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Summary. Semi-empirical systematics of the (p,n) reac-
tion cross-section was obtained at incident proton energies
7.5MeV, 12.4 MeV and 24.8 MeV. Systematics is based on
analytical formulas derived using the pre-equilibrium exciton
model, evaporation model and semi-empirical mass formula
Parameters of systematics were fitted to the data obtained
from the analysis of available measured (p,n) reaction
cross-section.

1. Introduction

The use of systematics for nuclear reaction cross-section
evaluation is important, if experimental data are absent and
results of nuclear model calculation are not reliable.

The work performed during last years under the cre-
ation and the improvement of accuracy of systematics for
neutron induced reaction cross-sections was caused by the
necessity of the data testing and evaluation for activation
data libraries (ADL [1], MENDL [2], EAF [3]). The method
based on the use of the pre-equilibrium exciton and evapo-
ration models has been successfully applied to obtain cross-
section systematics for main neutron induced reactions at
14.5 and 20 MeV [4-8] and for the number of proton in-
duced reactions [9].

At present the evaluation of cross-sections for proton in-
duced reactions takes on special significance [10-12]. Eval-
uated data files for protons [10,11] are used to simulate
the irradiation of materials in advanced nuclear energy sys-
tems and to study ways to produce radionuclides used in
nuclear medicine and industry. Systematics of cross-sections
for proton induced reactions takes on special importance as
an additional tool for the cross-section evaluation at inter-
mediate energies. Obtaining systematics formulas for proton
reactions with the number of measurements performed ap-
propriate to investigate the systematic dependence of cross-
sections is of undoubted interest. A list of such reactions is
not large [9, 12] and (p, n) is an example of the reaction rela-
tively well provided with experimental data.

The systematic dependence of the (p, n) reaction cross-
section is investigated in the present work. Semi-empirical
formulas for the evaluation of the (p, n) reaction cross-
section at different energies are suggested. Formulas were
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obtained using analytical expressions describing the equi-
librium and non-equilibrium neutron emission in nuclear
reactions. The analysis of available experimental data used
to obtain systematics was performed.

The study of systematics dependence of the (p, n) re-
action cross-sections was performed at incident proton en-
ergies 7.5 MeV, 12.4 MeV and 24.8 MeV selected after the
comparison of the number of measurements at different pro-
ton energies. The energies selected refer to different parts
of the (p, n) excitation function. The energy 7.5 MeV be-
longs to the region, where the cross-section rises with the
incident proton energy and the equilibrium neutron emission
gives the main contribution to the cross-section. The energy
12.4 MeV refers approximately to the region of the max-
imum of excitation function. The energy 24.8 MeV belongs
to the descending branch of the excitation function, where
the pre-equilibrium neutron emission plays the predominant
role.

2. Experimental data

Experimental data for the (p, n) reaction cross-section were
taken from Refs. [13—-119]. The data available in the energy
range 7.54+0.5MeV, 12.44+0.5MeV and 24.8+1.0 MeV
were reduced to incident proton energies 7.5, 12.4 and
24.8 MeV correspondingly, using excitation functions for
the (p, n) reaction calculated by the TALYS code [120]. The
calculation of excitation functions has been performed with
the code options briefly described in [12].

The statistical treatment of experimental cross-sections
available for a single nucleus and single incident pro-
ton energy has been done using the method of *“weighted
means” [121]
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where (o®®) and (Ao®P) are the (p,n) reaction cross-
section and its error evaluated using data of different meas-
urements; o; and Ag; is the cross-section and its error, ob-
tained in i-th experiment; n is the number of measurements
available for the nucleus.

The (p, n) reaction cross-section, (o®®)+ (Ac®®), ob-
tained from the analysis of experimental data for target nu-
clei with atomic number 17 < Z < 83 at the incident proton
energy 7.5 MeV is shown in Table 1 (90 nuclei), for targets
with 20 < Z < 83 at the proton energy 12.4 MeV in Table 2
(65 nuclei) and at the proton energy 24.8 MeV in Table 3 (45
nuclei).

Values (o®™P) 4+ (Ao®™P) and analytical expressions dis-
cussed below were used to obtain the systematics of the
(p, n) reaction cross-section.

3. Systematicsat theincident proton energy
7.5Mev

The equilibrium neutron emission gives the main contribu-
tion in the (p, n) reaction cross-section at 7.5 MeV. Accord-
ing to the evaporation model the cross-section is equal to

3)

I
O(pn) = anon(Ep) Z 1_,
where o, IS the cross-section of nonelastic interaction of
the incident proton with a nucleus at the kinetic energy E,,
I, is the emission width of the particle of type x, n refers to
the neutron emission, the summing is for all open channels.

Using the Weisskopf-Ewing model [122] and assuming
that the neutron and proton emission predominate, one can

evaluate the equilibrium component of the (p, n) reaction
cross-section as follows

I;
Op.n) = O-nonI_L_i_I_,p
1
~ @E,—V, oE,+ Qum]’ @
1+exp p— Vp @b P,
T T,

where it is supposed that the nuclear level density is
estimated using the “constant temperature” model, p =
T texp(U/T), T, and T, are the nuclear temperature for
residuals, produced after the neutron and proton emission
correspondingly, Q,n is the energy of the (p, n) reaction,
a = A/(A+1), Ais the mass number of the target nucleus,
and V, is the Coulomb potential for protons.
The nuclear temperature is evaluated as follows [8]

CaE,/A, ®)
T.=/C (@B, + Qun) /A, (6)

where C is the constant combining the nuclear level density
parameter and the mass number of the nucleus.

Using Egs. (4)—(5) one can obtain the following approxi-
mate expression for o, n

O(p,n) = Onon

1 PV
+exp 4CozE aEp Q<p,”> p

According to the semi-empirical mass formula the energy of
the (p, n) reaction is approximately equal to

N—-Z-1
Q(p.n) Zﬂl (T

where N, Z and A are the number of neutrons, protons and
nucleons in the target nucleus, correspondingly; 8 are con-
stants.

Taking into account Egs. (7), (8), by the analogy with [8]
the following 6-parametric formula can be suggested for the
(p, n) reaction cross-section systematics

)+ma~ﬁ ®)

Ohon
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where S= (N—Z—-1)/A V = ZA '3, o; are parameters.
Fig. 1 shows the nonelastic cross-section o,,, calculated
for all stable nuclei with the mass number 24 < A < 209
using the ECIS code [123] and the optical potential from
Ref. [124]. These o, Vvalues were used at the fitting of
Eqg. (9) to experimental cross-sections from Table 1.
The fitting provides the minimum of the expression

3= Z syst

where o is the cross-section calculated by systematic for-

mula, o™ and Ao are the cross-section and its error ob-
tained from the analysis of measured data (Sect. 2); N is
the number of target nuclei, for which experimental data are
available.

exp /A exp) (10)
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Fig.1. The proton nonelastic cross-section o,,, for all stable nuclei

with the mass number 24 < A <209 at the incident proton energy

7.5MeV calculated using the optical model [124] (open circle) and
evaluated by Eq. (12) (solid line).
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Tablel. The (p, n) reaction cross-section at the incident neutron energy 7.5 MeV obtained from the analysis
of experimental data (o:°® & Ac™®), the cross-section calculated using Eq. (11) with o,,, obtained by the
optical model with parameters from Ref. [124], and the value of X, = ((6:"" — 67®)/ Ac?®)2.

z A o £ Ao (mb) o™ (mb) ! Experimental data
17 37 343.0+ 21.0 358.0 0.502 [13]
20 43 249.0+ 25.0 286.0 2.17 [14]
20 44 570.0+ 55.0 494.0 191 [14]
21 45 294.0+ 29.0 257.0 1.67 [14-16]
22 47 237.0+ 24.0 225.0 0.256 [14,17]
22 48 369.0+ 37.0 412.0 1.37 [14,17,18]
23 51 393.0+ 39.0 575.0 21.9 [14,17,19-25]
24 52 215.0+ 29.0 285.0 5.84 [17,21,26,27]
24 54 637.0+ 64.0 570.0 1.09 [14,26]
25 55 436.0+ 39.0 531.0 5.93 [20]
26 56 155.0+ 15.0 142.0 0.797 [14,17,28]
26 57 385.0+ 38.0 497.0 8.75 [14,17]
26 58 516.0+ 52.0 534.0 0.126 [14,29]
27 59 418.0+ 42.0 448.0 0.507 [19, 20, 23]
28 60 403+ 45 47.0 2.24 [30]
28 61 340.0+ 34.0 371.0 0.844 [30,31]
28 62 334.0+ 51.0 499.0 10.5 [14,30,32]
28 64 462.0+ 46.0 509.0 1.04 [14,30,31]
29 63 292.0+ 29.0 259.0 1.30 [14,19,21,33-36]
29 65 516.0+ 52.0 480.0 0.490 [14,19,21,24,33,34,37-40]
30 66 288.0+ 47.0 4570 129 [34,41,42]
30 67 5200+ 84.0 461.0 0.495 [14,42]
30 68 523.0+ 52.0 466.0 121 [14,34,43]
31 69 4140+ 41.0 443.0 0.484 [14]
32 72 460.0+ 46.0 431.0 0.397 [14]
32 74 761.0+ 76.0 590.0 5.07 [14]
32 76 551.0+ 55.0 470.0 2.15 [14]
33 75 474.0+ 55.0 423.0 0.857 [14,20,44]
34 76 184.0+ 43.0 398.0 24.8 [14,45]
34 77 408.0+ 63.0 408.0 0.00006 [14,45]
34 80 591.0+ 44.0 458.0 9.12 [14]
34 82 574.0+ 57.0 463.0 3.83 [14]
35 79 407.0+ 41.0 392.0 0.128 [14,46]
36 83 351.0+ 28.0 399.0 2.95 [47]
36 84 2440+ 19.0 410.0 76.2 [47]
36 86 453.0+ 40.0 430.0 0.335 [48]
37 85 490.0+ 49.0 384.0 4.67 [49]
38 86 269.0+ 27.0 359.0 11.0 [14,50]
38 87 502.0+ 41.0 389.0 7.58 [14]
38 88 399.0+127.0 379.0 0.0251 [14,51]
39 89 347.0+ 35.0 354.0 0.0389 [14,20,52]
40 96 552.0+ 55.0 428.0 5.09 [14,53,54]
41 93 345.0+ 46.0 323.0 0.224 [20,23]
42 94 224.0+ 39.0 300.0 3.77 [14,54-56]
42 95 351.0+ 41.0 308.0 1.12 [14,54]
42 9% 466.0+ 47.0 361.0 4.97 [14]
42 100 298.0+ 60.0 332.0 0.318 [54,57]
44 99 361.0+ 54.0 280.0 2.26 [58]
44 100 352.0+ 37.0 282.0 3.58 [58]
44 102 325.0+ 34.0 290.0 1.06 [58]
44 104 163.0+ 23.0 2040 324 [59]
45 103 290.0+ 29.0 270.0 0.498 [19, 20,60]
46 104 274.0+ 27.0 249.0 0.825 [61,62]
46 105 348.0+ 35.0 270.0 5.00 [61,62]
46 106 204.0+ 21.0 255.0 5.89 [61]
46 110 333.0+ 33.0 258.0 5.15 [61,62]
47 107 250.0+ 25.0 236.0 0.308 [21,33]
47 109 231.0+ 41.0 239.0 0.0366 [21]
48 110 226.0+ 40.0 221.0 0.0145 [63-65]
48 111 149.0+ 44.0 222.0 2.74 [21, 63, 66]
48 112 266.0+ 28.0 222.0 2.48 [63,65]
48 114 282.0+ 24.0 221.0 6.47 [65]
48 116 323.0+ 28.0 250.0 6.73 [65]
49 113 2470+ 4.0 205.0 109.0 [25]
49 115 232.0+ 26.0 205.0 1.10 [20]
50 115 200.0+ 9.0 189.0 1.39 [67]
50 116 170.0+ 12.0 189.0 2.53 [67]
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Tablel. Continued.

z A o+ Ac® (mb) o™ (mb) ! Experimental data
50 117 209.0+ 21.0 189.0 0.950 [68,69]
50 118 140.0+ 10.0 188.0 22.9 [69]
50 119 260.0+ 15.0 202.0 15.2 [68]
50 120 237.0+ 24.0 203.0 2.03 [67,68]
50 122 267.0+ 27.0 207.0 4.94 [68-70]
50 124 265.0+ 9.0 205.0 43.8 [69]
51 121 178.0+ 19.0 172.0 0.106 [71]
52 120 140.0+ 26.0 159.0 0.539 [72]
52 122 207.0+ 41.0 160.0 1.29 [73]
52 124 142.0+ 16.0 157.0 0.864 [74]
52 125 237.0+ 38.0 184.0 1.97 [75]
52 130 75.3+ 5.9 162.0 218.0 [37]
53 127 59.8+ 24.7 143.0 114 [46,76-78]
57 139 71.1+ 97 101.0 9.64 [21]
58 140 99.4+ 18.6 90.2 0.244 [79]
58 142 79.3+ 18.3 93.4 0.591 [79,80]
69 169 196+ 9.9 32.0 1.58 [81]
72 178 13.0+ 2.2 24.3 26.3 [82]
72 180 30.7+ 1.8 25.7 7.64 [83]
73 181 31.3+ 31 24.3 5.15 [23,84,85]
74 186 29.7+ 3.3 23.0 4.09 [86]
79 197 107+ 36 11.1 0.00985 [23,84,87]
83 209 104+ 1.0 8.06 5.47 [88,89]

The obtained systematics of the (p, n) reaction cross-

section is

G (o = Onon(7.5 MeV) x [exp(A*®(—7.8355 x 10
+6.5548 x 104S+1.5283 x 10-°V

~2.1115x107°) +1.29]

(11)

where o,,, is calculated by the optical model using the
potential from Ref. [124], N, Z and A are the number
of neutrons, protons and nucleons in the target nucleus,
correspondingly.

The value of X' corresponding to the description of ex-
perimental data from Table 1 by Eq. (11) is equal to 823.
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Fig.2. The (p, n) reaction cross-sections for 90 nuclei with the mass
number 37 < A < 209 at the incident proton energy 7.5 MeV obtained
from the analysis of experimental data (Table 1) (black circle) and cal-
culated by the systematics, Eq. (11) (open circle) depending upon the
(N — Z)/ A parameter.

Fig. 2 and Table 1 show experimental cross-sections and
cross-sections evaluated by Eq. (11).

Eqg. (11) can be used for the prediction of the (p, n)
reaction cross-section at the proton energy 7.5 MeV for tar-
gets with 40 < A < 209. It requires the calculation of the
nonelastic cross-section o,,, by the optical model with the
potential [124].

The fast evaluation of the (p, n) reaction cross-section
can be done using Eq. (11) and the approximate formula for
the proton nonelastic cross-section (Fig. 1)

o™ (7.5 MeV)

non

— 813.44exp(—1.2797 x 104 (A—17.878)2),  (12)

where A is the target mass number, and the cross-section is
presented in mb.

In the last case the agreement with the experimental data
from Table 1 is a little worse and the corresponding value of
X is equal 976.

4. Systematics at theincident proton energy
124Me/

To study the systematics dependence of the cross-section it
is useful to divide nuclei on two groups with the threshold
energy of the (p, 2n) reaction above and below 12.4 MeV
assuming that the emission of the second neutron is more
probable than the second proton emission. For the first group
Eq. (9) can be applied to obtain the systematics of the (p, n)
cross-section. Additional study is needed for the second

group.
4.1 Nuclei with the threshold of the (p, 2n) reaction
above 12.4Me/

There are experimental data for 28 nuclei with the thresh-
old energy of the (p, 2n) reaction above 12.4 MeV (Table 2).
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Table2. The (p, n) reaction cross-section at the incident neutron energy 12.4 MeV obtained from the analy-
sis of experimental data (o;"® &= Ac;®), the cross-section calculated using Egs. (13), (19) with o,,, obtained
by the optical model with parameters from Ref. [124], and the value of Z; = (6™ — 6™®)/ AcT®)2.

z A o £ Ao (mb) o™ (mb) ! Experimental data
20 43 247.0+ 17.0 282.0 4.14 [14]

20 44 756.0+ 49.0 737.0 0.151 [14]

21 45 361.0+ 36.0 306.0 2.34 [14,16,90]
22 47 313.0+ 49.0 334.0 0.177 [14,17]
22 48 560.0+ 68.0 536.0 0.126 [14,17]
23 51 705.0+ 71.0 846.0 3.93 [14,17,22,23]
24 52 487.0+ 49.0 422.0 1.75 [14,17,27]
24 54 888.0+ 71.0 979.0 1.65 [14]

2 56 4300+ 44.0 376.0 2.05 [14,17]
26 57 412.0+ 90.0 679.0 8.83 [14,17]
26 58 733.0+ 73.0 763.0 0.165 [14,29]
27 59 582.0+ 43.0 476.0 6.10 [23]

28 60 339.0+ 34.0 371.0 0.893 [14,30,90]
28 61 390.0+ 39.0 559.0 18.9 [30,31,90]
28 62 604.0+113.0 808.0 3.27 [14,30,32]
28 64 614.0+ 96.0 754.0 2.13 [14,17,31,90]
29 63 456.0+ 46.0 503.0 1.04 [14,33, 35,36, 91]
29 65 631.0+ 63.0 655.0 0.145 [14,33,37-40,92-95]
30 64 358.0+ 40.0 380.0 0.29 [34]

30 66 645.0+ 65.0 722.0 1.40 [14,42,90,91]
30 67 662.0+118.0 866.0 2.98 [14,42]
30 68 957.0+ 96.0 643.0 10.7 [14,42,90,91]
31 69 785.0+ 79.0 553.0 8.60 [14,90]
32 70 604.0+ 43.0 620.0 0.13 [14]

32 72 911.0+ 64.0 878.0 0.267 [14]

32 74 918.0+ 65.0 518.0 37.9 [14]

32 76 237.0+ 55.0 378.0 6.55 [14,96]
33 75 410.0+ 29.0 531.0 17.3 [14]

34 76 675.0+110.0 834.0 2.09 [14,45,97]
34 77 577.0+155.0 878.0 3.77 [14,45]

34 80 743.0+ 44.0 366.0 73.4 [14]

34 82 266.0+ 70.0 236.0 0.178 [14,45]
35 79 674.0+ 73.0 489.0 6.44 [14,46,90]
36 83 666.0+ 74.0 886.0 8.83 [47]

36 84 524.0+ 58.0 361.0 7.92 [47]

37 85 677.0+ 68.0 411.0 15.3 [49]

38 86 927.0+ 93.0 841.0 0.852 [14,50]
38 87 1267.0+ 74.0 1144.0 2.75 [14]

38 88 1022.0+102.0 928.0 0.856 [14,51]

39 89 750.0+ 75.0 850.0 1.79 [14,52,90]
40 90 879.0+ 88.0 799.0 0.830 [14,90,98]
40 96 783+ 17.7 173.0 28.4 [14,92]
41 93 631.0+ 47.0 412.0 21.8 [23]

42 94 650.0+ 65.0 735.0 1.72 [14,55]
42 95 920.0+ 51.0 796.0 5.93 [14]

42 96 917.0+ 89.0 380.0 36.4 [14]

45 103 256.0+ 13.0 370.0 76.3 [60]

47 107 513.0+ 24.0 401.0 217 [33]

48 111 739.0+ 74.0 324.0 31.4 [66,90]
48 112 708.0+212.0 274.0 4.19 [63]

52 120 519.0+ 95.0 723.0 4.63 [72]

52 123 669.0+ 67.0 212.0 46.6 [99,100]
52 124 505.0+ 51.0 170.0 43.1 [74,101,102]
52 130 85.8+ 16.1 33.7 10.5 [37,99]
53 127 266.0+ 27.0 150.0 18.5 [46,76,103]
58 140 976.0+157.0 133.0 28.8 [79]

58 142 379+ 6.8 79.2 36.8 [79,80]
59 141 4530+ 91.0 192.0 8.24 [104]

67 165 129.0+ 11.0 85.4 15.7 [105]

69 169 166.0+ 22.0 120.0 4.35 [81]

73 181 773+ 7.7 87.0 1.58 [23,84,85]
74 186 51.7+ 6.0 47.0 0.606 [86]

79 197 775+ 7.9 98.5 7.06 [23,84,87,106]
82 206 233.0+ 35.0 83.9 18.2 [107]

83 209 86.0+ 6.1 78.9 1.35 [89]
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Fig.3. The proton nonelastic cross-section o,,, for all stable nuclei

with the mass number 24 < A <209 at the incident proton energy

12.4 MeV calculated using the optical model [124] (open circle) and
evaluated by Eq. (14) (solid line).

The fitting of Eq. (9) to the data results in the following for-
mula for the (p, n) reaction cross-section

o = Opon(12.4 MeV) x [exp(A2*(—5.071119 x 10'S’
+4.83571 x 10°S+1.904674 x 10>V
—1.096068 x 10%)) +1.10]*, (13)

where o, IS the cross-section of nonelastic interaction for
the 12.4 MeV protons with the nucleus calculated using
the optical potential from Ref. [124], S=(N—-Z—-1)/A,
P=(N—-Z-15)/A V=ZA"'3 and Z, N, Arefer to the
target nucleus.

Fig. 3 shows o, Vvalues calculated using the optical
model [124] for the proton incident energy 12.4 MeV and all
stable nuclei with 24 < A < 209. The obtained values can be
approximated as

o™ (12.4 MeV) = 1.346 x 104 A® — 7.693 x 102 A2
+8.981A+668.3, (14)

where A is the target mass number, and the cross-section is
taken in mb.

The use of Eq. (13) for the description of experimental
data from Table 2 for nuclei with the (p, 2n) reaction thresh-
old above 12.4 MeV and proton nonelastic cross-sections
onon Calculated by the optical model [124] gives the X value,
Eg. (10) equal to 82.7. The substitution of o, by the ap-
proximate expression, Eq. (14) results in the X' value equal
to 111.

Experimental cross-sections and cross-sections calcu-
lated using Eq. (13) are shown in Fig. 4 and Table 2.

4.2 Nuclei with thethreshold of the (p, 2n) reaction
below 12.4 Mev

In that case, to obtain the analytical expression for the cross-
section, one should take into account the probability of the
emission of the second neutron. The cross-section is ap-
proximately equal to
Lo/
L+, 1+0L/5L°

(15)

O(p,n) = Onon

T
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10" +——7—
0.05 0.07

OI.OQ' 0|.1 1' OI.13' 0?15 ' O.|17 ' OI.19' 0|.21
(N-2)/A

Fig.4. The (p, n) reaction cross-sections for 65 nuclei with the mass

number 43 < A < 209 at the incident proton energy 12.4 MeV obtained

from the analysis of experimental data (Table 2) (black circle) and cal-

culated by the systematics, Eq. (13), (19) (open circle) depending upon

the (N — Z)/ A parameter.

where I is the width for the neutron emission in the en-
ergy range from «E, + Qp2n) t0 ¢ Ey+ Qpny @ = A/(A+
1), I, and I, are total neutron and proton emission widths.

The integration of neutron widths gives the following ap-
proximation expression

/T, =exp [—@} (1+@) .
(16)

According to the semi-empirical mass formula the energy of
the (p, 2n) reaction is estimated as follows

N—2Z-3\° N—-Z-15
Q(p.Zn):81 T +82 f

(Z+1)? z 1
W‘F&mﬁ-&mﬁ-&;, @an
where N, Z and A refer to the target nucleus, o; are con-
stants.

Using Egs. (15), (16) and (17) one can suggest the fol-
lowing formula for the systematics of the (p, n) reaction
cross-section for nuclei with the (p, 2n) reaction threshold
below 12.4 MeV

+43

O(p.n) = Tnon EXP [Al/z(al R+aw,P+asV+ a4)]
x (1+ A (as R +asP)) | (18)

where R=(N—-2Z-3)/A, P=(N-Z-15)/A, V=
ZA713, o are parameters.

Eq. (18) neglects the I}/ I ratio comparing with unity.
The additional consideration of I',/I7, in the denominator
of Eq. (15) increases the number of parameters of the sys-
tematics, which is hardly reasonable taking into account the
number of experimental points in Table 2. The fitting to ex-
perimental data shows that consideration of the I7,/ 15 ratio
obtained in Sect. 4.1, did not increase the accuracy of sys-
tematics. Apparently, it indicates the high sensitivity of the
(p, n) cross-section for considered group of nuclei to the en-
ergy of the (p, 2n) reaction.
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The fitting of Eq. (18) to experimental data for 37 nu-
clei from Table 2 gives the systematics of the (p, n) reaction
cross-section

S ipm = Onon (12.4 M&V) x
exp [ AY2(—10.535R +0.2543P + 015407V — 3.3501)]
x (1+ AY2(1.3682 x 10°RR +1.6738 x 10'P)) ,  (19)

where R=(N—-Z—-3)/A, P=(N-2Z-15)/A, V =
ZA713 N, Z, Arefer to the target nucleus.

The X value, which corresponds to Eq. (19) and oo,
cross-sections calculated by the optical model [124], is equal
to 660. The use of approximate o,,, values, Eq. (14) gives X
equal to 667.

Fig. 4 and Table 2 show cross-sections calculated using
Eg. (19) and experimental data.

4.3 Theuse of systematics

The systematics of the (p, n) reaction cross-section for
12.4 MeV protons is presented by two formulas, Egs. (13)
and (19). Eqg. (13) is used for nuclei with the threshold en-
ergy of the (p, 2n) reaction above 12.4 MeV and Eq. (19) is
applied for targets with the threshold below 12.4 MeV.

The use of Egs. (13) and (19) for the (p, n) reaction
evaluation gives the best result if the proton nonelastic cross-
section, o, is calculated using the optical model with the
potential from Ref. [124]. The X value, which corresponds
to the description of experimental data for all nuclei from
Table 2, is equal to 743.

The fast evaluation of the (p, n) reaction cross-section
can be done using the approximate expression for o,
Eq. (14). For this case, X has a higher value equal to 778.

The systematics assumes that the energy of the (p, 2n)
reaction, Q2 IS evaluated using the experimental mass
table. Approximately, Q. can be obtained by Eq. (17)
with parameters 6, = —23.7, 8, = 142.2, §; = —0.2367, 8, =
—1.42, §s =11.867 and §; = —15.75. The threshold energy
of the (p, 2n) reaction is equal to —(A+1)Qan/A. It is
important to note, that the estimation of Q. by Eq. (17)
has the averaged error about 18% and sometimes results in
incorrect determination, is the energy 12.4 MeV above or be-
low the (p, 2n) reaction threshold.

There are rare cases, when the o, ,, value calculated by
Eq. (19) exceeds onn'. If it occurs, one should put o, n
equal to oy, for the crude evaluation of the (p, n) reaction
cross-section.

5. Systematicsat the incident proton energy
24.8Me/

Pre-equilibrium neutron emission gives the main contribu-
tion to the (p, n) reaction cross-section at this proton en-
ergy. The approximate expression for the neutron spectrum
obtained using the pre-equilibrium exciton model [6-8] is
equal to

do_pre

de,

25+ 1)Mn5n0—ri1nv(8p)
2m3h2gt Eg M |2

= Opnon( Ep)

LIt occurs for four stable nuclei from the range 40 < A < 209.

n-2
XD R (—"‘E" a EZ”” _8”> p(* 1),

n=ng

(20)

where ¢, is the kinetic energy of the outgoing neutron, S,
and 1, are spin and reduced mass of neutron, o™ is the in-
verse reaction cross-section for neutron; |M|® is the mean
square of the matrix element of residual nuclear interaction;
g is the single particle level density, E, = «E, + Q,, where
Q, is the neutron separation energy for the compound nu-
cleus (Z+1, A+1) and @« = A/(A+1), p is the number
of particles in the n-exciton state, R,(n) is the factor de-
scribing the difference between the number of neutrons and
protons in the n-exciton state; n, is the initial exciton num-
ber (ny = 3).

To evaluate the (p, n) reaction cross-section one should
consider the possible particle emission from the (Z+1, A)
nucleus formed after the escape of the first neutron. Assum-
ing that the neutron emission from this nucleus is the most
probable, by analogy with Ref. [8], after the integration of
Eq. (20) from the energy «E, + Q(p2n) 10 E; + Q(pn), ONE
can obtain the approximate expression for the (p, n) reaction
cross-section

(S +Du, AP
x Q) [3eEs + Q) —2Q1] -
where Q) the is the separation energy of the neutron from

the nucleus (Z+1, A), which can be evaluated using the
semi-empirical mass formula

o i (N=Z=3 2+/\ N-Z-25
" A ? A

+ A Z% /AR £ 0y AR 4 0,

O(p.n) = On

(21)

(22)

where ; are constants.

It is seen that the (p, n) cross-section, Eq. (21) is ex-
pressed by polynomial functions of Q;, Eq. (22) and Qpn),
Eg. (8). By analogy with Ref. [8] the following 6-parametric
formula is suggested for the systematics at 24.8 MeV

O optical model

approximation

20 40 60 80 100 120 140 160 180 200 220
Mass number (A)

Fig.5. The proton nonelastic cross-section o,,, for all stable nuclei

with the mass number 24 < A <209 at the incident proton energy

24.8 MeV calculated using the optical model [124] (open circle) and
evaluated by Eq. (25) (solid line).
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Table3. The (p, n) reaction cross-section at the incident neutron energy 24.8 MeV obtained from the
analysis of experimental data (o> 4 Ac:>®), the cross-section calculated using Eq. (24) with o,,, obtained
by the optical model with parameters from Ref. [124], and the value of Z; = ((™ — ™)/ Ac7®)2.

z A ?® &+ Ac?® (mb) o> (mb) by Experimental data
20 44 574+ 2.8 47.3 13.1 [14]

21 45 374+ 7.1 33.8 0.258 [108]

22 48 48.2+ 8.9 44.1 0.215 [14,18]
23 51 56.5+ 5.7 51.1 0.887 [14,94,109]
24 52 496+ 2.6 41.5 9.69 [14]

24 54 57.3+ 3.3 55.3 0.353 [14]

26 56 31.3+ 3.2 38.8 5.55 [14,28,94]
26 57 35.2+ 2.0 47.2 35.8 [14]

26 58 439+ 25 53.0 13.1 [14]

28 60 376+ 2.2 37.6 0.00007 [14]

28 64 1200+ 9.0 55.5 51.3 [14]

29 63 359+ 3.6 43.1 4.05 [14,33,36]
29 65 379+ 3.8 53.6 17.1 [14,33,39,92,94,95,110-113]
30 66 57.8+ 5.8 48.6 2.50 [14,41]
30 67 571+ 5.7 52.6 0.610 [14,41]
30 68 55.4+12.4 55.0 0.00131 [14,108]
32 70 50.3+ 3.4 46.7 13.8 [14]

32 72 68.3+ 3.9 53.4 14.6 [14]

32 74 742+ 43 54.0 221 [14]

32 76 451+ 2.6 47.6 0.911 [14]

33 75 425+ 8.1 53.9 2.00 [14, 44]
34 76 50.8+ 6.0 51.7 1.82 [14,45,97,114]
34 77 39.4+ 8.7 53.3 2.56 [14, 45]
34 82 52.4+ 3.0 39.7 18.0 [14]

35 79 65.5+ 8.1 52.7 251 [115]
36 83 477+ 3.7 52.5 1.66 [47]

36 84 38.6+ 3.0 50.8 16.7 [47]

36 86 38.5+ 85 43.6 0.363 [48]

37 85 36.1+ 3.6 52.3 20.3 [49]

38 86 112.0+ 5.0 51.9 145.0 [14]

38 88 106.04+20.0 51.3 7.49 [14,51]
39 89 57.8+ 5.8 51.8 1.06 [14,52,92]
40 90 100.0+ 6.0 51.4 65.5 [14]

40 96 36.3+ 24 40.4 2.93 [92]

45 103 238+ 3.0 49.9 75.6 [60]

48 111 56.4+ 5.6 48.0 2.24 [66,116]
52 120 46.7+ 8.4 46.8 0.00026 [72]

52 124 60.4+ 6.0 39.6 12.0 [101,102]
52 125 79.8+13.1 36.6 10.9 [75]

52 130 115+ 1.3 14.1 3.87 [117]
53 127 33.9+ 8.8 37.7 0.184 [46,78,118]
60 148 26.1+ 2.8 23.1 1.11 [119]
73 181 46.2+10.2 20.1 6.56 [85]

74 186 234+ 5.6 12.4 3.88 [86]

83 209 127+ 1.2 11.9 0.488 [89]

O(p.n) = Opon A™ (@028 + 23S + oy S+ asV + o), (23)

where S=(N—-Z—-1)/A, V=ZA"3 N, Z and A are
number of neutrons, protons and nucleons in the target nu-
cleus, o; are parameters.

Fig. 5 shows the nonelastic cross-section o, calculated
at 24.8 MeV for all stable nuclei with the mass number 24 <
A < 209 using the ECIS code [123] and the optical potential
from Ref. [124].

The fitting of Eq. (23) to experimental data from Table 3
with oy, calculated by the optical model [124] gives the for-
mula

Otpry = Onon (24.8 MeV) A% (_1553 4S° + 161.47S
+24.371S+0.320V — 1.5689) , (24)

where S= (N—Z—-1)/A V =ZA'3 N, Zand Aare the
number of neutrons, protons and nucleons in the target nu-
cleus, correspondingly.

The X value for Eq. (24) is equal to 610.

Fig. 6 and Table 3 show cross-sections calculated using
Eqg. (24) and experimental cross-sections.

The proton nonelastic cross-section at 24.8 MeV can be
approximated by the expression (Fig. 5)

0" (24.8 MeV) = 164.84 A% exp(—1.986 x 10 A) ,
(25)

where A is the target mass number, and the cross-section is
taken in mb.

The use of approximate values for proton nonelastic
cross-section in Eq. (24) gives X equal to 614.

“Jap|oy JybuAdoa ayy Aq uoissiwiad uapLm yym pamojje Ajuo si asn JayjQ "Ajuo asn jeuosiad inoK 1o} ajoie siyy aynquisip pue Adoa Aew no, me| JybAdoo uewas Aq pajoajoid si ajane siyj



Systematics of (p, n) reaction cross-section

395

ié\ 107+ o® ° § §
- ] o
= Q
o A S SoderRogd o a
BRI e i g L
o []
O 10'4 o®
] Ep=24.8 MeV
O data
® systematics

OI.13' 0.|15 ' OI.17' 0|.19' O.|21
(N-Z)/A

Fig.6. The (p, n) reaction cross-sections for 45 nuclei with the mass
number 44 < A < 209 at the incident proton energy 24.8 MeV obtained
from the analysis of experimental data (Table 3) (black circle) and cal-

culated by the systematics, Eq. (24) (open circle) depending upon the
(N —Z)/A parameter.
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6. Conclusion

Systematics for the (p, n) reaction cross-section were ob-
tained at incident proton energies 7.5MeV, 12.4 MeV
and 24.8 MeV. Analytical formulas derived using the pre-
equilibrium exciton model, evaporation model and semi-
empirical mass formula were used to study the systematic
dependence of the (p, n) reaction cross-section on the num-
ber of neutrons and protons in nuclei. Formulas were fitted
to the data obtained from the analysis of available measured
(p, n) reaction cross-section.

The (p, n) reaction cross-section can be calculated for
target nuclei with the mass number from 40 to 209 using
Eq. (11) for the 7.5 MeV incident protons, using Egs. (13)
and (19) for the 12.4 MeV protons and Eq. (24) for the
24.8 MeV protons. The best result is obtained if the proton
nonelastic reaction cross-section o, in Egs. (11), (13), (19)
and (24) is calculated using the optical model with the po-
tential from Ref. [124]. The o,,, value can be evaluated also
using the approximate expressions Egs. (12), (14), (25) ob-
tained in the present work.

The value of X, Eq. (10), which quantifies the description
of experimental data from Tables 1-3 is shown in Table 4.
For the comparison X values corresponding to the calcula-
tion of the (p, n) reaction cross-section using modern nu-
clear models [120, 125] are also given.

Fig. 7 presents the example of cross-sections evaluated
by the systematics obtained. The evaluated cross-section for

Table4. The X value, Eq. (10) calculated using the systematics
obtained in the present work, Egs. (11), (13), (19), (24) and the
(p, n) cross-section calculated by the TALYS code [120] and the
ALICE/ASH code [125] with recommended code options [12,120,
125]. The experimental data are taken from Tables 1-3.

Energy (MeV) Systematics TALYS ALICE/ASH
7.5 823 1620 1960

124 743 761 1540

24.8 610 1690 1010

700
] 56Fe(p,n)56Co

600+
o _ O Tanaka (59)
£ 500 O Jenkins (70)
P 1 A Gadioli (74)
O 4004 v Antropov (85)
© ] & Levkovskij (91)
% O Zhao Wenrong (93)
g 300+ ® systematics
8 ]
O 2004

100+

0. P FEMe e gs 8 s
T T T T T T T

Proton energy (MeV)

Fig.7. The cross-section for the %Fe(p, n)*®Co reaction evaluated
using the systematics obtained and available experimental data.

the %¢Fe(p, n)*Co reaction and available experimental data
are shown in Fig. 7.
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