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During proton therapy, the beam �ux decreases due to inelastic interactions with nuclei. At the highest
energies used in proton therapy, around 20% protons initiate nuclear reactions. This report presents the
cross-section measurements of proton-induced production of three β+ emitters � 11C, 13N, 15O � with
half-lives between 2 and 20 min, using solid C, BN, and SiO2 targets. Stacks of up to 15 targets were
irradiated simultaneously with proton beams of kinetic energy below 58 MeV at the AIC-144 cyclotron
of the Institute of Nuclear Physics, Polish Academy of Sciences. The measured cross sections follow the
excitation function obtained in the previous experiments, with uncertainty of a few percent.
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1. Introduction

Inelastic interactions with nuclei cause a reduc-
tion in proton beam �ux [1, 2]. Proton beam
energies are below the threshold for inelastic in-
teractions with hydrogen, which is the dominant
component of human and animal tissue. Only three
elements, in standard tissue, make up more than 1%
of the total number of atoms: oxygen, carbon, and
nitrogen. Calcium and phosphorus are present at
about 0.2% level, while all other elements together
contribute less than 0.5% [3]. A signi�cant frac-
tion of protons (around 20% at the highest ener-
gies used in proton therapy) initiates nuclear reac-
tions. Some of them populate β+-decaying isotopes,
which can be used to reconstruct the beam track.
This report summarizes the measurements [4�6] of
the cross section for proton-induced production for
three β+ emitters � 11C, 13N, 15O�with half-lives
ranging from 2 to 20 min. Stacks of up to 15 solid
(C, BN, and SiO2) targets were irradiated simul-
taneously with the proton beam of kinetic energy
below 58 MeV. The reactions leading to 11C, 13N,
and 15O are listed in Table I. The measured cross
sections follow the excitation function obtained in
previous experiments, and have a precision of a few
percent.
The β+-decaying nuclides are particularly in-

teresting, as the subsequent e+e− annihilation
can be detected by positron emission tomography
(PET) devices, enabling localization of the beam

trajectory. However, because the production of
these isotopes requires relatively high Q-values (see
Table I), the beam's �nal path at the Bragg peak
cannot be directly traced. The use of a radioactive
beam, such as 11C, has recently been the subject
of intensive study [7], since the beam range can be
measured.

2. Experimental procedure

The experimental procedure consists of two steps,
i.e., irradiation and decay spectroscopy. The ac-
tivity of a sample irradiated from t = 0 to
t = TEOB (EOB means end of beam) can be written
as

A(t) = NT I
∑

i=C,N,O

σi

(
1− e−λiTEOB

)
e−λit, (1)

where NT is the target thickness [atoms/cm2], I is
the beam �ux, σi is the cross section for producing
radioactive isotope i (11C, 13N, 15O) with the decay
constant λi. The summation runs over the reaction
channels listed in Table I.
In the irradiation phase, a stack of several thin

targets (for example, up to 16 SiO2 wafers with
a diameter of 10 mm and a thickness of approxi-
mately 0.9 mm) was irradiated simultaneously with
the proton beam. This arrangement allows study-
ing the excitation function, keeping the beam �ux
nearly constant for all targets (the correction due
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TABLE I

Selected nuclear reactions on carbon, nitrogen, and
oxygen leading to the production of 11C, 13N, and
15O. The (p,Xpn) reactions, not listed here, have
a Q-value lower by the deuteron binding energy
of 2.3 MeV compared to (p,Xd) reactions.

Reaction Q-value [MeV] Residue T1/2 [min]

12C(p, d) −16.5
11C 20.36(2)14N(p, α) −2.9

16O(p, αd) −23.7

14N(p, d) −8.3 13N 9.965(4)16O(p, α) −5.2

16O(p, d) −13.4 15O 2.041(6)

to the inelastic interactions is typically below 5% at
the last target compared to the initial beam �ux).
The proton energy in the center of each target was
evaluated with the Stopping and Range of Ions in
Matter (SRIM) software [8]. Irradiation typically
lasted a few minutes. After irradiation, the targets
were moved from the irradiation hall and placed
on the rotating wheel of the spectroscopy setup [4],
which has spaces for up to 16 targets. Target activ-
ities were measured with scintillation detectors.
After several upgrades, the setup (see Fig. 1) con-

sists of three pairs of LaBr3 detectors (1 inch and
1.5 inches in each pair) read out by a CAEN digi-
tizer (DT5730SB). The wheel was rotated by a step-
ping motor in a prede�ned sequence, so that the
activity of all irradiated targets could be recorded.
The spectroscopic measurements started typically
�ve (or more) minutes after the irradiation ended.
This delay was caused by radiation safety proce-
dures and manual handling of targets. In conse-
quence, short-lived isotopes, such as 14O with a half-
life of 70 s, were not measured.
The β+ decay and the subsequent e+e− annihi-

lation result in the emission of two 511 keV gamma
rays, registered by spectroscopic detectors. A single
detector is sensitive not only to the disintegration
in the sample placed close to the detector, but also
to activity from neighboring irradiated targets [9].
Lead shielding reduced this cross-talk, and a re-
maining neighbor contribution was corrected using
the iterative procedure of S¦kowski et al. [4]. The
triggerless readout of all detectors via the CAEN
DT5730SB digitizer enabled the selection of coin-
cidence events of 511 keV rays in a pair of scin-
tillators placed opposite each other. This mode of
operation reduced the background level to a negli-
gible level, consistent with the observation by Horst
et al. [10]. The detection e�ciency in this mode is
around 1.8%.
When the wheel rotates, activity is sampled

rather than measured continuously. This way of op-
eration was found to provide the same cross section

Fig. 1. The experimental setup. The rotating
wheel (moved with a stepping motor) provides space
for up to 16 irradiated targets. They are posi-
tioned in a prede�ned experimental sequence be-
tween 3 pairs of scintillation detectors.

(see (1)) as the continuous mode [6]. The use of
the same scintillation setup for all irradiated tar-
gets reduces the systematic uncertainty in the cross
section. The measurement of the decay curve lasted
typically around two hours, i.e., 6 half-lives of 11C.
Longer measurements (over 10 h) performed on se-
lected tissues revealed the presence of 18F with a
half-life of 110 min.

3. Experimental results

The experimental results were obtained for car-
bon, nitrogen, and oxygen targets, as well as for a
few tissue samples. Up to three components of β+

activities, corresponding to the decay of 11C, 13N,
and 15O, were �tted to the measured decay curves
(18F was observed in a few tissue samples). The
presence of any other activity was not detected. The
following cross-section values, measured at proton
beam energies below 58 MeV, have been published:

(i) production of 11C in 12C(p,X) reactions [4],

(ii) production of 13N in 14N(p,X) reactions [5],
and

(iii) production of 11C, 13N, and 15O in 16O(p,X)
reactions [6].
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Fig. 2. The measured activity of an irradiated tissue sample, interpreted as the sum of 11C, 13N, and 15O
decays. The uncertainty is statistical only. The time scale starts at the end of irradiation of the sample.

The comparison of the model calculations with the
measured activities of irradiated tissue samples is
in progress.

3.1. Carbon

The 12C(p, d)11C reaction on natural carbon tar-
gets has been extensively studied previously, so
our measurements [4] served largely as a proof-of-
concept. The method was based on measurement
of gamma-ray spectra, where the 511 keV peak was
clearly visible. As mentioned above, the presence of
neighboring irradiated targets in�uences the mea-
sured activity, so an iterative correction procedure
was developed, tested, and applied. The resulting
measured cross section is in general agreement with
numerous past experiments (except one).

3.2. Nitrogen

Pure nitrogen as a gaseous or liquid (cryogenic)
target is not well suited for the detection method
developed here, which requires solid targets. The
BN targets were selected for this research, as solid
samples are manufactured by sintering the pow-
der material for the condensed matter research.
The boron component restricted the studies only to
the reaction 14N(p, d)13N, because the 14N(p, α)11C
reaction populates the same �nal nucleus as the
11B(p, n)11C reaction on the abundant heavier
isotope of boron. The limited availability of appro-
priate BN samples allowed for only a few irradia-
tions per beam time [5], so those decay curves were
obtained in the continuous operation mode. The
measured cross sections agree well with the results
obtained 60 years ago in Orsay with NaI(Tl) spec-
trometers by L. Valentin [11], but o�er improved
precision.

3.3. Oxygen

Similar to nitrogen, solid oxygen is only avail-
able as a compound. The SiO2 wafers have been
selected [12]. Proton-induced reactions on Si lead
to the production of short-lived nuclides (T1/2 be-
low 10 s), which would decay before spectroscopic
acquisition. SiO2 wafers of the requested dimensions
and optical surface quality can be ordered, mak-
ing them a perfect target. Apart from SiO2 targets,
previous experiments involved oxygen gas targets
(up to 10 bar), BeO, MgO2, water, etc. [6]. The
analysis of the decay curve accounts for three pro-
duced isotopes � 11C, 13N, and 15O. Our measured
production of 15O [6] closely matches the results
obtained through the irradiation of a bulk SiO2

crystal and recording the decay of Cherenkov ra-
diation [13]. As relative results, Cherenkov-based
measurements were normalized at one proton en-
ergy. The observed agreement supports this choice
of normalization point. The production of 13N be-
gins at a much lower proton energy and peaks at
around 15 MeV, before falling to 1�3 mb at a pro-
ton energy of around 30 MeV. These cross sections
are determined with poorer precision than other
channels. In the case of 11C production, the actual
measurements again support the results obtained
with the detection of the Cherenkov radiation. Sur-
prisingly, the recent results of Rodriguez et al. [14]
are systematically 20% above ours and most earlier
measurements.

3.4. Tissue

Several sets of tissue samples were irradiated:
pig heart, pig liver, and beef bone. The 3D-printed
cylindrical targets were �lled with homogenized
tissue and sealed on both sides with mylar foil.
After sealing, the samples were preserved at low
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Fig. 3. The activity of the bone samples irradiated by protons, measured at the end of the irradiation
with a 100 Gy dose (preliminary results). The uncertainties come from the precision with which the decay
curve was decomposed.

temperature. The experimental procedure was the
same as for the previously mentioned targets, in
particular SiO2. The activity of each sample was
interpreted as the sum of 11C, 13N, and 15O decays.
A typical example is shown in Fig. 2.
The activity at the end of irradiation of 11C, 13N,

and 15O isotopes was determined (preliminary re-
sults). An example is shown in Fig. 3. The activity
of 15O is dominant, saturating above a proton en-
ergy of 30 MeV. The notable change is visible be-
low 20 MeV proton energy, namely the activity due
to 13N signi�cantly rises. This increase re�ects the
peak in the excitation function of the 16O(p, α)13N
reaction, while the importance of other channels
tends to decrease. The calculations accounting for
the composition of the tissue are in progress.
Other γ activities were also observed in tis-

sue samples. In some cases, activity corresponding
to 18F was observed. Measurements with a high-
purity germanium (HPGe) detector placed in a low-
background shield revealed the presence of isotopes
such as 34mCl or 44Sc [15]. Copper tubes, empty and
�lled with tissue, both irradiated using a pencil pro-
ton beam, showed enhanced production (factor ∼ 2)
of isotopes such as 56Mn or 61Cu � likely via neu-
tron capture on stable isotopes. This result indicates
the presence of neutrons, probably from (p, p n) re-
actions on tissue elements. Precise measurements
with dedicated neutron detectors are needed.

4. Conclusions

The proton-induced reactions on nuclei abun-
dant in tissue were performed at proton energies
below 60 MeV. The cross sections of the produc-
tion of β+-decaying isotopes 11C, 13N, and 15O
were obtained. The values are determined with

uncertainties of a few percent, except in the region
of single milibarns, where precision is poorer. The
results follow the shape of the excitation function
obtained in several (but not all) experiments per-
formed in the past 60 years. Experiments at higher
beam energies (above 60 MeV and below 230 MeV)
are planned, since that energy region remains in-
completely explored.
The cross-section values, gathered during the

past 6 decades, vary widely in precision and are
sometimes contradictory. The importance of these
nuclear physics results for medical applications
increases. This situation calls for the critical eval-
uation of the nuclear physics results. Analogous to
the Particle Data Group's role in particle physics,
a dedicated evaluation group should be established
to provide vetted cross-section values for reac-
tions on C, N, and O at therapy-relevant beam
energies.
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