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Abstract Oxygen is one of the most common elements in
the human body. Proton beams used in therapy induce nuclear
reactions that cause a loss of fluence along the beam path.
These reactions often lead to production of β+ emitters with
relatively short half-lives (less than 20 min). Cross sections
for reactions on oxygen are not sufficiently known, particu-
larly at proton energies above few tens of MeV. This contri-
bution presents the results of an experiment, where silicon
dioxide targets were used to study nuclear reactions induced
by protons with energy below 60 MeV on oxygen. The proton
beam was delivered by the AIC-144 cyclotron of the Institute
of Nuclear Physics in Kraków. Cross sections of reactions
leading to production of 11C, 13N and 15O were obtained.
They agree well with the measurements using Cherenkov
radiation in bulk SiO2. The recent measurements performed
with a PET scanner provided similar results, except in the
case of 16O(p,x)11C reaction studied in the energy of up to
200 MeV, where our results are 30% lower.

1 Introduction

During proton therapy, protons can induce nuclear reactions
that decrease the beam fluence and impact the dose distri-
bution [1]. The secondary target fragments produced in the
nuclear reactions contribute to the dose deposited also to the
healthy tissues, which may increase the risk for secondary
cancer [2]. This is especially significant in the entrance of
the beam, contributing to an estimated 10% of the biological
effect in this region [3]. Precise description of the impact of
nuclear reactions requires experimental cross sections. One
of the most common elements in human body is oxygen, mak-
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ing up 24% of the atoms. Cross-section of reactions induced
by protons on oxygen was measured in numerous exper-
iments performed during the past seven decades at beam
energies from the reaction threshold up to the relativistic
regime. The principal information about the applied method,
targets, experimental set-up and beam energy is provided in
the Appendix. The whole energy range used in proton ther-
apy, which is up to 250 MeV, is not yet fully studied. The
available experimental cross sections data on these reactions
show some inconsistencies and the production cross sections
of not all β+ emitters (e.g 13N) have been measured with
the expected precision. Therefore, continuous experimental
activities are needed to provide the necessary inputs to mod-
els describing the beam interaction with the tissue.

Four measurements performed in the past decade should
be mentioned as relevant for the proton therapy physics:

• The measurements on the production of 3 isotopes (11C,
13N and 15O) at 9 proton beam energies below 70 MeV,
where the decay of β+ emitters was studied with the
PET device [4]. Significant discrepancies of the results
with previous ones were observed particularly for the
production of 13N.

• Very detailed energy scan at energies below 70 MeV was
performed for the mentioned 3 radionuclides with a novel
method of measuring the Cherenkov radiation in bulk
SiO2 crystal read by CCD device [5]. These results have
been normalized to the 15O yield at 35 MeV (taken from
the literature).

• Production of 11C and 15O was performed for proton
energies below 220 MeV (8 and 5 experimental points,
respectively) [6]. Experimental correction to the coinci-
dence yield of two 511 keV photons has been provided by
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the third BaF2 detector placed at 90◦ with respect to the
two scintillators placed back-to back around the target.

• Extensive measurements of the production of 11C, 13N
and 15O at energies from 20 to 200 MeV [7] on car-
bon, AlN (aluminium nitride) and SiO2 targets. At lower
energies the β+ activity was measured by a pair of LaBr3

detectors, while at higher energies in a PET device.

The aim of the experiment was to measure the cross-
section at proton energy range below 60 MeV, where the
results can be compared to the existing data mentioned above.
This comparison is important to evaluate the applicability
of the method, which might be used in the future measure-
ments at higher energies. The other purpose was to compare
two methods of measurement: standard decay spectroscopy
of irradiated target and sampled measurement of simulta-
neously irradiated numerous targets using a limited number
of detector pairs registering β+ activity. The measurements
were performed with 15 and 3 simultaneously irradiated solid
SiO2 wafers of optical quality.

2 Experiment

Oxygen is a difficult target for nuclear physics experiments,
as it is gaseous above 90 K (normal conditions). Therefore, a
solid target made of silicon dioxide was chosen for this exper-
iment. While the common products of proton reactions on
oxygen decay within 2–20 min (see Table 1), proton-induced
reactions on silicon produce mostly isotopes with very short
half-lives (less than 10 s) [8] or very long half-lives (more
than 1 year). The only activity that might be measured is the
β+ decay of 18F with half-life 109.77(5) min [9]. However,
18F is produced only in reactions on heavier isotopes 29Si
and 30Si, which constitute less than 8% of natural silicon.
Moreover, the predicted cross-section for production of 18F
is less than 1 mb for proton energies below 60 MeV [10].
For these reasons, only reactions on oxygen were taken into
consideration.

A set of 15 silicon dioxide targets was manufactured in
Pracownia Optyki Instrumentalnej in Józefów, Poland. The
samples had a diameter of 10 mm, a thickness of approxi-
mately 0.9 mm and weight of 0.18 g.

Table 1 Reactions induced by protons on oxygen, their Q-values and
half-lives of produced β+ emitters [9]

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

16O(p,d+α) − 23.7 11C 20.36 (2)
16O(p,α) −5.2 13N 9.965 (4)
16O(p,d) − 13.4 15O 2.041 (6)

For each residue only reactions with the lowest Q-value are listed

The irradiation was carried out at the Institute of Nuclear
Physics PAS in Kraków, Poland. During each measurement,
chosen targets were stacked next to each other and irradiated
with a proton beam delivered by AIC-144 cyclotron. Two
irradiations were conducted, with beam energies 58 and 40
MeV. The details are listed in Table 2.

The detection setup (see Fig. 1) was designed and con-
structed at the Faculty of Physics of University of Warsaw
[11]. It consists of six cylindrical LaBr3 detectors and a rotat-
ing disk with a 30 cm diameter. Rotation of the disk with a
stepping motor allowed to change the set of three targets
between the detector pairs. The rotating disk had 16 places
for samples. Depending on the number of targets, an adequate
rotating sequence was applied. The sequence was optimized
so that the initial activity of all irradiated targets was mea-
sured after a minimal number of rotations.

After the irradiation, the targets were placed on the disk. In
the case of irradiation of 15 targets with 58 MeV beam energy,
the disk was following a pre-planned sequence of rotations,
so that the activity of each target could be measured. Time
intervals depended on the sequence, which was planned so
that they were short in the beginning (less than 10 s) and
got gradually longer, up to 900 s. After the irradiation of
three targets with 40 MeV beam energy, their activity was
measured continuously by the three detector pairs, without
any rotation. In this case, the time intervals were later set
according to the number of registered counts.

Table 2 Details of irradiations

Number of
targets

Energy [MeV] Flux [cm−2·s−1] Irradiation time [s]

15 58 1.88·108 154.5

3 40 1.59·108 140.5

Fig. 1 Detection setup
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The scintillation detectors were arranged in a triggerless
mode using a CAEN DT5730SB digitizer, with a sampling
rate of 500 MHz. The rotating disk was controlled by a 1.8◦
stepper motor (model 85BYGH450B). The control signals
of the stepper motor were recorded, also from the digitizer,
to synchronize the measurement with the rotations of the
disk. The detectors were coupled with three 1-inch LaBr3

crystals (Philips XP2972 PMTs) on the top side and three
1.5-inch LaBr3 crystals (EMI 9814B PMTs) on the bottom.
The CAEN DT5730SB digitizer was selected since it could
handle up to 8 channels, thus allowing simultaneous acquisi-
tion for all detectors. It first optimizes the spectrum mode for
the best parameters: input voltage (peak-to-peak), threshold,
charge sensitivity, signal integration time, and background
suppression. Then, it switched to list mode for fast signal
processing. In the list mode, every recorded signal was saved
with its timestamp (precision of 2 ns) for later use in offline
coincidence analysis. The coincidence window was set at
30 ns, allowing the recording of pairs of 511 keV γ -quanta
from opposite detectors. As the measurements of activity
started approximately 5 min after the irradiation, random
coincidences were found negligible. This was verified by
monitoring the coincidences between detectors not belong-
ing to a pair. The number of coincidence counts in the top-
bottom detector pairs was at least three orders of magnitude
higher than for other detector pairs. This observation agrees
with the conclusions of Horst et al. [6], where the coinci-
dence rate between the LaBr3 module placed perpendicular
to the pair of detectors effectively vanished after 2 min. High
voltage to the photomultiplier tubes was delivered through
a LeCroy HV4032A-32-channel power supply with a pre-
cision of ±1 V. This provided a very stable measurement
environment, while the rotational sequence of the disk was
optimized with respect to the trade-off between initial activ-
ity measurement and sufficient statistical accuracy during the
decay process.

3 Data analysis

Since the targets were close to each other during measure-
ment, the activity obtained from single spectra included
also the activity of neighbouring targets. For this reason,
the experimental results presented in this paper are based
on coincidence detection of two 511 keV photons follow-
ing e+e− annihilation after β+ decay. Detector efficiency
was determined after a measurement of 22Na source with
known activity. The three detector pairs had efficiency of
1.692(5)%, 1.820(6)% and 1.896(6)% in the coincidence
measurement. The energies at which each target was irra-
diated were obtained using the Bethe-Bloch formula, and
they were calculated at the center of the targets.

Fig. 2 Example of a decay curve. Dotted line is the fit of function (1)
to the measured activity marked with red dots

Activity of an irradiated target decreases with time accord-
ing to a formula that is a sum of exponential functions:

A(t) =
∑

i=C,N ,O

Ai · e−t/ti , (1)

where t is time, Ai is the activity of isotope i at the end
of the irradiation, and ti is its lifetime. The indexes C, N
and O correspond to produced isotopes listed in Table 1:
11C, 13N and 15O respectively. Function (1) was fitted to
experimental data to obtain the activities Ai . An example of
a decay curve with the fitted function is presented on Fig. 2.
In the beginning, the activity comes mostly from 15O, which
has the shortest lifetime, and in the end it comes almost only
from 11C decay.

The lowest energy at which a target was irradiated was
12±2 MeV, which is much lower than the Q-value for reac-
tion 16O(p,d+α)11C, equal to 23.7 MeV. Therefore, in this
case the fitted function did not include the activity of 11C:

A(t) =
∑

i=N ,O

Ai · e−t/ti . (2)

Activities at the end of the irradiation Ai were used to
determine the cross section σi of the reaction in which isotope
i is produced, according to the formula

σi = Ai

NT · I · (1 − e−λi tEOB )
, (3)

where NT is the number of oxygen nuclei in a target, I is the
beam flux, λi is the decay constant of isotope i and tEOB is the
time of irradiation (“end of beam” time). NT was determined
from mass measurement of the targets. The uncertainty of the
cross section takes into consideration only the uncertainty of
Ai obtained from the fit. The systematic error is estimated at
1%, with the largest contribution coming from the uncertainty
of the beam flux. The proton beam flux I for subsequent
targets is reduced compared to the initial one, due to the
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inelastic processes. This effect (∼3% after 10 targets) was
taken into account through absorption calculations based on
total inelastic cross sections [12].

4 Results and Discussion

The results are presented on Fig. 3 and in Table 3. For com-
parison, selected data from literature is also plotted. Results
from this work were compared to measurements by Masuda
et al. [5], Akagi et al. [4], Horst et al. [6] and Rodríguez-

Fig. 3 Cross section of reactions 16O(p,x)11C, 16O(p,x)13N and
16O(p,x)15O in the function of proton energy. Results from this work
are marked in red and blue points. Grey and green marks correspond to
data from literature

Table 3 Cross section of reactions 16O(p,x)11C, 16O(p,x)13N and
16O(p,x)15O

Energy [MeV] σ(11C) [mb] σ(13N) [mb] σ(15O) [mb]

56.9 ± 0.6 19.8 ± 0.6 3.6 ± 0.8 60.1 ± 1.8

54.8 ± 0.6 20.8 ± 0.8 6.1 ± 1.1 65.9 ± 2.2

52.5 ± 0.7 20.5 ± 0.5 4.3 ± 0.8 62.4 ± 1.7

50.2 ± 0.7 22.8 ± 0.8 4.6 ± 1.2 71.8 ± 2.5

47.8 ± 0.7 21.9 ± 0.5 3.6 ± 0.8 65.7 ± 1.5

45.3 ± 0.8 24.2 ± 0.7 3.0 ± 1.1 75.9 ± 2.3

42.7 ± 0.8 20.5 ± 0.6 2.8 ± 0.9 68.6 ± 2.0

40.0 ± 0.8 16.9 ± 0.6 3.5 ± 0.8 67.2 ± 1.7

38.6 ± 0.8 17.9 ± 0.3 2.6 ± 0.5 75.3 ± 1.0

37.0 ± 0.9 14.0 ± 0.5 2.4 ± 0.8 69.4 ± 1.9

35.6 ± 0.9 11.0 ± 0.3 2.8 ± 0.4 71.5 ± 0.9

33.9 ± 0.9 8.2 ± 0.5 1.2 ± 0.7 73.6 ± 1.9

32.3 ± 1.0 5.6 ± 0.2 2.5 ± 0.2 70.0 ± 0.6

30.6 ± 1.0 3.6 ± 0.2 2.1 ± 0.3 76.5 ± 1.2

27.0 ± 1.1 1.0 ± 0.1 2.4 ± 0.2 63.5 ± 0.9

22.9 ± 1.3 0.7 ± 0.3 5.4 ± 0.5 41.5 ± 2.0

12.0 ± 2.2 – 21.0 ± 0.6 6.9 ± 1.9

Results obtained in a measurement without rotation in the detection
setup are shown in italics

González et al. [7], which are the most recent available data
at this energy range.

As the threshold for the 16O(p,α)13N is the lowest, the
cross section for this reaction rises first with increasing proton
energy, reaching a maximum around Ep � 15 MeV. The
excitation function falls down to a minimum at ∼30 MeV,
slowly rising afterwards. The production cross section of 15O
and 11C have similar shape, displaced in energy due to the
different threshold (see Table 1).

The observed energy dependence of measured cross sec-
tion is similar to the results by Masuda et al. for all three
reactions. Few results of the measurements by Akagi et al.
seem to be out of this trend, particularly at ∼47 MeV in the
case of 11C production. We observe also a good agreement
of our data with the measurements of Rodríguez-González
et al. except the reaction leading to the production of 11C.
The experimental data of Rodríguez-González were fitted
[13] for six reactions by a general formula f (E) - ratio of
4th to 5th order polynomials, 10 free parameters per reaction.
(Please note the values of the parameters in the Table IX of
that paper are printed in reversed order, i.e. value of a4 corre-
sponds to a0.) We evaluate the agreement of our results to this
parametrization f (E). The following criteria were used: (i)

χ2 value defined as
∑ (σi− f (Ei ))

2

�σ 2
i

, (ii) ratio of experimental

cross section to the parametrization function r = σi
f (Ei )

, (iii)

pull, defined as p = 1
N

∑ σi− f (Ei )
�σi

and (iv) A-factor defined

as A = 1
N 	

|σi− f (Ei )|
σi+ f (Ei )

. Here σi denotes the experimental
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Table 4 Parameters describing the agreement of experimental cross
section on 16O with the analytical function [13]

Residue χ2/N r p A-factor

15O 19 1.03 ± 0.16 0.5 ± 4.4 0.05
13N 4.5 1.1 ± 0.7 0.2 ± 2.1 0.14
11C 180 0.69 ± 0.18 −11 ± 7 0.20

See text for details

cross section with the uncertainty �σi , measured at the pro-
ton energy Ei and N is the number of experimental results. It
should be noted, that the uncertainty of the function f (E) is
not specified, so the χ2 values should not be treated accord-
ing to their standard statistical interpretation. The value of the
pull variable p shows the systematical deviation of experi-
mental results with respect to the function f (E) in units of
experimental uncertainties (low value shows the results are
scattered above and below the function). The A-factor [14]
indicates the strength of the relative difference (0 for perfect
agreement and 1 in the opposite case). The evaluated param-
eters, provided in Table 4, clearly indicate that the results of
actual measurements are in relatively good agreement in the
cases of 16O(p,d)15O and 16O(p,α)13N reactions, while they
are systematically 30% below in the case of 16O(p,d+α)11C
reaction.

5 Conclusion

Cross sections for reactions on oxygen leading to the produc-
tion of β+ emitting nuclei 11C, 13N and 15O were obtained for
proton energies below 60 MeV. The beam was provided by
the AIC-144 cyclotron of the Institute of Nuclear Physics in
Kraków. Silicon dioxide was used as the target. The proton-
induced reactions on silicon had minimal influence on the
measurements as the produced nuclei have much shorter life-
times compared to 11C, 13N and 15O.

These findings contribute to a deeper understanding of
the significance of nuclear reactions in proton therapy. The
results of the experiment agree (with a few local excep-
tions) with several previous measurements, including the one
using Cherenkov radiation in bulk SiO2 [5]. Our results for
the 16O(p,d+α)11C reaction are 30% below that reported
in recent extensive measurements [13], while compatible
results were obtained for other reaction channels.

The application of classical nuclear physics techniques,
as employed in this study, validates the results obtained in
previous experiments. However, the systematic difference
observed in the case of 16O(p,x)11C with respect to the recent
results of Rodríguez-González et al., highlights the need for
a reexamination of this reaction, not only at the same energy
but also with protons accelerated to higher energies. Addi-

tional verification is needed, as this cross section contributes
to dose evaluation for patients undergoing proton therapy.
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Appendix

This appendix provides several experimental details (see
Table 5) concerning proton-oxygen interactions, leading to
the production of β+ emitters, that have been studied in the
past six decades. The reactions were intensively measured
half a century ago (see Fig. 4), while later the experiments
were quite rare in spite of the technological progress in instru-
mentation. The experiments selected for this comparison can
be grouped into several (non-exclusive) categories:

• low-energy studies of the total cross section, inspired by
the astrophysical importance of proton burning on oxy-
gen,

• low-energy studies of angular distribution of elastic (p,p)
and inelastic (for example (p,α)) scattering needed for
the evaluation of various aspects of optical models,

• low-energy-studies around the Bragg peak for the possi-
ble measurement of the distal fall-off of the proton range
distribution in proton beam therapy,

• measurements at intermediate energies (few tens MeV
to few hundred MeV) for the general knowledge on the
proton inelastic processes influencing flux reduction in
proton beam therapy, and

• measurements at relativistic energies T ≥ mpc2, where
the cross section is not expected to show significant
energy dependence [15], while the experimental values
are important for various applications of nuclear spalla-
tion by protons (e.g. accelerator-driven system, neutrino
beam etc.).
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Table 5 Details of selected experiments studying proton+oxygen interactions

Year Energy Target Method Detector References

1958 6–14.5 MeV Gelva C4H6O2 511 keV activity NaI [17]

1960 5.7 GeV Anhydrous oxalic acid 511 keV activity 1 × 1 1
2 NaI(Tl) [18]

1960 362±15 MeV Sistilled water, LiOH 511 keV activity G–M counter [19,20]

1960 9.7–15 MeV Na2B4O7 · 2H2O e+e− → γ γ coincidence NaI(Tl) 1.5 in × 1 in [21]

1961 12–18 MeV Mylar Activity after 5 min G–M counter [22]

1961 13.5–18.1 MeV O2 gas, CH2 foil, C3H8 Charged particles Ionization chamber [23]

1962 20–150 MeV Sintered BeO 511 keV activity Scintillation detector [24]

1962 146±7 MeV Water 511 keV activity NaI(Tl) 5 cm × 5 cm [25]

1964 4.2–8.6 MeV O2 gas Charged particles CsI(Tl) [26]

1965 30–155 MeV 5.7 GeV Sintered BeO 511 keV activity NaI(Tl) of different sizes [27]

1967 13.1(7) MeV Gas active target Charged particles Cloud chamber (triggered) [28]

1969 38 MeV Mylar Charged particles Si counter (1.8 mm) [29]

1971 50, 100, 153 MeV SiO2, H2O 511 keV activity NaI(Tl), Ge(Li) [30]

1973 6.5–7.7 MeV MgO2 511 keV activity NaI(Tl) 7.6 cm × 7.6 cm [31]

1973 5.4–9.9 MeV WO3 e+e− → γ γ coincidence Pair of NaI(Tl) 7.6 cm × 7.6 cm [32]

1977 6.7–9.2 MeV O2 gas 0.3–0.4 bar e+e− → γ γ coincidence Pair of NaI(Tl) 7.6 cm × 7.6 cm [33]

1986 6.5–16.5 MeV O2 gas +2% NO2 511 keV activity NaI(Tl) [34]

1989 5–30 MeV O2 gas 10 bar e+e− → γ γ coincidence Pair of NE102 scintillators [35]

2013 14–70 MeV Gelatinous water e+e− → γ γ coincidence PET scanner [4]

2018 5–70 MeV Bulk SiO2 Cherenkov radiation of β+ Electron-multiplying CCD [5]

2019 40–220 MeV BeO e+e− → γ γ coincidence 3 BaF2 3.5 × 3.5 × 7 cm3 [6]

2022 3–18 MeV PMMA Nylon-6 e+e− → γ γ coincidence PET scanner [13]

2022 3–6 MeV He gas (inv. kinematics) Charged particles MUSIC [16]

2023 20–200 MeV SiO2 e+e− → γ γ coincidence PET scanner [7]

Fig. 4 Range of proton energies used in p+16O measurements and the
year of publication of the result, as listed in the Table 5

The production of β+ emitters was studied through the
annihilation process e+e− → γ γ . Initially, only one of the
511 keV photons was detected, predominantly in a NaI(Tl)
spectrometer. Later, a setup composed of a pair of detec-
tors allowed for coincident measurement of both 511 keV
photons. The use of PET scanners belongs to this category.

Random coincidences were found to be insignificant 2 min
after the irradiation, what was carefully checked using the
coincidences of the third BaF2 detector compared to the
pair of modules placed back-to-back [6]. In all cases, the
time-resolved decay of the produced activity allows to iden-
tify reaction channels with quite different half-lives. A novel
method was the measurement of the Cherenkov light emitted
by the positron in the β+ decay of radionuclides produced
in SiO2 bulk crystal irradiated with proton beam [5]. The
Cherenkov light intensity was then normalized to a selected
experimental value. In order not to be influenced by short-
lived activities produced on Si isotopes, the measurement
started 2 min after the end of beam. This delay is shorter
compared to the typical time of 5–20 min needed to move
the irradiated target from the beam zone to the measuring sta-
tion. One should mention here the recent study of the reaction
13N + α → 16O+p in inverse kinematics with exotic 13N
beam [16].

The use of the oxygen gas target was rather limited to the
angular distribution measurements. Numerous compounds
rich in oxygen were used as targets. Water is an interest-
ing option, as at energies below the pion production thresh-
old (∼280 MeV) proton-proton interactions are elastic only.
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Unfortunately, thin and portable water target, needed for off-
beam decay spectroscopy, is rather not feasible. The solid
compounds, like the already mentioned SiO2, should con-
tribute to the β+ yield only by short half-life isotopes.
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Szcześniak, T. Matulewicz, T. Horwacik, J. Swakoń, Reconstruc-
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