ACTA PHYSICA POLONICA A No. 5 Vol. 146

Proceedings of 5th Jagiellonian Symposium on Advances in Particle Physics and Medicine, Krakéw, Poland, 2024

Calculational Cross-Sections of (p,z) Reactions on
the ?C, “N and '°O for '>!'C Production

N. SAKHNO%"* W. MRYKA%? O. GORBACHENKO?,
[. KADENKO®?, E. STEPIEN? AND P. MOSKAL®?

@ International Nuclear Safety Center of Ukraine, Taras Shevchenko National University of Kyiv,
St. Volodymyrska 64/13, 01601 Kyiv, Ukraine

b Department of Nuclear and High Energy Physics, Faculty of Physics, Taras Shevchenko
National University of Kyiv, St. Volodymyrska 64/13, 01601 Kyiv, Ukraine

¢Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University,
Krakow, Poland

dCenter for Theranostics, Jagiellonian University, Krakéw, Poland

Doi: 10.12693/APhysPolA.146.731 *e-mail: nadiia.sakhno@knu.ua

For in vivo dose delivery monitoring in proton therapy the positron emission tomography can be applied
because the positron emitters are being produced by the nuclear reactions of protons with atomic nuclei
in a human body. The estimation of cross-sections of proton-induced nuclear reactions in the body is,
therefore, one of the important steps on the way to develop proton beam range monitoring with positron
emission tomography. Here, we calculate cross-sections for all open nuclear reaction channels initiated
by 150 MeV protons and featured with '°C and ''C formation in the output channels. Taking into
account the composition of elements in the human body and the data from the literature, we estimated
10¢ and ' C cumulative production cross-sections for proton-induced reactions in the human body.
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dose delivery validation

1. Introduction

One of the most promising methods for in
vivo radiation dose delivery validation in proton
beam therapy is positron emission tomography
(PET) [1-9]. Correct estimations of the produced
PET radioisotopes during proton irradiations can
be the basis for evaluating the correct in vivo dose
delivery and controling the location of the dose de-
livery. For a proton beam of 150 MeV energy, many
nuclear reaction channels are open and contribute
towards the production of short-lived nuclides. The
produced isotopes emitting positrons are for exam-
ple: 11C, 10C, 10, 150, 12N, 30P, 38K [10-14].

The carbon isotopes °C and ''C can be pro-
duced in (p, x) reactions on 2C, N and 160. In or-
der to calculate the cross-section for these reactions
as a function of the proton energy, we apply the
TALYS-2.0 [3] code using a two-component excit-
ing model to describe the pre-equilibrium processes
and the equilibrium state according to the Hauser—
Feshbach model with a deformed optical potential.
We compare the results of the cross-section calcu-
lations with experimental data from available nu-
clear data libraries and cross-sections determined
with other models [12-14].
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2. Reactions

In our study, we considered only proton-induced
reactions on the main chemical elements of the hu-
man body: carbon, nitrogen and oxygen, in partic-
ular on their most abundant isotopes: '2C, *N and
160, with the formation of °C and ' C in the out-
put channels. The isotope °C has the half-life of
19.309 s and decays only via the electron capture
(EC) or positron emission (31) mode; the reaction
is: 19C —» 19B* +-eT +v, — 1B+~ (718keV) +et +
Ve. The 11C isotope possess the half-life of 20.364 m
and decays via the reaction: ''C — "B + et + 1.
Both of the mentioned isotopes emit positrons and
can be used for beam range monitoring. The fact
that '°C emits additional prompt gamma opens
the possibility for positronium imaging during the
proton therapy [1, 15-17], as well as for disentan-
gling signals from different isotopes [18, 19]. Si-
multaneous registration of annihilation photons and
prompt gamma become possible with the recently
demonstrated multiphoton PET tomography sys-
tems [20-23]. Using multiphoton Jagiellonian PET
(J-PET) system, the first 4n-vivo positronium im-
ages of humans were recently demonstrated [24],
and also first phantom studies with clinical PET
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TABLE I

Kinematic data for 150 MeV proton energy of incident
protons of the >C(p, z)'**'C reactions.

Reaction products | @Q-value [keV] | Threshold [keV]
Mo +d —16496.12(6) | 17882.12(7)
HC+NN+p —18720.69(6) | 20293.60(7)
0C 4+t —23359.48(7) | 25322.15(8)
C 4+ NN +d —29616.71(7) | 32105.11(8)
0C 42NN +p —31841.28(7) | 34516.58(8)

system were reported [25]. It was also shown that
positronium is a promising biomarker of tissue
pathology [26-29] and a possible biomarker of hy-
poxia [30-32]. The possibility of hypoxia assessment
during irradiation with the proton beam would be
beneficial for the proper effective planning of the
tumor treatment [1].

2.1. Proton-induced nuclear reaction channels
on '2C with production of 1%1C
in the output channel

The kinematic data about these reactions '2C+p
(Elap = 150000 keV) are presented in Table I as an
example. In the table, the )-value denotes the en-
ergetic balance of the reaction (energy release or
absorption). The production of 1%11C in 2C(p, z)
nuclear reaction was investigated up to 150 MeV of
proton impinging energy. Graphical representation
of the calculation results obtained using TALYS-2.0
code are given in Figs. 1 and 2. The data are
taken from the EXFOR [12], JENDL-5.0 [13], and
ENDF /B-VIII [14] libraries, as well as TALYS cal-
culations. The experimental data is taken from the
EXFOR data library, and the figures presented in-
dicate this experimental data with the correspond-
ing reference to the year of publications, first au-
thor and EXFOR-ID subentry number with a brief
description of the experimental technique, as can
be seen at the EXFOR site [12]. The cross-section
for the production of ''C is expected to be greater
than the one for '°C. The obtained TALYS pre-
dictions underestimate the available experimental
results.

2.2. Proton-induced nuclear reaction channels
on "N with production of '%-1C
in the output channel

The production of '®!1C in “N(p, ) nuclear re-
actions was also investigated up to 150 MeV of
proton-impinging energy. Graphical representation
of the calculation results based on the TALYS-2.0
code is shown in Figs. 3 and 4. Other data is
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Fig. 1. Calculation results for the ““C(p, z) "C nu-
clear reaction.
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Fig. 2. Calculation results for the ““C(p, z)"* C nu-

clear reaction.

taken from the EXFOR and JENDL-5 libraries.
The cross-sections are quite low, the experimental
data are scarce, and even the trends with respect
to the energy predicted are quite different between
the calculated, evaluated and poorly available ex-
perimental data. From these data analysis, it would
be rather justified to rely on the TALYS results as
they are closer to fewer experimental measurements.
However, a potential discrepancy in two times be-
tween the JENDL and TALYS data for proton ener-
gies above 100 MeV in the case of °C can be taken
into account.

2.3. Proton-induced reaction channels on 0 with
production of '®!1C in the output channel

The production of 1%1C in 16Q(p, z) nuclear re-
actions was also investigated up to 150 MeV of
proton-impinging energy. Some experimental data
is available, which creates the basis for a much bet-
ter theoretical description and validation. A graphic
representation of the calculation results is shown
in Figs. 5 and 6, based on the TALYS-2.0 code out-
put files.
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Fig. 3. Calculation results for the **N(p, 2)'°C nu-
clear reaction.
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clear reaction.

Data is also taken from EXFOR and JENDL-5
libraries. There is a good correspondence between
some experimental, evaluated and calculated data
for 11C production. Again, the cross-section of 1C
production is expected to be greater than for °C
and this is confirmed by the experimental result.
According to JENDL-5, the production of '°C must
be significantly greater in the energy range from 60
to 120 MeV, but this irregularity is not confirmed
by any experimental data yet. At the same time,
this feature must be kept in mind in case of unclear
experimental results for this proton energy range.

3. Cumulative production of '>!''C nuclei in
the human body

For in vivo radiation dose delivery validation, we
have to clearly realize that the PET image will re-
flect an integrated picture of the '%'1C production.

Then, taking into account the atomic compo-
sition of the human body and the ratios of the
12C, ™N and 'O isotopes concentration relative
to the total number of atoms, k; = 7;/Natom
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Fig. 5. Calculation results for the *°O(p, z)""C nu-
clear reaction.
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clear reaction.

(k; — concentrations of the 12C, N, 160 isotopes
in the human body, i.e., kis() = 0.24, ki, = 0.12,
kN = 0.011) and using the following normalisa-
tion
k;

w; = ki ) (]‘)
i=12C,14N,160
with Wwiep = 0647, Wiz = 0323, wiaN = 00296,
one can define the full weighted relative cross-
section of 19C and the production of 11C as follows
Otot = Ww; 5. (2)
i=12(Q,14N,160

The production rates R [s7!] for the %11C iso-
topes are defined as follows

R = 040t Z

i:120’14N’160

ki Natom Js (3)

where j [cm~2s71] — the flux density of protons in
the human body.

When we look at the production of the PET
radioactive isotopes 1°C, 1'C, they can be gener-
ated in different ways. We used the relative w; con-
stants to distinguish which of the isotopes 2C, 14N,
160 contribute towards the '°C and ''C isotopes in
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Fig. 7.
code and JENDL-5 data.

the (p,x) reactions more effectively, with account
of their concentrations in the human body. The
w;’s are relative and normalized to unity concentra-
tions of 12C, N, 160 isotopes, and the product =
w; 0; indicates the relative efficiency of the produc-
tion rate of the isotopes 1°C, ' C from one of the
i-isotopes: '2C, N, 160,

Then we performed the calculations to com-
pare the 1°C and ''C cumulative production re-
action cross-sections, and the data are now shown
in Fig. 7.

As a result, there is an essential difference be-
tween TALYS-2.0 and JENDL-5 data.

All the presented cross-sections for the '%11C pro-
duction are available in the Jagiellonian University
Repository, see [33].

Cross-sections for the %0 production, pub-
lished in the recent article [34], are also available
in the Jagiellonian University Repository [35].

4. Conclusions

In our study, we calculated the proton-induced
nuclear reaction cross-sections on the stable iso-
topes 12C, N, and 60 that are the major com-
ponents of the human body, leading to the forma-
tion of 1°C and ''C as reaction products. For all

Comparison of the 1°C and *'C cumulative
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production reaction cross-section based on TALYS-2.0

these isotopes, the formation of '*C dominates over
the formation of '°C. This means that PET images
will mainly reflect information about the 'C for-
mation and further decay. However, the presence
of 1°C due to the emission of prompt gamma may
enable the developpment of the in-vivo assessment
of hypoxia based on the possibility of positronium
imaging [17, 24, 30].

When considering the cumulative production of
10C and 'C in a human body, the major contri-
bution to the °C cumulative production is due to
proton-induces nuclear reactions on 60 and '2C
isotopes, while the contribution from 4N is much
lower. For ''C, the main contribution to the cumu-
lative production is also due to reactions on '2C
and %0, but according to TALYS calculations, the
cross-section of nuclear reactions on 190 is greater,
and on 2C — lower. At the same time, accord-
ing to JENDL-5, the situation is opposite, i.e., the
cross-section on '2C is greater, and on 60 — lesser.
Which of the results is correct it is unclear and re-
quires separate and very thorough studying due to
the scarcity of experimental data. As for now, for
160 the JENDL-5 data is more trustworthy, and for
12C — the TALYS data, as can be seen in Figs. 2
and 6. Taking into account a relative content of 12C,
14N and '60 in the human body, the reaction yield
for 19C is expected to be lower than for 'C by one
order of magnitude.
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