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Abstract

Photoneutron spectra produced by bremsstrahlung in electron linear accelerators for radiography and radiotherapy
applications have been investigated. Calculations with the Monte Carlo code FLUKA were performed for electron
beams of different energy values striking the same tungsten target, and a 15 MeV electron beam bombarding targets
of different materials as well as different thicknesses to study the photoneutron spectra and the neutron dose equivalent
at the isocenter. This work presents neutron yields and neutron energy spectra for targets under different conditions and
compares these with the corresponding published results. The results show that the photoneutron average energy is
below 1.0 MeV under the above mentioned conditions, which is much lower than the one published in NCRP Report
No. 79. For a 4 mm tungsten target and incident electron energies of 9, 10, 15, 18 and 20 MeV, the photoneutron dose
equivalents at the isocenter are 0.006, 0.016, 0.147, 0.231 and 0.261 mSv/GyX-ray, respectively. For copper, tantalum,
tungsten and gold targets with different thicknesses, the photon doses at the isocenter are of the same order (!10"15 Gy/e),
while photoneutron yields of copper targets are one order smaller than those of the other three materials, and so are the
neutron dose equivalents of copper targets. The medium atomic number materials, such as copper with a thickness of
about 0.56 radiation length, which is sufficient to prevent electron leakage, appeared to be good choices for sufficient
photon production and lower neutron contamination.
! 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The electron linear accelerator, which produces
bremsstrahlung by electrons bombarding the
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target, is a good X-ray source for medical and
industrial CTs or other nondestructive detecting
systems [1]. But during its use in the above applica-
tions, photoneutrons are also produced if the pho-
ton energy exceeds the threshold energy of
photonuclear reactions of the target material, such
as 184W, Eth = 7.41 MeV [2]. Photoneutrons are
produced in the target, accelerator head, collima-
tors and flattening filter, and other irradiated ob-
jects, causing a contamination of bremsstrahlung
and bringing many problems, such as image reso-
lution deterioration and radiation protection con-
cerns. So as a type of converter, it is more
important that the target should be optimized
not only to achieve maximum bremsstrahlung
intensity, but also to get minimum photoneutron
production as well as complete absorption of pri-
mary accelerated electrons [3].

High Z materials are generally used as targets
for high bremsstrahlung production, but the cross
sections of photonuclear reactions of these materi-
als, such as tungsten, gold and tantalum, have the
maximum values when the photon energy reaches
14 ! 15 MeV. In order to get more information,
the neutron energy spectrum is essential to calcu-
late the neutron dose equivalent ratio and the in-
duced activity. National Council on Radiation
Protection and Measurement (NCRP) Report
No. 79 addressed the spectrum of neutrons pro-
duced by a bremsstrahlung spectrum with a maxi-
mum energy Eb, which is given by summing
(integrating over photon energy) the spectrum pro-
duced at each photon energy weighted with the
bremsstrahlung spectrum [2]. However, this was
published almost 20 years ago and has been super-
seded by new research and concepts [4]. For exam-
ple, the photoneutron average energy is !1 MeV
in this work, and other experiments [8–10] also
got similar results, which are much lower than
the one indicated in NCRP Rep. No. 79.

In recent years, the Monte Carlo code FLUKA
was developed for multiple purposes and all parti-
cles [5], so it is a powerful code for the calculation
of photoneutrons produced in middle and high en-
ergy electron accelerators. Using FLUKA and
neutron fluence-to-dose equivalent conversion fac-
tors published by NCRP Report No. 79, neutron
dose equivalent ratios at the isocenter were calcu-

lated for electron beams of different energy values
striking targets of different materials. It is esti-
mated that the neutron dose equivalent ratio
(DER), contributed by the target only, is 0.006,
0.016, 0.147, 0.231 and 0.261 mSv/GyX-ray and
the average neutron energy is 0.401, 0.445, 0.713,
0.776 and 0.798 MeV for 9, 10, 15, 18 and
20 MeV electron beam, respectively, with a tung-
sten target thickness of 4 mm. In particular, for
the 15 MeV electron beam, a copper target, with
a thickness of 0.557 radiation lengths to prevent
electron leakage, has a neutron DER much smaller
than those of optimized targets of other materials
and therefore produces enough bremsstrahlung
and reduces neutron contamination effectively.

Using active foil detectors, measurements and
unfolding the neutron spectra produced in electron
accelerators for radiography and radiotherapy
applications are undertaken, and a simulation with
FLUKA for the whole accelerator system is
planned for further study.

2. Simulation with FLUKA

The physics model used in early studies of neu-
tron spectra, mentioned in NCRP Rep. No. 79 [2],
considered only the production of neutrons. But in
the whole accelerator facility, neutrons are trans-
ported through the target, scattered by heavy nu-
clei and moderated or absorbed by light nuclei.
These complex processes are difficult to study the-
oretically even on the basis of correct experiments.
Therefore, simulations with an effective Monte
Carlo code are very helpful to get information
on bremsstrahlung production, electron leakage
and neutron spectra.

Monte Carlo simulations with FLUKA for
15 MeV electron beams bombarding targets of dif-
ferent materials were carried out to study the
photoneutron spectra and the neutron dose equiv-
alent at the isocenter. Simulations of a tungsten
target struck by electron beams of different energy
values and of targets of different thicknesses with
the same electron energy were also performed for
target optimization. Neutron fluence-to-dose
equivalent conversion factors advised in NCRP
Rep. No. 79 [2] and photon fluence-to-dose con-
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version factors advised in MCNP4C [6] were used
in this work.

2.1. Targets of the same material with different
incident electron energy values

The 15 MeV electron beam hits the tungsten
target perpendicularly, as shown in Fig. 1. Some
of the electromagnetic energy is deposited in the
target and the bremsstrahlung produced by pri-
mary and secondary electrons penetrated through
the target. Fig. 2 shows that the bremsstrahlung
spectrum changes with the energy of the incident
electrons. More photons are contributed to the
portion of low energy for 9 or 10 MeV incident
electron beam than for ones 15 MeV and above.
Still, photons with energy values above the tung-
sten photoneutron reaction threshold produce
neutrons isotropically, as shown in Fig. 3.

For a continuous particle spectrum, the average
energy can be calculated according to the follow-
ing formula:

E ¼
R
E/ðEÞdER
/ðEÞdE

; ð1Þ

where E is the particle energy, E is the average en-
ergy of the particles and /(E) is the particle differ-

ential spectrum. If for a series of discrete energies
Ei, and particle fluences /(Ei) in the energy range
Ei < E < Ei + DEi, the average energy E is given
as follows:

E ¼
Pn

i¼1/ðEiÞEiDEiPn
i¼1/ðEiÞDEi

: ð2Þ

During the simulation, for photons, DEi is
invariably set to 0.2 MeV, while for neutrons, the
energy group structure of the 72-neutron groups
ENEA data set is adopted [5]. According to the

Fig. 1. Electromagnetic energy deposited in a 4 mm-thick tungsten target hit by a 15 MeV electron beam.
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Fig. 2. Bremsstrahlung spectra at the isocenter.
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simulation, the photon and neutron average ener-
gies at the isocenter for different incident electron
beam energies are listed in Table 1.

For an electron beam of energy below 20 MeV,
the photoneutron average energy is less than
1 MeV, as shown in Table 1. Other works [8–10]
also reported similar results, which are much smal-
ler than the one indicated in NCRP Rep. No. 79.
In the old theoretical analysis of photoneutron
average energy, the production of photoneutrons
was easy to take into account, but the transport,
moderation and absorption of neutrons were diffi-
cult to analyze in detail; thus low energy neutrons
were not considered sufficiently in the neutron
spectrum. Modern computer technologies with
appropriate biasing methods compensate for the
low efficiency of Monte Carlo methods for simu-
lating large numbers of particles. For the same
number of particle histories, CPU time will be

more than 100 times shorter than 20 years ago.
So these results are closer to the experiment data
(Fig. 4).

The simulated target thickness was 4 mm, about
1.143 radiation length of tungsten. At the isocenter
(1 m away from the target along the beam direc-
tion), the photon dose and the neutron dose in-
creased with the energy, as shown in Table 2.
The photoneutron dose equivalent ratios for com-
parison with corresponding experiment data of
Varian Clinacs are also given for different incident
electron energy values. It was estimated that the
neutron dose contributed by the target will be
70% of the total neutron dose. The neutron yield
per source electron increased rapidly at the giant
resonance (12 MeV ! 18 MeV for 184W (c, xn)
[2]), as shown in Fig. 5.

2.2. Targets of the same material with different
thicknesses

More neutrons will be produced with increasing
target thickness when source electrons exceed the
threshold energy of the target material. For
15 MeV incident electrons and tungsten targets
of different thicknesses (now being used in some
accelerators for industrial and clinic CTs), neutron
yields per source electron and neutron spectra are
given in Figs. 6 and 7.

Table 1
Secondary particle average energy for a 4 mm-thick tungsten
target

Incident electron
beam energy (MeV)

9 10 15 18 20

Average photon
energy (MeV)

2.07 2.25 2.98 3.48 3.72

Average neutron
energy (MeV)

0.401 0.445 0.713 0.776 0.798

Fig. 3. Particle fluence distribution in a 4 mm-thick tungsten target (2 cm · 2 cm, 0.1 mm/bin). (a) Photon fluence distribution; (b)
neutron fluence distribution.
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As a bremsstrahlung converter, the target
should be optimized to achieve the maximum
bremsstrahlung intensity and the minimum photo-
neutron production. So the photon dose and the
neutron dose at the isocenter were calculated sep-

arately according to the corresponding spectrum
and fluence-to-dose conversion factors, as shown
in Fig. 8. The photon dose declined when the tung-
sten target thickness was over 1/3 radiation length,
while the neutron dose increased gradually and
reached saturation. As the quotient of the former
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Fig. 4. Neutron fluence spectra and integral spectra at the isocenter.
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Fig. 5. Neutron fluence (per source electron) at the isocenter
from 4 mm tungsten slabs bombarded by electron beams of
different energy values.
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Fig. 6. Neutron yields (per source electron) for tungsten targets
of different thicknesses.

Table 2
Neutron dose equivalent ratio at the isocenter, compared with cited experimental data

E (MeV) Photon dose
(Gy/e)

Neutron dose
(mSv/e)

Neutron DER (mSv/Gy X-ray)
This work

Neutron DER (mSv/Gy X-ray)
Varian rep. [7]

9 8.54E"16 5.37E"18 0.006 –
10 1.16E"15 1.82E"17 0.016 0.02
15 3.74E"15 5.50E"16 0.147 0.17
18 6.35E"15 1.46E"15 0.231 0.31
20 8.39E"15 2.19E"15 0.261 –
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two quantities, the neutron DER (dose equivalent
ratio) at the isocenter appeared to increase propor-
tionally to the target thickness, as shown in Fig. 9.
To ensure minimal electron leakage, the target
should be thick enough to stop most electrons or
an absorber made of light material should be
added after the converter.

2.3. Targets of different materials with incident
electron energy of 15 MeV

For 15 MeV incident electron beams, the
bremsstrahlung spectrum varied with the atomic
numbers of the targets, as shown in Fig. 10. Pho-
ton average energy increased with Z. Radiation
length decreases with Z, so if the target thickness
was 4 mm, the photon dose could not reach the
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tungsten targets of different thicknesses.
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maximum for some light materials, while more
photons were attenuated in the target for heavy
materials, as shown in Fig. 11. Materials of med-
ium atomic numbers, such as copper and molybde-
num, resulted in better bremsstrahlung
production.

Photoneutrons produced in targets of different
materials increased generally with the atomic num-
ber, as shown in Fig. 12. Neutron average energies
were all below 1 MeV, as shown in the neutron
integral spectra. Fig. 13 shows the neutron DER
for different materials of the same thickness. Tar-
gets of high Z materials had a much higher neu-
tron DER than low Z materials.

Considering the different radiation lengths of
different materials, a series of calculations for com-
monly used materials (copper, tantalum, tungsten
and gold) were performed for better comparison.
It was found that to reduce the electron leakage
to about 1.0%, a copper target thickness t of 0.6
radiation length was required, and for the other
three materials, a thickness of 0.9 radiation length
was necessary, as shown in Fig. 14. At the isocen-
ter, the photon doses due to the four materials
were of the same order (!10"15 Gy/e), while the
photoneutron yields of copper targets were one
order of magnitude smaller than the other three
materials, and so were neutron dose equivalent
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targets of different materials with the same thickness t = 4 mm
(15 MeV incident electron beam).
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ratios, as shown in Figs. 15 and 16. A summary of
electron leakage, photon dose and neutron dose
equivalent at the isocenter is shown in Table 3.
According to these figures, medium Z materials
with adequate bremsstrahlung production and

lower photoneutron contamination are good
choices for the design of targets used in high energy
accelerators. In addition, the heat elimination fac-
tor of copper (4.01 W/cmK) is higher than the
other three materials (0.575 W/cmK for Ta,
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Fig. 14. Electron leakage from targets of different materials
(15 MeV incident electron beam).
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Fig. 15. Photon dose (a) and neutron fluence (b) at the isocenter for targets of different materials and different thicknesses t (per source
electron (15 MeV)).

Table 3
Comparison of radiation length, electron leakage, photon dose and neutron dose equivalent at the isocenter for targets of different
materials

Target material Radiation
length X0 (cm)

t (cm) t/X0 Electron leakage
(e/primary e)

Photon dose at the
isocenter (Gy/e)

Neutron DER at the
isocenter (mSv/GyX-ray)

Cu 1.436 0.8 0.5571 0.01234 3.964E"15 0.0054
Ta 0.4094 0.35 0.8549 0.01306 4.046E"15 0.0969
W 0.3507 0.3 0.8554 0.01347 4.075E"15 0.1025
Au 0.3344 0.3 0.8971 0.01062 4.009E"15 0.0862
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Fig. 16. Neutron dose equivalent ratios at the isocenter for
targets of different materials and thicknesses.
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1.74 W/cmK for W and 3.17 W/cmK for Au).
Therefore, copper targets have excellent heat ex-
change properties.

3. Conclusion

In this work, calculations using the Monte
Carlo code FLUKA were performed for different
energy electron beams bombarding targets of dif-
ferent materials to study the photoneutron spectra
and the neutron dose equivalent at the isocenter.
The results indicate that the photoneutron produc-
tion increases with the incident electron energy and
target thickness, and medium atomic number
materials such as copper appear to be a good
choice for sufficient photon production and lower
neutron contamination.

For a 9, 10, 15, 18, 20 MeV electron beam, the
neutron dose equivalent ratio, contributed by the
target only, is 0.006, 0.016, 0.147, 0.231,
0.261 mSv/Gy X-ray, and the average neutron en-
ergy is 0.401, 0.445, 0.713, 0.776 and 0.798 MeV,
respectively, with a tungsten target thickness of
4 mm. Compared with the corresponding pub-
lished experimental results, neutron DERs are of
the same order and the average neutron energy is
below 1.0 MeV, which is different from that re-
ported in NCRP Rep. No. 79. For instance, for
a 15 MeV electron beam, a copper target, with a
thickness of 0.557 radiation length to prevent elec-
tron leakage, has a neutron DER one order of

magnitude smaller than those of optimized targets
of other materials, and therefore is a better choice
of target material.
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