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Experimental data on proton-induced neutron emission reactions in actinides are important for nuclear
astrophysics, nuclear energy, and medical applications. Presently existing data on (p, xn) reactions in thorium and
uranium at low energies range (E, < 20 MeV) are somewhat scarce and often contradict each other. In this work,
the cross sections of proton-induced > Th(p, n)***Pa, 2*2Th(p, 3n)**°Pa, U (p, n)***Np, 28U (p, 3n)>*"Np, and
28U(p, np)*"U reactions are measured at the proton energy range 12—17 MeV using the stacked-foil technique
and with the induced activation method. y-ray spectroscopy is used to identify the resulting radionuclides and
to determine their yields. In total, there are 21 cross sections determined in this work for the listed reactions.

This new data set can help to clear up the discrepancies between existing data sets from different experiments,
as well as to fill in the gap of missing low-energy data. The cross-section data are compared to the predictions
of the nuclear reactions simulation code TALYS1.96, using different combinations of options of several main
ingredients of the code, such as the photon strength function, the optical model potential, the fission barrier, the

nuclear level density, and the pre-equilibrium mechanism.

DOI: 10.1103/PhysRevC.109.065802

I. INTRODUCTION

Nuclear transformations induced by galactic cosmic rays
(GCRs) in the interstellar medium and by solar energetic
particles (SEPs) in the circumsolar medium influence the
elemental and isotopic composition of stellar and planetary
surfaces, meteorites, and cosmic dust (see Ref. [1] and ref-
erences therein). The main component of the GCRs and the
SEPs initiating inelastic nuclear reactions are protons with
their overwhelming fraction occupying the energy range be-
low 100 MeV (see, e.g., Ref. [2]). One of the basic ingredients
of theoretical models elaborated for the description of the
aforementioned transformations are inelastic cross sections
of proton-nuclear interactions. These concern proton-induced
reactions on actinide nuclei, in particular, (p, xn) reactions
on 22Th and 2**U. The available experimental data on these
reactions is sometimes scarce and the results are often con-
tradictory if available, specifically at incident energies up to
a few tens of MeV [3-16]. The aim of this work is to rec-
tify the situation by measuring the following proton-induced
reaction cross sections: 2>Th(p, n)***Pa, *’Th(p, 3n)***Pa,
2815(p, n)®¥Np, 23U (p, 303" Np, and 2U(p, np)>'U at
several energies below 18 MeV. The new measurement results
can help to clarify the discrepancies between existing data
sets from different experiments, as well as to fill in the gap
for nonexistent cross sections at low energies. An example
is the data for the Z*U(p, np)>"U reaction. In addition to
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being of astrophysical interest, this type of data [for example
in the 232 Th(p, 3n)**°Pa reaction] can also have medical ap-
plications. Low energy proton-induced reaction cross-section
data can support, for example, the targeted o therapy that
utilizes the decay series of «-particle-emitting radionuclide
230y to apply a localized, cytotoxic dose of « radiation to
tumor cells (see, e.g., Refs. [7,9]). New experimental data can
also be useful for testing predictions of reaction models at low
energies.

The experiment was carried out at A. Alikhanyan National
Science Laboratory (AANL) using the 18-MeV proton beam
of the C-18 cyclotron. The proton-induced activation method
was utilized in the experiment. The yields were determined
by y-ray spectroscopy of the irradiated thorium and uranium
targets. The description of the experimental procedure is given
in Sec. II. The experimental results and their comparison to
the data from other works and to the theoretical predictions
of the TALYS1.96 code are presented in Secs. III and IV,
respectively, with a final summary and conclusion in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Target system and irradiation

The target system consists of nine consecutive assemblies
of stacked disk-shaped foils of 12 mm diameter. Each as-
sembly consisted of a 20-um-thick copper foil followed by a
target made from a deposition of a natural uranium or thorium
thin layer on Al backing (of 23.5 and 33.5 um thickness,
for thorium and uranium targets, respectively). The masses

©2024 American Physical Society
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of uranium and thorium layers were determined by y-ray
spectroscopy analysis using the natural y activity of the 233U
and *?Th decay series, around the E, = 1001.0-keV line
of the radioisotope >**"Pa and the E, = 238.6-keV line of
the radioisotope 2!>Pb, respectively. The y-ray spectroscopy
measurements were performed at the AANL underground
low-background laboratory located at the Avan salt mine
near Yerevan. y rays were measured with an experimental
setup based on a high-purity germanium (HPGe) detector
(see below). The ambient background contribution (composed
9% + 1% and 20% =+ 2% of the aforementioned y lines of
2817 and **2Th decay series, respectively) was subtracted
from the measured activity. The masses of all individual layers
were estimated. The average masses of uranium and thorium
layers were equal to 1.058 +0.070 and 1.087 4 0.068 mg,
respectively. The quoted errors were mainly due to systematic
errors caused by the uncertainty (about 5%) in the measured
efficiency of the HPGe detector.

The target system was inserted into the NIRTA container
[17] and exposed in the extracted proton beam of the C-18
cyclotron for 10 min. Copper foils and Al backings serve as
proton energy degraders and provide desirable mean energy of
protons in each of the thorium and uranium layers. The degra-
dation of proton energy E, throughout the target stack was
calculated using the SRIM code [18] resulting in a variation
of the E, mean value from 17.00 £ 0.36 to 12.00 £ 0.21 MeV
for the first and last uranium layers, and from 16.43 4 0.08
to 12.68 £0.18 MeV for the first and last thorium layers.
For copper foils this variation was from 17.40 £ 0.05 to
12.51 £ 0.19 MeV. The beam intensity at each target location
was determined as shown below.

B. y-ray spectroscopic measurements

The induced activity of the targets was used to measure
the yields of radionuclides. The y-ray spectroscopic measure-
ments were carried out in the AANL underground laboratory
[19,20] located at a depth of 650 m of water equivalent. A
HPGe GCD-20180 germanium detector was used in mea-
surements. The diameter, length, and sensitive volume of the
germanium crystal were, respectively, 51.7 mm, 49.05 mm,
and 101.2 cm?. The detector resolution at 1.33 MeV was
1.8 keV. The relative registration efficiency at 1.33 MeV is
equal to 20%. The detector was surrounded by a shielding
of low-activity lead and copper to suppress the influence of
the external background. To prevent radon from entering the
setup, the detector was wrapped in a polyethylene bag that was
purged with nitrogen. A detailed description of the germanium
detector and its calibration procedure is presented in detail in
Ref. [20].

The copper foils were made of natural copper with 69.1%
3Cu and 30.9% % Cu isotopes. They were used to measure the
yield of the ®Cu(p, n)®*Zn monitor reaction. The well-known
E, dependence of the monitor reaction cross section oy (£p)
[21] (recommended by the IAEA) allows one to estimate the
mean current Ié (i=1,...,9) in each copper foil. As a result
of y-ray spectroscopic analysis of irradiated copper foils, the
estimated values of I, for all of them turned out to be compara-
ble within statistical errors, with a value averaged over all foils

of I, = 0.721 £ 0.0541 A, where the quoted error included
also 4.2% uncertainty in o, (E,) [21].

III. MEASUREMENT RESULTS AND DISCUSSION

The following reactions were considered in this work:

232Th (P, n)232Pa, (1)
22Th (p, 3n)*Pa, )
238U (p’ n)238Np, (3)
238U (P, 3n)236mNp, (4)
238U (p’ np)237U. (5)

In reaction (5) the final (np) system comprises both a
deuteron and an unbound neutron-proton pair. All daughter
products of reactions (1)—(5) listed above are radionuclides
and can be identified by y rays accompanying their decays.
We do not consider here two-neutron emission (p, 2n) re-
actions, since their daughter nuclei >*'Pa and >*’Np are «
radioactive and their decays are not accompanied by suffi-
ciently intense y rays.

Table I summarizes the decay parameters (taken from
Ref. [22]) used for the identification of daughter radionuclides
in reactions (1)—(5) and the measurements of their yields,
as well as the y detection efficiencies. The y-ray spectro-
scopic analysis around the 94-98-keV region is complicated
due to the contribution of adjacent lines E, = 97.1 keV and
E, = 101.1keV belonging to the daughter nucleus 27( from
reaction (5). The yields of the daughter nuclei >**"Np and
7y were, therefore, estimated simultaneously from a com-
bined analysis of y-ray spectra in a relatively wide interval of
E, =93 — 102 keV. An independent estimation of the By
yield was also done using its line £, = 208.0 keV.

The reliability of the identification of daughter nuclei was
verified by multiple spectroscopic measurements and the de-
cay curve analysis resulting in the following half-life values:
Ti/2(**?Pa) = 1.312 £ 0.019 days, T; »(***Pa) = 17.55 £ 0.21
days, Tj 2(**®Np) = 2.24 & 0.22 days, T;,2(3°™Np) = 22.27
+0.65 h, and T; »(**"U) = 6.78 & 0.03 days, all in agreement
with recommended values (cf. Table I).

The yield Y of a reaction is defined as the number of the
nuclei of a given radioisotope formed in the target per second
of its irradiation. It was determined by the following formula:

_ S(tr/1L)M
Le, (1 — e He)eHe(1 — e~ Hr)’

(6)

where S is the area of the total absorption photopeak for the y
line of a given radioisotope, &, is the efficiency of y-quantum
registration, /,, is the relative gamma intensity, A is the decay
constant of the given radioisotope, ¢, is the irradiation time,
t. is the time between the end of irradiation and the start of
measurements (cooling time), and #z and #; are the real and
live time of y-ray spectroscopic measurement. The yield Y is
related to the cross section o of the reaction as

Y = Iyo, (N
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TABLE I. Decay parameters of the daughter nuclei of reactions (1)—(5) taken from Ref. [22].

Product Half-life y energy Relative y intensity y detection efficiency,
nucleus Ty, (day) E, (keV) per decay I, (%) &, (%)
232py 1.31 894.35 19.6 0.162
20py 17.4 951.88 29.6 0.153
Z¥Np 2.099 1028.53 18.23 0.144
Z6mNp 0.937 94.65 10.5 0.704
98.43 17.0 0.720
“u 6.75 97.07 15.4 0.714
101.06 24.5 0.729
208.01 21.2 0.618

where v, is the number of target nuclei per unit area. The
averages over multiple measurement values of Y and its statis-
tical error were used when extracting the cross section from
Egs. (6) and (7). The obtained cross sections for reactions
(1)—(5) are tabulated in Tables II and III. The quoted errors
comprise, in addition to the statistical error, the systematic
error (about 7%) contributed mainly by 5% uncertainty in
&, and 4.2% uncertainty in the cross section of the monitor
reaction [21]. Our data are compared to the results of other
experiments in Figs. 1 -5, from which the following observa-
tions can be done.

Our data on reaction (1) are comparable and in general
agree with the previous measurements shown in Fig. 1, but
somewhat overestimate the lowest energy data of Kmak (in-
verse triangles at £, < 15 MeV) [6] and Kudo (full circles at
E, < 13 MeV) [4].

Our data on reaction (2) are comparable to the common
trends of the data available from previous measurement as
shown in Fig. 2. Note that the daughter nucleus >*°Pa of
reaction (2) is a precursor of 2*°U whose a-decay series may
be of import to medical applications in the targeted « therapy
for cancer (see, e.g., Refs. [7,9]). Table II shows that the cross
section of the (p, 3n) reaction increases steeply as a function
of proton energy. The increase is steeper than for the (p, n)
reaction data. At our highest energy £}, = 17.0 MeV, the ratio
o3n/o, reaches about 5.6.

Figure 3 shows that the existing data for reaction (3) varies
significantly (up to a factor of ~2) between different publi-
cations. Our results are comparable to those of Guzhovskii
(black triangles) [12], but contradict those of Aaltonen (open
triangles) [11] and Ageev (black circles) [13].

TABLE II. The E, dependence of the cross section o, for
the 2’Th(p, n)***Pa reaction and the cross section o3, for the
22Th(p, 3n)*°Pa reaction.

Figure 4 shows that there are large discrepancies (up to a
factor of ~3) in the available data on reaction (4). Our data
are comparable to common trend of the energy dependence.
As in the case of thorium, the ratio os,/0, for the uranium
target increases steeply with £}, and reaches about 5.4 at our
highest energy E, = 17.0 MeV (see Table III).

The E, dependence of the reaction (5) cross section is
presented in Table IIT and Fig. 5. Our data fill partly the
gap on reaction (5) in the relatively low energy region of E,
< 20 MeV.

IV. COMPARISON WITH TALYS1.96 MODEL
PREDICTIONS

The cross-section data plotted in Figs. 1-5 were com-
pared to the predictions of the nuclear reaction simulation
TALYS1.96 [23]. The calculations were performed for differ-
ent options of the following five ingredients of the code: the
photon strength function (PSF), the optical model potential
(OMP), the fission barrier (FB), the nuclear level density
(NLD), and the pre-equilibrium mechanism (PEM). About
two hundred combinations of the PSF, OMP, FB, NLD, and
PEM options were tested.

It can be noted that the calculations showed a rather mi-
nor sensitivity of the considered cross sections to the PSF
options (less than 10% spread between different options
in the energy range E, = 12—17 MeV). The same can be
said concerning the OMP options, with the exception of the
Jeukenne-Lejeune-Mahoux (JLM) option (option JLM OMP,
see Ref. [24] and references therein) whose predictions for

TABLE III. Single-neutron emission cross section (o,), three-
neutron emission cross section (o03,), and np emission cross section
(0wp) as a function of energy for 2*U(p, n)**Np, 2%U(p, 3n)***"Np,
and 28U (p, np)**’U reactions, respectively.

Thorium E, Uranium E,

subtarget MeV) o, (mb) 03, (mb) subtarget (MeV) o, (mb) 03, (mb) Oyp (mb)

1 16.4 £0.08 17.54 £ 1.53 98.7 £ 6.0 1 170£0.36 12.89 £ 1.11 69.22 £5.06 39.90 +2.94
2 15.3+0.12 16.74 £1.48 222+ 1.4 2 15.8+0.10 12.50+0.93 27.17+1.99 21.84+1.61
3 14.1 +£0.13 14.92 £1.48 1.57 +£0.15 3 1474+0.14 11.90+0.87 8.99+0.69 11.67+1.36
4 129+£0.16 13.62 +1.45 4 13.5+0.27 9.86+0.87 5.36 £0.44
5 12.7+0.18 13.22 £1.56 5 12.0+£0.21 7.44+£0.71 1.20+0.19
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FIG. 1. The E, dependence of the B2Th(p, n)**?Pa reaction cross
section.

(p, 3n) reactions are almost fivefold lower compared to the
cross sections with other OMP options. The tests have also
shown that, with the JLM option, the predicted cross sections
of (p, 3n) reactions turn out to be strongly underestimated
compared to the experimental data, irrespective of the choice
of the PSF, FB, and NLD options. Hence, in the following
evaluations, the default options of the PSF and OMP were
chosen, namely, the simplified modified lorentzian (SMLO)
option with the PSF tables suggested by Goriely and Plujko
(see Ref. [23], the option strength 9) and the global optical
model for the OMP proposed by Soukhovitskii et al. [25] for
the description of experimental data concerning the nucleon
scattering on actinide nuclei (the option Soukho OMP).
Further, the calculations showed a moderate sensitivity of
the cross sections of (p, n) reactions to the FB options (about
35% spread between different options), while for the case of
(p, 3n) reactions the model predictions at various FB options
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FIG. 2. The E, dependence of the Z2Th(p, 3n)*Pa reaction
cross section.
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FIG. 3. The E, dependence of the 23U(p, n)***Np reaction cross
section.

differ by a factor of 5-10. A comparatively better description
of the data on (p, n) reactions was achieved at the FB option
fismodel 5 (WKB approximation for the fission path model
[26]). For the case of (p,3n) reactions only a very rough
description of the data was provided at the default option
fismodel 1 (“experimental” fission barriers [27]). The other FB
options were exhibiting larger discrepancies with the experi-
mental data.

Further, all six options of the NLD (Idmodel 1-ldmodel 6)
were tested in TALYS code (descriptions of the options are
given in [23]), namely

Idmodel 1: Constant Temperature + Fermi gas model
(CTM) [28],

Idmodel 2: Back-shifted Fermi gas Model (BFM) [28],

Idmodel 3: Generalised Superfluid Model (GSM) [29],

F T T T T T T T T T
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FIG. 4. The E, dependence of the $U(p, 3n)**™Np reaction
cross section.
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FIG. 5. The E, dependence of the 2*U(p, np)**’U reaction cross
section.

Idmodel 4: Skyrme-Hartree-Fock-BCS plus statistical
model (SHF-BCS) [30],

ldmodel 5: Skyrme-Hartree-Fock-Bogolyubov plus combi-
natorial model (S-HFB) [31],

Idmodel 6: Temperature-dependent Gogny-Hartree-Fock-
Bogolyubov level densities from Hilaire’s combinatorial
tables (T-GHFB) [32].

The NLD options were tested at chosen specified options
of other ingredients, namely (see above)

(i) for the PSF - the option SMLO (the default option);
(i1) for the OMP - the option Soukho OMP (the default
option);
(iii) for the FB - the option fismodel 5 for one-neutron
reactions (1) and (3), and the default option fismodel
1 for multinucleon reactions (2), (4), and (5).

The predictions for the NLD options Idmodel 1-ldmodel 6
concerning the cross sections of reactions (1)—(5) are plotted
in Figs. 1-5 from which the following observations can be
made:

(i) For the 2 Th(p, n)**?Pa reaction, the best (and almost
satisfactory) description of the majority of the data at
the energy range E, = 7—17 MeV is achieved at the
option GSM, as it is seen from Fig. 1.

(i) For the 238U(p, n)238Np reaction, the best (although
not satisfactory) description of the majority of the data
at the energy range E, = 8—17 MeV is achieved at
the option GSM, as it is seen from Fig. 3.

(iii) For the 2*>Th(p, 3n)**°Pa reaction, the best (although
not satisfactory) description of the majority of the data
at the energy range E, = 14—18 MeV is achieved at
the option CTM, as it is seen from Fig. 2.

(iv) For the 238U(p, 3n)236mNp reaction, the best (and
almost satisfactory) description of the majority of
the data at the energy range E, = 14—17 MeV is
achieved at the options CTM and BFM, as it is seen
from Fig. 4.

(v) None of the considered combinations of the PSEF,
OMP, FB, and NLD options can reproduce (even
roughly) the data on the 23¥U(p, np)**’U reaction, as
it is seen from Fig. 5; the predicted cross sections
strongly underestimate (especially at E, < 18 MeV)
the experimental cross sections.

Finally, an attempt was undertaken to clarify whether
the aforementioned inconsistencies between the model pre-
dictions and experimental data could be reduced depending
on the choice of the option of another ingredient of the
model—the pre-equilibrium mechanism (PEM) of the reac-
tions considered. As expected (see Ref. [23] and references
therein), at our energies the PEM can have a sizable contribu-
tion (along with the dominant compound nucleus mechanism)
to the reaction cross section. All results of the model calcu-
lations plotted by solid curves in Figs. 1-5 were done at the
default option of the PEM, preeqmode 2 (exciton model: nu-
merical transition rates with energy-dependent matrix element
[33]). Our calculations with three other options incorporated
into the code (preeqmode 1, preeqmode 3, preeqmode 4)
showed some improvement of the data description only at
the option preeqmode 1 (exciton model: analytical transi-
tion rates with energy-dependent matrix element [34]) and
only regarding one-nucleon *>Th(p, n)***Pa and especially
28U (p, n)**8Np reactions (see dashed lines in Figs. 1-5).

V. SUMMARY

The cross sections of several proton-induced reac-
tions were measured: *’Th(p, n)***Pa, ***Th(p, 3n)**'Pa,
2815(p, n)?*¥Np, 23U(p, 3n)>™Np, and 23U(p, np)*>'U.
The proton beam energy ranged 12-17 MeV. We used the
stacked-foil technique and the induced activation method. y-
ray spectroscopy was used to measure the activities of the
various produced radioisotopes. The spectroscopic measure-
ments were carried out in a low background underground
laboratory (the Avan salt mine near Yerevan). The results,
including 21 extracted cross-section data, were compared
with previous measurements to elucidate some of the existing
discrepancies measured by others. Our data on the reaction
22Th(p, n)***Pa falls within the error bars of the majority of
the previous measurement data, but somewhat overestimates
the lowest energy data of Kudo et al. (full circles at E,
< 13 MeV) [4] and Kmak ef al. (inverse triangles at E, < 15
MeV) [6]. Our data on the 232Th(p, 3n)3%Pa reaction are
comparable to the common trends of the data of Roschin et al.
[3], Celler et al. [5], Steyn et al. [8], Kudo et al. [4], and
Morgenstern et al. [9], but the same cannot be said for the
data of Tewes et al. [10] and Griswold et al. [7]. The existing
data for the 23U (p, n)***Np reaction vary significantly (by up
to a factor of 2) between different publications. Our results
are comparatively close to those of Guzhovskii et al. [12],
but obviously contradict those of Aaltonen et al. [11] and
Ageev et al. [13]. For the reaction 238U(p, 3n)236mNp, our
results are qualitatively comparable to the data of Aaltonen
et al. [11] and Ageev et al. [13], but contradict those of
Bellido et al. [15]. We provide data for the first time in the
low-energy range (E, < 20 MeV) for producing 27U in the
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reaction 22%U(p, np)?>"U. The existing data on this reaction
(by Zhao et al. [16]) cover the range E, > 20MeV.

The cross-section data are compared to the predictions
of the nuclear reaction simulation code TALYS1.96, using
different combinations of options of several main ingredients
of the code, such as the photon strength function (PSF), the
optical model potential (OMP), the fission barrier (FB), the
nuclear level density (NLD), and the pre-equilibrium mecha-
nism (PEM). The following conclusions can be inferred from
a comparison to the model predictions:

(i) The predicted cross sections exhibit rather minor sen-
sitivity to the choice of the PSF and OMP options
(except for the JLM option of the OMP).

(i) The model calculations showed a moderate sensitivity
of the cross sections of (p, n) reactions to the FB op-
tions (about 35% spread between different options),
while for the case of (p, 3n) reactions the model pre-
dictions at various FB options differed by a factor
of 5-10. A better description of the data on (p, n)
reactions was achieved at the FB option fismodel 5
(WKB approximation for fission path model). For the
case of (p, 3n) reactions only a very rough descrip-
tion of the data was provided at the default option
fismodel I (experimental fission barriers), while other
FB options exhibited larger discrepancies with the
data.

(iii)) The strongest sensitivity of the predicted cross sec-
tions was manifested with respect to the NLD options.
A comparatively better description of the data is
achieved at the option GSM for *>Th(p, n)***Pa and
28U (p, n)**8Np reactions, at the option CTM for the
reaction 232Th(p, 3n)230Pa, and at the options CTM
and BFM for the reaction 23%U(p, 3n)***™Np.

(iv) A certain improvement of the data description for
one-nucleon 2*2Th(p, n)**?Pa reaction and especially
28U(p, n)***Np reaction can be achieved at the option
preegmode 1 of the PEM.

(v) None of the considered combinations of the
PSF, OMP, FB, NLD, and PEM options can
reproduce (even roughly) the data on the reac-
tion 23U(p, np)**’U. The predicted cross sections
strongly underestimate (especially at E, < 18 MeV)
the experimental cross sections.
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