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High-energy photons from medical accelerators are
used to treat tumors in cancer patients. One consequence
is the production of neutrons from photonuclear inter-
actions in the high-Z accelerator components. The re-
lease and capture of neutrons produce radioactive nuclei
that can irradiate patients and medical personnel. The
goal of this study is to develop a method for quantifying
the activation of accelerator components using MCNPX.
To benchmark this method, we took activation measure-
ments from the irradiation of a series of zinc plates using
a 55-MeV electron beam and compared them with MCNPX
calculations. The measured cumulative photon-induced
activity from 68Zn(g,p)67Cu interactions in all of the plates
was 10.8 MBq, which is in 5.4% agreement with the
calculated value of 10.2 6 1.1 MBq. Based on these re-
sults, a series of simulations were performed in order to
optimize the photon- and neutron-induced activity in tung-
sten for subsequent experiments. The radioactivity from
activated short-lived isotopes and subsequent buildup
can be significant from repeated accelerator operations
during a day. The approach described in this paper is
useful in quantifying the origin and the amount of nu-
clear activation and the buildup of radioactivity.

I. INTRODUCTION

A medical linear accelerator for external beam radi-
ation therapy is operated at energies up to 25 MeV. This
high energy exceeds the photonuclear threshold energy
of many materials inside the accelerator head, and these

materials can release neutrons and create activated nuclei
that have appreciable half-lives. The neutrons are even-
tually captured by the accelerator head, treatment couch,
and treatment wall, creating additional activation. The
subsequent decay of radioactive nuclei from both photon
and neutron activation can potentially irradiate patients
and medical personnel even when the accelerator is not
operating. Ultimately, the photon- and neutron-induced
radioactivity needs to be quantified.

Several studies have focused on estimating the photon-
and neutron-induced activity by analyzing gamma spec-
troscopy from medical accelerators during and after the
treatment.1–9 In addition, doses to medical personnel and
patients were estimated based on measurements.10–13 Di-
rect measurements of photon fluence and spectra in a
medical accelerator room require complex measurement
techniques, and can often be time-consuming and labor-
intensive. Monte Carlo methods, on the other hand, have
become alternative methods since they are quicker, more
flexible, and less rigorous than taking measurements. To
characterize the photon and neutron activation in medi-
cal accelerators using Monte Carlo methods, accurate
cross-section data is needed. The Monte Carlo Neutral
Particle Extended ~MCNPX! code14 has been the code
of choice for these types of simulations because of its
accurate and fast photon and neutron transport capabili-
ties and its ability to handle photonuclear interactions.

Incidentally, one shortcoming of using Monte Carlo
methods has been the lack of experimental data to accu-
rately benchmark the activation processes in materials dur-
ing electron beam irradiations with typical medical electron
linear accelerator energies. To address this need, we have
devised a methodology to quantify the photon- and neutron-
induced activity using MCNPX and to compare it with ex-
perimental data. This method was first tested by comparing
MCNPX simulations with a benchmark experiment per-
formed at the Gaerttner LINAC Laboratory at Rensselaer
Polytechnic Institute. Next, a series of simulations was*E-mail: xug2@rpi.edu
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performed in order to optimize the geometry of the irradi-
ation of tungsten plates with average electron beam en-
ergy of 18.3 MeV. The optimized geometry will be used to
measure the photon- and neutron-induced activity in tung-
sten after being irradiated by electron beams of typical med-
ical electron linear accelerator energies.

II. METHODS AND MATERIALS

Experiments were performed at the Gaerttner LINAC
Laboratory at Rensselaer Polytechnic Institute. In these
experiments, 22 zinc plates were irradiated with a 55-
MeV electron beam with an average current of 4 mA,
and irradiation time was 40 min. The geometry of the
zinc plates was square plate with the side dimension of
5.08 cm and thickness of 0.16 cm. During the activa-
tion the zinc plates were cooled by water flow through
the channels, and the measurements were performed
after the plates were well cooled down. Zinc was used
for these experiments since the 68Zn~g, p! 67Cu reaction
provides an easily discernable characteristic peak of
184.6 keV needed for an accurate benchmark. Even
though 55 MeV is atypical of radiation therapy ener-
gies, the higher beam energy resulted in safer activation
levels in the zinc plates than experiments using lower
beam energies. After irradiation, the 184.6-keV gamma
ray from 67Cu was measured using a high-resolution
high-purity germanium detector. Using a correction fac-
tor for decay and detection efficiency, the activity of
the 67Cu at the end of irradiation was determined. The
overall accuracy of determining the activity of each plate
was estimated to be ;10%.

In order to compare measurement data with Monte
Carlo simulations, a series of zinc plates was directly
irradiated with an electron beam in MCNPX. The plates
were irradiated with a beam having a Gaussian energy
distribution with a mean energy of 55 MeV and a 10%
full width at half maximum ~FWHM!. The electron beam
had a uniform radial distribution with a diameter of
1.5 cm. In order to determine the activity in the plates
from the 68Zn~g, p! 67Cu interaction the average flux
binned by energy was convolved with the 68Zn~g, p! 67Cu
cross section. This was done implicitly in MCNPX using
the dose energy and dose function cards applying loga-
rithmic interpolation between cross-section data points.
The cross-section data was taken from the International
Atomic Energy Agency ~IAEA! recommended photo-
nuclear cross-section database.15 The IAEA database con-
tained cross-section data for all naturally occurring
isotopes of zinc ~64Zn, 66Zn, 67Zn, 68Zn, and 70Zn!.

Another set of simulations was performed in order to
optimize the geometry of the irradiation of 32 tungsten
plates—each 0.125 cm thick and 2.5 cm in radius—with
an electron beam having a Gaussian energy distribution
of mean energy 18.3 MeV and 3% FWHM, which is

typical of 18-MV medical accelerator beams with an av-
erage current of 4 mA, and irradiation time was 40 min.
A set of eight tungsten rings with 4-cm inner radius, 9-cm
outer radius, and 0.5-cm thickness was stacked orthog-
onal to the electron beam around the target to generate
neutron activation while minimizing photon interactions
in the cylinder. Water was filled between the target plates
and rings to thermalize the neutrons and maximize the
neutron capture in the tungsten rings. The geometry of
the simulation is sketched in Fig. 1. The tungsten plates
and rings were given a nominal density of 18.0 g0cm3.
Detailed physics models were used for electrons, pho-
tons, and neutrons in all simulations. The ITS electron
indexing method was implemented, which picks the cross-
section data consistent with the energy binning. Once
again, these simulations used IAEA recommended cross-
section data. The IAEA database contained cross-section
data for all naturally occurring isotopes of tungsten ~180W,
182W, 183W, 184W, and 186W!. For calculating photon
activation in the target, only the 186W~g, n! 185W inter-
action was considered. Similarly, for neutron activation
in the cylindrical shell, only the 186W~n,g! 187W inter-
action was considered. These two isotopes have long
enough half-lives for possible future measurements.

To reduce computation time, the cutoff energies for
electrons and photons were set to 5 MeV. This energy
seemed appropriate since it is below the photonuclear
threshold for all isotopes of tungsten and high enough to
avoid unnecessary transport of secondary electrons in
the problem geometry. No other variance reduction tech-
niques were used in the simulations.

III. RESULTS AND DISCUSSION

The measured and calculated 67Cu activity from the
irradiation of the zinc plates is plotted in Fig. 2. The total

Fig. 1. The geometry sketch of tungsten plates and rings.
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cumulative activities determined by measurement and
calculation were 10.8 MBq and 10.2 61.1 MBq, respec-
tively, giving a 5.4% difference. Each calculated plate
activity was within good agreement of the measured
activity, and differences were within the estimated mea-
surement accuracy of 10%.

The photon-induced activity determined of 31 tung-
sten plates irradiated with the 18.3-MeV electron beam
is plotted in Fig. 3. The buildup of activity in the first
two plates is due to the initial increase of photon flux
from a finite range of electrons in the tungsten target.
By the third plate the activity falls because of attenua-
tion of the photon flux as a function of distance. Fig-
ure 4 plots the neutron-induced activity as a function of
plate number from 186W~n, g! 187W interactions in the
cylindrical tungsten shells surrounding the target. Since
the average neutron energy produced in the target is
;1.2 MeV, the neutrons need to be moderated to im-
prove the 186W~n, g! 187W yields in the shell. This was
done by adding a layer of water between the target and
cylinder. The mean free path of a 1.2-MeV neutron in
water was calculated ~;2 cm! to optimize the thickness

of the water layer. The neutrons are emitted isotropi-
cally during activation16 so that there is a maximum
value, as shown in Fig. 3. The location of this peak can
be attributed to the moderation of these neutrons through
the target and water surrounding the target, as seen in
Fig. 1.

IV. CONCLUSIONS

In this paper we measured the activation produced
by the irradiation of a series of zinc plates using a 55-
MeV electron beam. We then compared this data to
MCNPX calculations. The measured cumulative photon-
induced activity from 68Zn~g, p! 67Cu interactions in all
of the plates was 10.8 MBq, which is within 5.4% agree-
ment with the calculated value of 10.2 6 1.1 MBq. Sub-
sequently, a series of simulations was performed in order
to optimize the geometry of an experiment to measure
the photon and neutron activation in tungsten from elec-
tron irradiations with typical medical accelerator energies.

This study showed that the MCNPX code can be
used to simulate nuclear activation. Using detailed mod-
els of medical accelerators and accelerator rooms, the
photon and neutron activation in any location in the treat-
ment room can be calculated. These tools can be used to
quantify the origin and the amount of nuclear activation
and the buildup of radioactivity produced during medical
accelerator operation. Subsequently, these tools can be
used to determine the dose to the patient or medical per-
sonnel from this activation.
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