. Bremsstrahlung yield simulations for different
um thick beryllium entrance window and dead layer | dead layer thicknesses for 3 MeV protons on 2.7
thicknesses of 0.1 and 0.5 um, after Cohen [7]. mgem™ thin carbon.

The drop in efficiency from 100% above 10 keV to less than 1% at 1 keV folds the
cross section plots of Fig. 4 over below 2 keV, producing the classic measured PIXE
bremsstrahlung shapes shown in the simulations of Fig. 6 for 3 MeV protons on thin
carbon. The discontinuities at the Si Kedge and the gold contact layer M edges have
been used by Cohen et al [8] to estimate the detector silicon dead layer and the gold
contact layer thicknesses.

Bremsstrahlung Yields

Scaling the QFEB, SEB and AB cross sections of Murozono et al [4] and convoluting
their sum over the 0-15keV X-ray energy region with the detection efficiencies of
Cohen [7] we can calculate the total bremsstrahlung yields for different ions on
selected targets. Fig. 7.
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Fig. 7. Calculated bremsstrahlung yields for 100 pC of
3 MeV protons, using a detector with 80 pm Be
window and solid angle of 1.3msr. All targets were
1,000 pgem thick.

Fig. 8. The variation in bremsstrahlung yields with
target self absorption, using 5%, 25%, 50% and 100%
of the target thickness for self absorption corrections
on a Cu target.

shows such a calculation for 100uC of 3 MeV protons on 1,000 ngem™ Be, C, Si, Ca
and Cu targets. Note the target thickness is much less than the proton range. These
yields have been corrected for detection efficiency and self absorption of 3 MeV
protons for all targets. As the target atomic number Z, increases the X-ray yields
increase in the 7-20 keV region. The peak in the bremsstrahlung shifting from 2 keV
for Be to 4 keV for Cu targets is produced by self absorption in the target. Thls is
clearly demonstrated by Fig. 8 where yields for 3 MeV protons on 1,000 pgem’ ? thick
Cu are plotted as a function of the percentage depth at which the self absorption was
calculated. Self absorption shifts the low energy cut off and the apparent peak in the
yield to higher X-ray energies as the size of the correction increases with depth.

We have measured bremsstrahlung
yields from a range of pure thin

targets including Be and C. Fig. 9| ¢ 1.E04
shows such yields for 200 pC of 2, 3 % o3
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above 2.2 MeV on carbon an
additional Compton scattered gamma
ray background component appears in
the spectrum above 10 keV. This can
be adequately fitted by an exponential
function in X-ray energy and
subtracted off, leaving the pure
bremsstrahlung component, between
0 and 10 keV, see Cohen et al [9].
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Fig. 9. Experimental yields for 2, 3 and 4 MeV protons
on 1767 pgem™ thick carbon.

23 456 78 91011121314
E(keV)

01

The solid curves of Fig. 9 show the background shapes of these PIXE spectra were
well fitted by the bremsstrahlung plus gamma ray backgrounds calculated above.
Indeed Figs 10 and 11 show that this technique for bremsstrahlung predlctlon can be
used to fit thin targets for compounds as well as pure elements. Fig 10 is the PIXE
spectrum for 2.6MeV protons on thin Teflon. The Teflon was relatively very pure and
hence the spectrum well represents bremsstrahlung background. The flat continuous
background above 10keV was due to Compton scattered gamma rays from F(p,p’y)

reactions and was well fitted by
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energy all the way down to zero keV. The solid curve under the experiment between 1
and 9 keV was the predicted bremsstrahlung background for (CF,) Teflon with only
one extra parameter for scaling its peak height to fit the experiment between 2 keV
and 3 keV. Closer inspection shows a good fit to the experimental shape, with
significant deviation only above 4 keV where the AB component maybe
underestimated by theory.
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Fig. 10. Comparison of experimental and theoretical | Fig. 11. Comparison of experimental and theoretical
bremsstrahlung backgrounds for 2.6 MeV protons on | bremsstrahlung backgrounds for 2.6 MeV protons on
250 pgem™ Teflon (CF,), target. 1730 pgem™ Kapton (CyzH oNOs), target.

This may be expected since the AB contributions calculated by Murozono et al [4]
only included the K and L shell target electrons and only transitions from these levels
to the continuum and back to the K or L shell. Whereas one might expect transitions
from inner shell target levels to the continuum (Radiative Ionisation, RI) may also
contribute in this X-ray energy region [2]. The excess counts in this region may be
due to pileup of the bremsstrahlung radiation with itself although experimental count
rates were kept low so that dead time corrections were typically well below 5% for
most runs.

Fig. 11 is a similar plot to Fig. 10 except for thin Kapton (C2H1oN205)y, this was
plotted on a linear scale so the background fit below the characteristic peaks for P, Cl
K and Fe could be better assessed. Again the fit was excellent with the only fitting
parameter being a single scaling factor to match theory and experiment in the 3 keV
region where there were no characteristic X-ray peaks.

Summary

Theoretical QFEB, SEB and AB cross sections have been used to estimate the
experimental bremsstrahlung backgrounds found in typical thin target PIXE spectra of
pure elements for proton energies between 1 and 4 MeV. This has been extended,
again with good results, to compounds containing lighter elements like carbon,
oxygen, nitrogen and fluorine. If the Compton scattered gamma ray background was
simulated with an exponential function in X-ray energy, then the total background for
most common PIXE spectra were successfully modelled from first principals. These
concepts can now be included into standard PIXE analysis codes like PIXAN [10,11],
GUPIX [12,13] and GeoPIXE [14].
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