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In this study, we present an improved formulation for calculating (p, n)
reaction cross sections at a proton energy of 12.4 MeV. This new approach is
based on updated experimental data (EXFOR 2026), a revised compilation
of non-elastic cross sections using the TALYS nuclear reaction code, and a
re-evaluation of the empirical adjustment parameters. The proposed model
builds upon the work of Broeders and Konobeyev (2008) and integrates key
theoretical elements of the compound nucleus regime, including the semi-
empirical mass formula and the statistical evaporation model. Comparisons
with TALYS calculations, which include both statistical and pre-equilibrium
contributions, demonstrate the validity of our approach at 12.4 MeV, where
compound nucleus mechanisms dominate. The revised six-parameter for-
mulation demonstrates excellent agreement with the latest experimental
data and yields significantly reduced values for the statistical deviation
metrics X and x2. This work contributes to the refinement of nuclear re-
action models and provides a reliable tool for cross-section prediction in
applied and fundamental nuclear science.

DOI:10.5506/ APhysPolB.57.7-A4

1. Introduction

Proton-induced nuclear reactions have long been a subject of interest
due to their broad applications in fields such as medicine, particle physics,
energy production, and fundamental research. Among these, the (p,n) re-
action plays a particularly crucial role in the production of radionuclides for
medical diagnostics and therapy, as well as in studies of nuclear structure
and reaction mechanisms [1].

The increasing need for accurate nuclear data has driven researchers to
develop more refined theoretical models and parameterizations. These mod-
els, including those based on the exciton and evaporation mechanisms, aim
to describe the complex interaction between an incident proton and a target
nucleus. Experimental observations are essential to validate and calibrate
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these models, especially in cases where direct measurements are limited or
unfeasible. Thus, the synergy between experimental data and theoretical
modeling forms the cornerstone of reliable nuclear data evaluations [2-5].

In this study, we focus on the (p, n) reaction at an incident proton energy
of 12.4 MeV — an energy range of particular importance for applications in
nuclear medicine and intermediate-energy physics. Our main objective is
to construct a nuclear data library based on this reaction, combining theo-
retical modeling and updated experimental compilations. By doing so, we
aim to enhance the predictive capability of existing nuclear reaction models
and extend their applicability to isotopes or conditions beyond the reach of
experimental investigation.

The methodology involves several key steps: the collection and critical
evaluation of available experimental data for (p,n) reactions at 12.4 MeV,
followed by the development and adjustment of theoretical models to fit this
data accurately. Finally, we propose an improved semi-empirical formula,
rooted in the framework of the statistical evaporation model, and semi-
empirical mass systematics.

More specifically, we present a revised six-parameter formulation derived
from the work of Konobeyev et al. [6], which offers significantly better agree-
ment with the experimental cross sections for a broad range of isotopes. The
ultimate goal of this work is to provide the nuclear science community with
a reliable, accurate, and accessible (p,n) cross-section dataset at 12.4 MeV,
contributing both to theoretical insight and practical applications in the
field.

2. Materials and methods

In this section, we first address the TALYS code, an advanced computa-
tional tool widely used for the modeling and prediction of nuclear data. We
briefly present its operating principles, fields of application, and the essen-
tial parameters employed in our simulations. In the second part, we describe
the nuclei investigated in this work, specifying their physical characteristics
and their relevance in the context of cross-section calculations, there by es-
tablishing a clear connection between the simulation tool and the nuclear
systems under analysis.

2.1. TALYS code and non-elastic cross sections

TALYS is a comprehensive nuclear reaction modeling tool designed to
simulate reactions induced by neutrons, photons, protons, deuterons, tritons,
3He, and alpha particles across a broad energy range (from eV to 200 MeV),
for target nuclei with A > 12 [7|. It incorporates multiple theoretical models
within a unified framework, including optical models, compound nucleus
formation, pre-equilibrium emission, and fission dynamics.
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In this study, TALYS is used primarily to calculate non-elastic cross sec-
tions and to evaluate the pre-equilibrium contribution to particle emission.

As illustrated in Fig. 1, the non-elastic cross sections of all isotopes
involved in this study have been calculated at 12.4 MeV using the TALYS
nuclear code.
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Fig.1. Non-elastic cross sections calculated by TALYS code for stable nuclei with
43 < A <209 at 12.4 MeV.

These opon(12.4 MeV) values are approximated by
Onon(12.4 MeV) = 763.277 4 6.325A4 — 0.05357A% +7.282 x 107°A4%. (1)

2.2. Analysis of (p,n) reactions based on energy thresholds

It is convenient to classify target nuclei into two categories based on the
threshold of the (p, 2n) reaction relative to the incident energy of 12.4 MeV.
This classification is justified because the emission of a second neutron be-
comes energetically feasible only when the (p,2n) threshold is lower than
the incident proton energy.

2.2.1. Nuclei with (p, 2n) reaction thresholds above 12.4 MeV

At the incident energy of 12.4 MeV considered in this study, (p,n) reac-
tions proceed predominantly via compound nucleus formation followed by
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statistical evaporation. This energy falls within the optimal validity domain
of the Hauser—Feshbach model (8-25 MeV), where statistical mechanisms
largely prevail over direct and pre-equilibrium processes. Among the iso-
topes studied, 31 nuclei present (p,2n) reaction thresholds above 12.4 MeV.
For these nuclei, the (p,n) reaction occurs through compound nucleus for-
mation followed by statistical evaporation, with fewer competing pathways
than for nuclei where the (p, 2n) reaction is energetically allowed. This con-
figuration simplifies the analysis by reducing the number of competing decay
channels. The derivation presented here builds upon the Hauser—Feshbach
model [8], as previously detailed in our prior work [9], but briefly summarized
below for completeness.

The non-elastic reaction cross section opon at 12.4 MeV and the decay
widths I, (neutrons) and I, (protons) determine the (p,n) cross section

I
O'(p,n) = Unon(12.4 MeV)m . (2)

The decay widths are calculated as follows:

2, + )My 5, o U, Up+ B, + 9,
r, = =T g2 (2 Bt B
p 7Th2 R p £p €xXp Tp ) (3)
@I+ DM, By + 6,
r, = s R*T; exp T , (4)

where M), Jp, Up, €p, By, and 9, denote, respectively, the mass, spin,
Coulomb barrier, emitted energy, separation energy, and shell correction
of the proton. Analogous parameters are defined for neutrons.

The @-value of the reaction is expressed as

Q(p,n) = Up + Bp —+ 6p - B, —6,. (5)

A semi-empirical approximation of this QQ-value is given by

N-Z7Z-1 A

with «; representing empirical constants. The nuclear temperatures are
given by

COE.
2
TE N (7)
C (0E, + Qpn
T2 ~ ( p Q(pv )) , (8)
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where § = A/(A+1) and C is a constant linked to the level density param-
eter. Substituting this into the cross section formula, one obtains

Tnon(12.4 MeV)
A ([ Qn .
1 +exp [ iCOE, ( 0B, Qpm) — 2Up)}

This motivates the following six-parameter empirical formula:

B Tnon(12.4 MeV)
70  oxp [AM (A28 + AsS + B + As) + Ag)

(9)

(pn) =

where

— S=(N—-Z-1)/A (asymmetry parameter);
— & = Z/A'3 (Coulomb term);
— \; are fitting parameters.

2.2.2. Nuclei with (p, 2n) reaction thresholds below 12.4 MeV

For nuclei in which the (p,2n) reaction threshold lies below 12.4 MeV,
the probability of a second neutron emission becomes non-negligible and
must be considered in the analytical modeling of the (p,n) cross section.
In this case, part of the reaction flux is shared with the (p,2n) channel,
leading to a reduction in the observable (p,n) yield. Following the approach
of Broeders et al. [3], the cross section can be written as

I /T

= Onon = ) 11
T = o T, T 14 /T, ()

where I, and I}, are the total neutron and proton decay widths, and I},
represents the partial neutron width in the energy interval from 0 FEj,+Q 2,
to O0E, + Qpny, With 6 = A/(A +1). Integrating over this interval, one
obtains an approximation for the partial width ratio

/ OF, + " OF, + "
& = exp [_ P TQ(M )] (1+ P TQ(:D, )) . (12)

Iy

The @-value for the (p,2n) reaction is approximated using a semi-empirical
expansion

N —Z —3\? N-Z-15 (Z +1)?
Q(p,2n) = a1 A Qa2 4 0437144/3

Z 1
—1-0447141/3 + CM57Al/3 + ag, (13)



7-A4.6 L. OMEIR, N. AMRANI

where N, Z, and A are the neutron, proton, and mass numbers of the target
nucleus, and «; are fit parameters. Using the results of Eqgs. (11), (12), and
(13), a six-parameter semi-empirical formula is proposed for the (p,n) cross
section in this case

) = Guon(124 MeV) exp [ A2 (1 E2 + 32 35V + 7))
+ (1 + A2 (5 K2 + ’VGW)> , (14)

with
— K=(N-Z7Z-3)/A4,
— W=(N-Z-15)/A;
— V= 2Z/AY3
— ~;: empirical fit parameters.

3. Results

3.1. Nuclear excitation functions for (p,n) processes

In this study, the reaction threshold energies were determined for each
isotope using the QCALC tool provided by the Nuclear Data Services of
Brookhaven National Laboratory'. For endothermic reactions, the threshold
energy Fyy, is calculated using the expression

ms +m
EBp=———"—"—|qQ], (15)

where m1 and mg denote the masses of the incident and outgoing particles,
respectively, and my is the mass of the residual nucleus. @ is the reaction
@-value derived from mass differences [10].

Experimental excitation functions for (p,n) reactions were collected for
95 stable target nuclei with mass numbers 43 < A < 209. Among these,
31 nuclei exhibit (p,2n) reaction thresholds greater than 12.4 MeV. The
data were extracted from the EXFOR2026 database in the energy interval
12.0-12.8 MeV. Where necessary, the cross sections were interpolated or
extrapolated to 12.4 MeV using suitable statistical software.

To obtain a representative value at 12.4 MeV, each dataset was statisti-
cally analyzed using the weighted average method as follows [6]:

() — 21104/ (Agj)?
X (Ao
(Ac®P) = max(Aocg,Aop), (17)

! http://www.nndc.bnl.gov/qcalc/
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with the statistical uncertainties defined as

>ii(oj = (o9®))?/(Acj)?
AO’A = \/ n_l j 11/(A0.])] , (18)
—1/2
Aog = ; (Aaj) . (19)

Here, 0; and Ac; represent the experimental cross section and its uncer-
tainty from the j™ measurement, while n denotes the number of available
experimental data points for a given nucleus. The final evaluated cross sec-
tion at 12.4 MeV, expressed as (c*P) £ (Ac®*P), is summarized for all 95
nuclei in Table 1.

Table 1. Experimental and calculated (p,n) reaction cross sections at 12.4 MeV
for 95 target nuclei. The table includes the measured values oexp £ Adexp, the
calculated cross sections ogys from Eq. (10) and Eq. (14), and the deviation factor

N exp _ ?al 2
m- vt (555

Z A Oexp £ AOexp Osys > Experimental references
20 43 259.1 £ 17.8 207.8 8.30 [4, 11]

20 44 744.4 £ 35.5 599.9 16.57 [4, 11]

21 45 3480 +272 2305 18.66 [4, 12-15]

22 47 309.2 4+ 44.8 261.3 1.14 [4, 16]

22 48 509.6 + 14.5 461.7 10.90 [4, 16718]

23 51 430.8 + 71.8 852.5 34.50 [4, 16, 19-23]

24 52 476.4 £+ 26.5 353.4 21.54 [4, 16]

24 54 8793 +£87.9 10179  2.49 4]

25 55  444.0 £80.0 6247  5.09 [24]

26 56 390.6 &+ 19.5 309.1 1747 [4, 16, 25, 26]

26 57  348.7 £ 54.5 570.6 16.57 [4, 16, 27]

26 58 718.0 £+ 40.1 773.7 1.93 [4, 28, 29]

27 59 604.3 + 60.4 478.7 4.32 [23]

28 60 302.3 + 16.0 301.6 0.00 [4, 14, 30-33]

28 61  383.9 +27.7 487.0 13.86 [14, 16, 30, 33, 34]
28 62  619.2+130.9 630.5 0.00 [4, 33, 35]

28 64  571.6 £ 785 7729  6.58 | [4, 14, 16, 31, 33, 34, 36, 37]
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Continuation of Table 1

Z A Oexp £ AOexp Osys > Experimental references
29 63 424.5 4+ 14.6 448.3 2.66 [4, 38—41]
29 65 686.2 + 16.9 667.3 1.24 [4, 39, 42—44]
30 64  369.0+£44.0 3110 1.74 [45]

30 66  612.1+£209 5980  0.45 [4, 14, 40, 46-49)]
30 67 573.9 +£53.1  641.4 1.61 [4, 47-50]
30 68 776.8 £ 25.1  658.1 22.36 | [4, 12, 14, 40, 47, 48, 50-52]
31 69 851.8 £ 66.1  563.3 19.05 [4, 14, 53]
32 70 603.7 + 60.4  540.5  1.09 [4]

32 72 914.6 4+ 91.5 643.8 8.75 [4]

32 74 924.9 + 92.5 534.9 17.77 [4]

32 76 365.6 £ 36.6 395.0 0.65 [4]

33 75 607.1 + 115.1 545.1 0.29 [4, 54, 55]
34 76 614.1 £94.6  638.9  0.06 [4, 56, 57]
34 77 608.7 + 160.9 643.5  0.04 [4, 56]

34 80 741.0 £ 53.0  381.9 45.89 [4]

34 82 340.1 £ 34.0 249.7 7.06 [4]

35 79 663.9 £+ 65.2 501.7 6.18 [4, 58, 59]
35 81 401.0 + 16.0 436.5 4.93 [58]

36 83 658.0 £ 95.0 640.9 0.03 [60]

36 84 500.4 + 75.1  375.7  2.75 [60]

37 85 7174 £ 115.8 425.0  6.37 [4, 61]

38 86 718.4 + 1524 637.0 0.28 [4, 62, 63]
38 87 767.9 + 268.7 6375 0.23 [4, 62]

38 88 954.8 + 63.5  636.8 25.08 [4, 62, 64]
39 89 724.9 £+ 20.4 635.3 19.28 [14, 65-70]
40 90 865.6 + 73.2 628.6 10.48 [4, 71]

40 96  103.5+104 183.0 58.24 [4]

41 93 631.2 £ 63.1 425.1  10.67 [23]

42 92 420.3 £+ 59.5 510.8 2.31 [72]

42 94 641.5 £ 374 613.2 0.57 [4, 63, 72]
42 95 789.2 £ 113.6 624.4 2.10 [4, 72]

42 96 834.0 + 77.0 394.1 32.63 [4, 72]

45 103 325.3 £+ 40.5 383.7 18.92 [73, 74]
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Continuation of Table 1

zZ A Oexp £ AOexp Osys > Experimental references
47 107 496.0 4+ 34.0 416.0 5.53 [39]
47 109 261.0 £ 31.0 319.3 3.955 [75]
48 110 824.2 + 62.5 600.5 12.80 [76, 77]
48 111 792.8 + 40.9 338.6 123.32 [14, 76-78]
48 112 638.0 + 1382 287.7  6.42 [76, 77]
49 113  655.0 £ 69.0 359.3  18.28 [79]
50 119  998.0 + 67.0  186.4 146.72 [80]
50 120  438.0 +38.0  151.6  56.78 [81]
51 121 439.5 4+ 96.6 204.3 5.92 [30, 82]
52 120 513.0 £94.0 5787 047 [83]
52 122 537.0 £ 1074 5755  0.12 [83]
52 123 648.7 £ 42.7 234.4 98.72 [84, 85]
52 124 353.5 £ 115.1 181.2 2.34 [86, 87]
52 125 466.0 = 75.0 144.1 18.42 [88]
52 126 320.9 £ 73.1 112.9 8.10 [89]
52 128 123.0 £ 11.5 66.5 24.13 [90, 91]
52 130 92.0 £ 10.0 37.27 29.94 [85]
53 127 22744312 1605  4.60 [58, 92]
54 131 505.0 £+ 57.0 111.0 47.77 [93]
55 133 325.0 +24.0 125.4 69.14 [94]
56 134 118.7 + 14.2 179.1 18.12 [90]
57 139  180.4 + 20.4 97.9  16.30 [95]
58 140 947.0 4+ 169.0 143.6 22.60 [96]
58 142 122.9 + 11.5 92.2 7.09 [14, 96, 97]
59 141 554.5 4+ 45.4 205.9 58.94 [98, 99]
60 148 53.3 + 10.7 68.0 1.90 [100]
60 150 19.6 = 1.5 38.8 174.52 [101]
62 147 392.3 + 19.0 301.5 22.82 [102]
63 151 119.9 + 30.0 222.7 11.79 [103]
63 153 180.4 + 20.4 138.7 4.18 [103]
64 160 43.3 £ 4.7 43.2 0.00 [104, 105]
65 159  98.7+92 1143 288 [95, 106]
67 165 95.4 4+ 8.6 94.9 0.00 [107-110]
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Continuation of Table 1

Z A Oexp £AOexp  Osys >~ | Experimental references
68 167 287.0+£31.8 1124 30.14 [111, 112]
68 168 1074 £ 4.6 86.7  20.08 [111, 112]
68 170 59.1 £ 12.4 50.6 0.46 [112, 113]
69 169 138.2 £ 15.1 133.1 0.11 [114, 115]
73 181 61.1 £ 12.0 97.9 945 [116]
74 183 1044 £ 11.5 181.0 1.39 [117, 118]
74 186  15.6 = 9.6 53.8 15.84 [117-120]
76 192 479432 470 0.8 [121]
78 198 50.0 £ 10.0 416 0.71 [122]
79 197 804 +9.9 1224 1048 [123-127]
82 206 244.2 £ 36.6 96.8 16.20 [128]
83 209 86.2 £89 91.6 0.27 [129]

Table 1 summarizes the experimental (p,n) cross sections at 12.4 MeV
for 95 nuclei, alongside systematic predictions and corresponding deviation
factors.

The comparison between experimental and theoretical (p,n) reaction
cross sections is presented in Fig. 2, showing the correlation with the neutron
excess parameter (N — Z)/A for nuclei with 43 < A < 209 at 12.4 MeV
incident proton energy.
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Fig. 2. The (p,n) reaction cross section for nuclei of mass number 43 < A < 209 at
the incident proton energy of 12.4 MeV obtained from the analysis of experimental
data in Table 1 and calculated using systematics, Egs. (10) and (14), as a function
of the parameter (N — Z)/A.
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3.2. Statistical parameters and quality of fit

To assess the quality of the proposed systematic formulations for (p,n)
cross sections at 12.4 MeV, we evaluated two key statistical metrics: the
residual sum X and the reduced chi-square x?. These metrics measure the
deviation between calculated and experimental values, and are defined as
follows:

N exp cal \ 2
o. — ¢
2= (Gg) 20)

b))
2
where N is the number of experimental data points, M is the number of free
parameters in the model, o7 and Ao} are the experimental values and
their uncertainties, and afal is the calculated value from the model.
Two parameterizations were tested using 95 experimental datasets from
the EXFOR 2026 database.

Table 2. Fitted parameters \; for the first proposed six-parameter formulation
Eq. (10).

Model b X2 >\1 )\2 )\3 )\4 )\5 )\6
This work 215.3 8.61 —2.3 —5.0711x107 4.836x10° 1.905x10% —1.10x10° 1.5

As presented in Table 2, this first formulation, derived from Eq. (10),
exhibits excellent agreement with the experimental excitation functions,
achieving the lowest X = 215.3 and reduced x? = 8.61 across the dataset.

Table 3. Fitted parameters ~y; for the alternative six-parameter formulation
Eq. (14).

Model X X2 Y1 Y2 V3 Ya V5 Y6
This work 1425.95 24.58 —10.266 0.24499 0.15406 —3.349 1.39x10° 1.63x107

As reported in Table 3, this second formulation, while based on the same
theoretical foundations — namely the semi-empirical mass formula and the
statistical evaporation model — yields higher deviations from experimental
data.
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4. Discussion

The analysis of the studied isotopes revealed the necessity of adopting a
differential approach based on the energetic availability of reaction channels.
The 31 nuclei exhibiting (p,2n) reaction thresholds above 12.4 MeV consti-
tute a first group, while the remaining nuclei, for which the (p,2n) channel
is energetically accessible, form a distinct second group.

This physically motivated stratification led to the development of two
specialized systematic formulations. For the first group (thresholds (p, 2n) >
12.4 MeV), the optimized formulation presents a remarkably low reduced
chi-square of x? = 8.61, reflecting the simplified competition between exit
channels. This exceptional performance is explained by the fact that the
absence of the (p,2n) channel significantly reduces the complexity of the
statistical evaporation process, allowing for more precise predictions of (p,n)
cross sections (Table 2).

For the second group (thresholds (p,2n) < 12.4 MeV), the adapted for-
mulation achieves x? = 24.58. This higher value, while remaining within an
acceptable range for practical applications, reflects the increased complexity
of competition between (p,n) and (p,2n) channels. The simultaneous pres-
ence of these two evaporation pathways introduces additional variability that
makes systematic prediction more challenging (Table 3).

This performance difference between the two groups validates our theo-
retical hypothesis that closure of the (p,2n) channel considerably improves
the model’s predictive accuracy.

5. Conclusion and outlook

The first systematic formulation, developed for the 31 nuclei with (p, 2n)
thresholds above 12.4 MeV, achieves exceptional accuracy with a reduced
chi-square value of x?=8.61 (Table 2). This superior performance reflects
the simplified channel competition, where the (p,2n) pathway is energeti-
cally forbidden, allowing the Hauser—Feshbach statistical model to provide
highly reliable predictions. The second formulation, tailored for nuclei where
the (p,2n) channel remains energetically accessible, yields x? = 24.58 (Ta-
ble 3). While higher than the first group, this value remains acceptable for
practical nuclear applications, considering the increased complexity of com-
peting evaporation channels at 12.4 MeV. This dual-systematic approach
demonstrates that physically motivated stratification of nuclear data sig-
nificantly improves predictive accuracy. The methodology provides valu-
able tools for rapid cross-section estimation in medical isotope production,
activation studies, and nuclear data library applications, where computa-
tional efficiency is prioritized while maintaining acceptable precision. The
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established framework validates the importance of considering channel avail-
ability in systematic development and offers a robust foundation for extend-
ing similar approaches to other reaction types and energy ranges.
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