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A B S T R A C T

Particle-induced X-ray emission (PIXE) analysis is usually performed using proton beams with energies in the
range 2∼3MeV because at these energies, the detection limit is low. The detection limit of PIXE analysis de-
pends on the X-ray production cross-section, the continuous background of the PIXE spectrum and the experi-
mental parameters such as the beam currents and the solid angle and detector efficiency of X-ray detector.
Though the continuous background increases as the projectile energy increases, the cross-section of the X-ray
increases as well. Therefore, the detection limit of high energy proton PIXE is not expected to increase sig-
nificantly. We calculated the cross sections of continuous X-rays produced in several bremsstrahlung processes
and estimated the detection limit of a 20MeV proton PIXE analysis by modelling the Compton tail of the γ-rays
produced in the nuclear reactions, and the escape effect on the secondary electron bremsstrahlung. We found
that the Compton tail does not affect the detection limit when a thin X-ray detector is used, but the secondary
electron bremsstrahlung escape effect does have an impact. We also confirmed that the detection limit of the
PIXE analysis, when used with 4 μm polyethylene backing film and an integrated beam current of 1 μC, is
0.4∼2.0 ppm for proton energies in the range 10∼30MeV and elements with Z=16–90. This result demon-
strates the usefulness of several 10MeV cyclotrons for performing PIXE analysis. Cyclotrons with these prop-
erties are currently installed in positron emission tomography (PET) centers.

1. Introduction

A proton beam with energies in the range 2∼3MeV is typically used
in particle-induced X-ray emission (PIXE) analysis because the ratio of
the characteristic X-ray production cross-section to the continuous X-
ray production cross-section is large in this energy regime [1]. How-
ever, the characteristic X-ray cross-section decreases rapidly as the
proton energy decreases, particularly at energies less than 3MeV. In
this case, the energy loss at the target cannot be neglected in compar-
ison to the incident energy. Therefore, at low energies, a very thin
target is required for accurate quantitative analysis. In consideration of
the benefit of the low stopping power of protons with energies up to
100MeV, A. Denker et al. suggested using high energy PIXE analysis for
analyzing art works and archaeological objects [2]. This idea enables us
to use tens of MeV proton accelerators in PIXE analysis applications.
The energies of the protons occurring in cyclotron accelerators in po-
sitron emission tomography (PET) centers are fixed in the range
10∼20MeV. These protons are used to produce positron emitting short
life radioisotopes. We consider the application of 20MeV cyclotron
proton beams to PIXE analysis. As a consequence of our work, we ex-
pect the development of PIXE research at PET centers, of which there
are 151 in Japan. The energy loss through Japanese paper of thickness

0.1 mm at this proton energy is 0.13MeV and the X-ray self-absorption
in the sample is about 0.7% in the case of Fe K-X-ray. Hence, accurate
quantitative analysis of ancient documents and other samples can be
performed. The main components of the continuous background in the
X-ray energy spectrum of high energy PIXE analysis are the quasi-free
electron bremsstrahlung [3] appearing in the region 0∼10 keV and the
secondary electron bremsstrahlung [3] in the region of 0∼40 keV. The
maximum energies of these continuous backgrounds increase as the
projectile energy increases. However, the characteristic X-ray produc-
tion cross-sections become too large in this projectile energy region.
Therefore, the detection limit of such high energy proton PIXE analysis
is not expected to be significantly worse than that of low energy proton
PIXE analysis.

Here, we analytically estimate the detection limit of PIXE analysis
with 20MeV proton beams.

2. Detection limit of PIXE

According to standard statistical methods, the peak of a character-
istic X-ray can be located on an X-ray energy spectrum using the fact
that it is the region where the signal counts are larger than 3 times the
root square of the signal counts added to the background counts, within
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the width of the detector resolution, or the full-width half maximum
(FWHM). Since the signal counts are much smaller than the background
counts in the regime of detection limit, we can estimate the detection
limits of each component of the PIXE analysis using the following for-
mula [1]:
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where, nZ is the concentration of elements with atomic number Z, nM is
the concentration of main atoms in a target, Q is the integrated beam
current, e is the elementary charge, dΩ is the solid angle of the X-ray
detector, δx is the target thickness, dσX(Z)/dΩ is the differential cross-
section of the characteristic X-ray production for the element with
atomic number Z, εf(Z) is the detection efficiency of a characteristic X-
ray of an atom with atomic number Z, ab(Z) is the absorption correction
produced by materials between the detector and the target, such as a
detector window and a chamber window, dσB (Z)/dΩd( ωℏ ) is the
continuous background yield under the peak of the characteristic X-ray
of element Z, and ΔED is the detector resolution.

3. Characteristic X-ray production cross-sections

In Eq. (1), the differential cross-section of the K X-ray production,
dσX(Z)/dΩ, is the product of the fluorescence yield and the inner shell
ionization cross-section for element Z. In the case of L X-ray production
cross sections, the coefficients of Coster-Kronig transition between
subshells are taken into account. The inner shell ionization cross-sec-
tion can be calculated accurately using the plane-wave Born approx-
imation, taking into account the binding energy effect, the Coulomb
deflection effect, the relativistic effect and the polarization effect. To
calculate the detection limit, we use the table of K-shell and L-shell
ionization cross-sections produced by D. D. Cohen and M. Harrigan [4]
for all elements for proton energies in the range 0.1∼10MeV. In the
case of high energy proton bombardment, the effects of the binding
energy and the Coulomb deflection on the inner shell ionization cross-
section are very small. We estimate the inner shell ionization cross-
sections for proton energies above 10MeV by normalizing the cross-
sections of the Al-K shell obtained in the previous our work[5] to that
published by D. D. Cohen and M. Harrigan, in accordance with the
scaling law of inner shell ionization cross-sections [6]. According to the
scaling law of BEA theory [7], the inner shell ionization cross-sections
are maximized when ≈ × −σ n z U4 10 cm ·(keV) /i

Pmax
20 2 2 2 2 at E/λU=1,

where n is the number of inner shell electrons, U is the binding energy
of the inner shell, E is the projectile energy, zp is the atomic number of
the projectile and λ is the ratio of the proton mass to the electron mass.
In the case of a 20MeV proton, U(=20MeV/λ=10.89 keV) corre-
sponds to the K-shell ionization potential of germanium and the L3-shell
ionization potential of osmium, and the production cross-sections of
Kα- and Lα-X-rays are estimated with an uncertainty around 20% for
the elements with 11 < Z < 32 and 50 < Z < 76. This constant
behavior for elements with different atomic numbers makes the system
suitable for quantitative analysis.

4. Continuous background produced in 20MeV proton PIXE

Continuous backgrounds in the PIXE spectrum are caused by nu-
clear bremsstrahlung, atomic bremsstrahlung, secondary electron
bremsstrahlung, quasi-free electron bremsstrahlung and the Compton
tails of the γ-rays.

The formulae for calculating these bremsstrahlung are as follows.
The nuclear bremsstrahlung is calculated using:
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where vP is the velocity of the projectile, mp is the mass of the projectile,
ZT is the atomic number of target atom, mT is the mass of the target
atom, θ is the emission angle of photon.

The atomic bremsstrahlung is calculated using:
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where q is the transfer momentum from the projectile to the atom, S1
and S2 are the S-matrix without resonant transitions and with, respec-
tively. The expressions for S Z q( , )T1 and S Z q( , )T2 are stated in [8].

The secondary electron bremsstrahlung is calculated using:
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where the expressions for C1 and C2 are constant and are stated in [1].
The quasi-free electron bremsstrahlung is given by:
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where vx, vy and vz are the velocity components of inner shell electrons,
β is vp/c and the expression for ′ ′ ′σ T ω θ( ,ℏ , )brems

r is stated in [1].
Fig. 1 shows all the contributions to bremsstrahlung above men-

tioned in the case of a carbon target bombarded with 20MeV protons at
the detection angle of 135°. The quasi-free electron bremsstrahlung and
the secondary electron bremsstrahlung are the main components. Fig. 2
shows the comparison between the theoretical cross-sections of the
bremsstrahlung with the experimentally derived cross-sections, which
were measured previously [9]. The experimental error in the cross
sections was within 17%.

The Compton tail background is the energy spectrum of the elec-
trons recoiled by the Compton scattering of γ-rays inside the detector.
This is estimated as follows:
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where dσ ω d(ℏ )/ Ωγ γ , dσ dE/Compt
e, δx , nSi and δxSi are the production

cross-sections of the γ-rays, the Compton scattering cross-section, the
thickness of the target, the concentration of the Si semiconductor and
the thickness of the X-ray detector, respectively. Ee is the energy of
recoiled electron in the Compton scattering. In the case of ≪E m ce e

2,
dσ dE/Compt

e is approximated to be constant, as follows [10]:
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We measured the production cross-sections of continuous X-rays
from the carbon target bombarded with protons in the range
6∼40MeV and observed the Compton tails in the high energy region of
the X-ray energy spectra [9]. We derived the component of the
Compton tail from the X-ray spectrum as shown in Fig. 2. Fig. 3 shows
the Compton tail as a function of proton energy with a Si(Li) detector
thickness of 4.4 mm of which the experimental error was 17%.
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