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The depth dose profile of the proton beam used in tumour treatment saves healthy tissues. Together
with high biological effectiveness, proton therapy is a very promising type of tumour radiotherapy.
Contrary to X/γ beams, protons may easily induce nuclear reactions leaving radioactive isotopes after
irradiation. Measurement of the secondary particles along with the determination of the time during
which those nuclei remain in the tissues allows to estimate their impact on the therapeutic effects.
Animal tissues (heart, liver, and bone) were irradiated with 60 MeV proton beam with different doses
at the AIC-144 cyclotron of the Institute of Nuclear Physics PAS. The produced radionuclides were
measured via their decay, allowing to estimate the radioactivity of the studied tissues.
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1. Introduction

The therapy using a proton (carbon) beam is
advantageous as compared to the photon irradia-
tion of tumour cells, as it maximises the deposited
dose at the end of the range in tissue (the Bragg
peak). The intensity of the proton beam in tissue
is reduced only by nuclear reactions until protons
are finally stopped around the nominal range. The
nuclear reactions on nuclei forming the tissue may
create radioactive nuclei that quickly undergo β+

decay. This decay generates positrons, which anni-
hilate with electrons and emit (in most cases) two
photons. These photons can be used in positron
emission tomography (PET) carried out simultane-
ously with hadron therapy to control the position
of the deposited radiation [1]. Nuclear reactions
induced by protons used for the therapy have not
been studied yet in all details. Also, the model cal-
culations, based on the Monte Carlo simulations,
are not fully consistent (see Fig. 6 in [2]). Produced
radioactive nuclei can decay and thus deposit an ad-
ditional dose in tissue.

2. Proton-induced radiation

The human (animal) tissue is composed mainly
of compounds of atoms containing light nuclei [3].
Apart from the dominant hydrogen, only three ele-
ments are above 1% of the total number of atoms:

TABLE I

Selected nuclear reactions on light nuclei abundant in
human tissue.

Reaction
Q-value
[MeV]

Residue T1/2 [min]

12C(p, d) −16.5
11C 20.36(2)12C(p, pn) −18.7

14N(p, α) −2.9
14N(p, d) −8.3

13N 9.965(4)14N(p, pn) −10.6
16O(p, α) −5.2
16O(p, d) −13.4 15O 2.041(6)
16O(p, pn) −15.7

oxygen, carbon, and nitrogen. Calcium and phos-
phorus are at the 0.2% level, while all other ele-
ments contribute in total below 0.5%. The proton
reactions on light nuclei may lead to the creation
of a few radioisotopes, that decay by the β+ pro-
cess within a few minutes. The most important
ones, with production cross-sections in the range of
tens mb, are listed in Table I.

Note that the β+ decay of nuclei listed as prod-
ucts in Table I leads directly to the ground state of
stable isotopes [4]. The emission of e+ dominates
the decay mode, as the electron capture process is
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at the level of 10−3. In this case, the e+e− anni-
hilation process is the evident procedure to observe
the production of those nuclei. The e+ stopping
process and the eventual photoelectric or Comp-
ton scattering of annihilation quanta contribute to
the dose deposited in irradiated tissue, apart from
the dominant effect of slowing down the energetic
proton.

2.1. Gamma rays

As the decay of all reaction products mentioned
in Table I leads to the e+e− annihilation and conse-
quently to the emission of 511 keV quanta (principal
channel), the only distinction of the created activ-
ities might be obtained through the deconvolution
of the decay curve. Obviously, individual determi-
nation of cross-sections of numerous reactions listed
partially in Table I is not feasible, when the “target”
is as complex as tissue.

The decay of these reaction products can be mea-
sured just after the end of irradiation. In order to
study the position (energy) dependence, the irradi-
ated tissue was composed of several slices (irradi-
ated simultaneously). The energy range of protons
in individual slices (see Fig. 1) was obtained with
the use of the Ziegler formula [5]. After irradiation,
the samples were placed on a rotating wheel of the
detection setup equipped with up to six scintillation
counters [6]. Rotation of the wheel allowed that the
samples were measured in the identical detection
system (but not at the same time). This procedure
allows for obtaining the decay curve for all samples
simultaneously irradiated.

The experimental decay of 511 keV activity of
a slice of pig heart tissue (see Fig. 2) for mea-
surements shorter than 1000 s can be described as
individual contributions from decays of three nu-
clides: 11C, 13N, and 15O. For longer measure-
ments, the oxygen contribution is negligible and
can be omitted.

As the activity of the neighbouring samples sig-
nificantly influences the measurement of the one
placed between the detectors [6], the detectors were
equipped with lead shields to partially reduce this
unwanted effect. These shields reduce the effect

Fig. 1. Mean energy range of protons in individual
slices of pig heart tissue (example of one target set).

Fig. 2. Decay of 511 keV activity of a slice of heart
tissue, measured with a LaBr3 detector. Individual
contributions from decays of 11C, 13N, and 15O are
indicated. The fitted curve (black solid line) as-
sumes the decay constants as in Table I.

Fig. 3. The 511 keV activity of 11C of slices of
pig heart tissue at the end of bombardment with
60 MeV protons providing a 100 Gy dose. The range
of activities determined from individual NaI(Tl)
and LaBr3 detectors are indicated. The solid line
denotes activity obtained from cross-section values
based on ENDF base, tissue composition, and beam
parameters.

mentioned, but the results still have to be corrected
(work in progress). Subsequently, the comparison of
the results with the expected yields might confirm
that no other β+ activities are produced.

The short-lived activities (13N and 15O) can be
registered only during the initial phase of the mea-
surement (very few points on the decay curve)
and the extracted activity suffers from large un-
certainty. This is not the case of 11C activity,
which can be extrapolated to the time of the end of
bombardment. The 11C activities of several slices
of a pig heart (with an average mass of 0.6 g),
shown in Fig. 3, have been obtained from the
analysis of spectra from LaBr3 and NaI(Tl) de-
tectors. The decomposition of the decay curve to
three components was not always unambiguous, so
two options have been studied: (11C and 13N) or
(11C and 15O). It leads to the range of activities in-
dicated in Fig. 3. Another approach takes into ac-
count the influence of neighbouring samples, deter-
mining the activity of the sample through the non-
negative least squares method with configuration-
specific efficiency correction.
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As it can be seen in Fig. 3, both approaches
are in good agreement with the ENDF evaluation
(accounting for target composition [3] and beam
specifications). The results from the LaBr3 detec-
tor, which does not have any collimator, are appar-
ently higher as compared to the results from the
NaI(Tl) detector, which was equipped with a lead
collimator reducing the influence of the neighbour-
ing samples. The activities reconstructed by the
non-negative least squares method with neighbour
correction are more precise than the results ob-
tained from the standard decay fitting.

The long-time activities were studied by placing
the irradiated sample on a HPGe detector in a low-
background environment. The measurements [7]
showed that isotopes like 34mCl or 44Sc were pro-
duced during irradiation of bone.

2.2. Neutrons

While the radiation emitted after the β+ decay
of the reaction product is localised within the range
of 1 cm [7], the neutrons might penetrate a longer
distance. The presence of neutrons was indicated in
the following measurement. A sample of a pig liver
placed in a metal tube (aluminium, copper, or steel)
was irradiated with a proton beam so that only
the tissue was exposed. Neutron-induced activities
of 56Mn or 61Cu in metal tubes were detected in
a HPGe spectrometer localised in a low-background
environment. The registered activity was approxi-
mately twice the activity measured in the reference
experiment, where only the tube without tissue was
exposed, so the proton beam passed freely.

These results motivate us to measure the energy
spectrum of neutrons emitted from tissues during
irradiation. For that new measurement, the setup
based on eight liquid scintillation detectors BC501A
will be used. The energy calibration of the setup
will follow the technique described in [8]. Cur-
rently, the knowledge of the neutron flux and en-
ergy in the irradiation zone of AIC-144 cyclotron
is based on the Monte-Carlo simulation [9]. The
neutron spectral fluences were established to be
site-dependent [10] in experiments detecting ther-
mal neutrons. Experiments with the new setup will
attempt to evaluate the neutron yield from the ir-
radiated sample.

3. Conclusions

Animal tissues (heart, liver, and bone) were irra-
diated with a 60 MeV proton beam with different
doses at the AIC-144 cyclotron of the Institute
of Nuclear Physics PAS. The radionuclides 11C, 13N

and 15O (T1/2 in the range of 2–20 min) were de-
tected via their β+ decay in a setup allowing to
measure many slices of the tissue simultaneously ir-
radiated. The activity of slices of a pig heart deter-
mined with LaBr3 and NaI(Tl) scintillators agrees
with the predictions based on ENDF cross-section
values. Longer-lived activities were observed em-
ploying HPGe detectors placed in a low-background
environment.

Initial measurements using neutron-activation in-
dicate the presence of neutrons resulting from nu-
clear reactions in tissue. Further measurements
using dedicated neutron spectrometers are planned.
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