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Abstract

A systematics is proposed for the (n,2n) reaction cross-sections based on the statistical
model, with consideration of the Q-value dependence and odd-even effects. An empirical
formula for odd-A and even-A nuclei is presented for the (n,2n) reaction cross-sections at
14.5 MeV neutrons and the target mass range 45 < A < 238. The present formula is
compared with other proposed systematics based on the statistical model and the asymmetry
parameter dependence.
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1 Introduction

In continuation of our previous work on systematics studies for cross-sections of
the neutron-induced reactions (n,p) and (n,a) based on the statistical model at 14.5MeV
neutron energy [1,2], we are presenting here a study for the (n,2n) reaction cross-sections
systematics on the same basis and at the same energy. Systematics studies for the (n,2n)
reaction cross-sections have been carried out by several authors e.g. Qaim, Body and
Csikai, Szucs, Chatterjee and Chatterjee, Lu and Fink, Adam and Jeki and Bychkov et al
[3-9]. In the present work we propose systematics for the (n,2n) reaction cross-sections
using an empirical formula for even-A and odd-A nuclei, at 14.5MeV neutrons and the
target mass range 45< A >238. The formula is based on the statistical model, with
dependence on the Q-value and odd-even effects. The present formula for the
systematics of the (n,2n) reaction cross-sections is compared with some other proposed
srelations based on the statistical model and asymmetry parameter dependence, as given
in refs. {5-9].

2 Empirical Formulae
2.1 Present Formula

The (n,2n) reaction cross-section can be expressed on the basis of the statistical
model as:

] n,2n = Or (FZn / I_‘n) (1)

where: og = the reaction or formation cross-section for the incident neutrons.

I'y = the decay width for a neutron.

I'2n= the decay width for 2n emission.
The decay width I';, for 2n emission can be written by means of the principle of detailed
balance as follows:

Ea'BZn"SZn

Ion = (2S5t D) Moy [ €0 Ge(€20)Pb (Es) denn (2)
*h? pu(E) O

where S;, and M,, are the spin statistical factor and mass of the emitted 2n particles,
respectively; By, and 82, are the separation energy of the emitted particles and the odd-
even character of the nucleus, respectively; p.(E,) and py (E,) are the level densities of
the compound nucleus and residual nucleus, respectively; E, and E, are the excitation
energies of the compound and residual nuclei, respectively; €2, and o are the emitted
particles energy and the cross-section of the reverse process, respectively.

When the energy of the incident neutron is not too high, the inverse cross-section
remains approximately constant and can be taken for neutrons as follows:

G o(Ear) = TR’ (3)



where g,, is the emitted particles energy and R is the nuclear radius.
The level density can be approximately expressed as the function of the entropy of
the nuclear system:

Pu(Es)/ pa(Ea) ~ exp[Sy(Eb) - So(Ea)] (4)
with the entropy of the system given by:
dS/dE = T (5)
where T is the nuclear temperature. Thus we have:
St (Bb) - Sa(Ea) = (Ev-Ea)/T = - (€20 Bant02,)/ T (6)
By substituting the relations (3 - 6) into eq(2) the following expression can be obtained:
E.-Ban-02q
T = (z_s_z_#m@ R’ 0182n exp(-(€2a+Bant820)/T) e (7)

Integration of eq(7) gives for the decay width of 2n emission:

N (2S2n + 1)

r2n - 7Z'h2

M, TR expl- (5, + B, )1 7] ®)

and similarly for the decay width of a neutron:

28, +1
Ty ’“(*;hnz—)MnTsz expl- (6 + B )/ 7] )

where S, and M, are the spin statistical factor and mass of the neutron, respectively; B,
and 8, are the separation energy of the neutron and the odd-even character of the nucleus,
respectively.

Thus the (n,2n) reaction cross-section will be (substituting in eq(1)):

. 28, +1 Mznexp Oy on 10)
n2n "R\ 28, 11 | M, T

where Qp2, =B, — Bag + 0, - 82, 1s the effective Q-value of the (n,2n) reaction.

Using the semiempirical mass formula for the effective Q-value we get:



72 Z2 }ra [(A—zz)z_(A—zz~1)2]

0 =a,+q -
n2n "~ "1 CA1/3 (A—l)1/3 A A-1 (11)

where a. and a, are the coulomb and asymmetry parameters, respectively, and a; is a
constant taking into consideration the other terms of the semiempirical mass formula.
Inserting eq(11) into eq(10) we get for the cross-section of the (n,2n) reaction:

\ a 2 2 2 2
25, +1\M, _1_+ac( f/3 _ 21/3 }aa((A*Zz) (a-2z-1)
o =0, —=—— |—=%exp, T _ AT A-DT
n2n =OR 25 +1 | M, D AT (a-1)"r 4-n
¥

(12)

where T = (Ey/a )" MeV is the nuclear temperature, a=(A/25)MeV™ is the level

density parameter, E.(MeV) is the incident neutron energy; or =7 r02 (1 +A1/3)2 mb is
the reaction cross-section and 1o =1.4 fm.

2.2 Other Formulae

The present formula is compared with relations obtained by Szucs [5], based on the
statistical model, and by Chatterjee and Chatterjee, Lu and Fink, Adam and Jeki and
Bychkov et al [6-9], which are based on the asymmetry parameter dependence.

The relation by Szucs is:

3 1/2 1/2
C¢ A E 1(7 E
=Zci_1-2% 1 = 1re _=
2 - 1 (1 Rj (N+ (TJ +2(Ej exp( Tj (13)

where R = 1.4A"fm is the nuclear radius, A = 0.018(20+E)fm is mean free path of E
energy neutron inside the nucleus, T(MeV) is nuclear temperature, E(MeV) is incident
neutron energy and N is number of neutrons in target nucleus.

The relation by Chatterjee and Chatterjee is:

3 N-Z
ann:cl(Al/ Jrl)zexp(c2 y j (14)

>

By Lu and Fink:
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1/3 N-Z
Un,Zn:c3(A +1)2[1+c4 exp[c5 y H (15)

By Adam and Jeki:

T on =% [1 +e, (1 + A1/3)2 CXP(CS(—]Y;_Z)H (16)

By Bychkov et al:

N-Z
O 0n = One 1 -a, exp| —a, 1 (17)

where c¢;—cs ineqs(14 - 16) and a,, a, in eq(17) are constants; 6, = 8.7(100+A), A is

mass number and

1s asymmetry parameter.

3. Fitting Procedure

For fitting of the (n,2n) reaction cross-sections relations we write eq (12) in the
following form:

K=X+bY +b,2Z (18)

where K =In| ——"2 | X =ay/T +n(28x+1)/(28,+1), Y =a. and Z =a,
2,7 (41 +1)

The Legendre method of least squares is applied to eq(18) to obtain X, Y and Z.
We choose X,Y and Z such that the sum of the squares of the errors is least.
ie.

S(X+8Y+b,Z~K ) is minimum,

5=

where n = number of data points.

The input data used in the present study of the (n,2n) reaction cross-sections
systematics, at a neutron energy of 14.5MeV, are given in Tables 1 and 2 for even-A and
odd-A nuclides, respectively. The experimental input data used were taken from refs.
[11,12]. The parameters for the best fit, given in Tables 3(a) and 3(b), have been
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extracted using the iteration method [10] for the analysis and fitting of the available data
of the (n,2n) reaction cross-sections at 14.5MeV neutron energy.

4. Results and Discussion
4.1 The Fitting Parameters

The proposed formula used in the present work for studying the systematics of
the (n,2n) reaction cross-sections, which is based on the statistical model, contains two
physical parameters related to the semiempirical mass formula , namely the coulomb
parameter a. and asymmetry parameter a,, in addition to the constant parameter a; that
takes into account the other terms of the semiempirical mass formula, besides the
In(2S2,+1)/(2S,+1) term.

The input parameters are the atomic number, the mass number, the measured
cross-section for a given nuclide at the incident neutron energy of 14.5MeV and level
density parameter a = A/25 MeV™". The best fit values for the parameters a,, a. and a, are
given in Tables 3(a) and 3(b) for even-A and odd-A nuclides, respectively.

4.2 Comparison with other Systematics

The present formula is compared with some other proposed systematics for the
(n,2n) reaction cross-sections, at 14.5MeV neutron energy [5-9]. The formula given by
Szucs [5], based on the statistical model, allows the calculation of the (n,2n) reaction
cross-sections at neutron energies around 14MeV. The empirical formulae given by
Chatterjee and Chatterjee, Lu and Fink, Adam and Jeki and Bychkov et al [6-9], based on
the asymmetry parameter dependence, confirm the dependence of the (n,2n) reaction
cross-sections on the asymmetry parameter (N-Z)/A, and can also be used for calculations
of the (n,2n) reaction cross-sections. A comparison between the six systematics under
study is given in Table 4.

As shown in Table 4 the present formula is successful in a wide range of Z and A
values, with splitting of the data to even-A and odd-A nuclides, in addition to
improvement in the (n,2n) reaction cross-sections for most of the nuclides under
consideration, especially in the case of odd-A nuclides.

A comparison of the ratio of the experimental to calculated (n,2n) reaction cross-
sections obtained for the six systematics, for even-A and odd-A nuclides, is shown in Figs.
1 and 2 , respectively. As can be seen from Fig.1 for even-A nuclides there is good
agreement between most of the predictions of the present and other systematics and
experimental values. The disagreement between the six systematics and experimental
values is observed in the following reactions:
2Cr(n,2n)"'Cr, "Se(n,2n)"*Se, '*Cd(n,2n)'*Cd, *2Th(n,2n)**'Th and Z*U(n,2n)*"U
For these reactions the experimental values of the (n ,2n) reaction cross-sections are lower
than the calculated values, except for '°°Cd(n,2n)'”Cd where the experimental cross-
section is higher than the calculated value. As can be seen from Fig.2 for odd-A nuclides
there is also agreement between most of the predictions of the present and other
systematics and experimental values. The disagreement between the six systematics and
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experimental values is observed in the case of “Sc(n,2n)*Sc reaction, where the
experimental cross-section value is lower than the calculated one.

For comparison between the various systematics the following quantity was
proposed[13]:

= Zqo-exp “Oca )/ O cai

where n is the number of data points used.

The value of F/n can characterize the goodness of the systematics. A good fit for the
cross-sections values obtained by the present systematics, taking into account the odd-
even correction, is given by the following formula:

N-Z+6
Cp.2n :a(1+A1/3)Z exp(ﬁTj (19)

where o and [ are fitting parameters and & is odd-even character. They have the
following values:

For odd-A nuclides:

o=2353+021,B =3.501+£0.004 and 6 =0

For even-A nuclides:

o=2082+023,f =3.760+£0.004 and 6 =1

The systematics for Ga2n  using eq(19) is shown in Fig 3, where Gnzn / (A"2+1)* s
plotted versus the asymmetry parameter (N-Z+8)/A for odd-A and even-A nuclides. It can
be seen that the odd-even effect does not exist for the (n,2n) reaction cross- sections.

5.Conclusion

In the present work a formula is presented for the (n,2n) reaction cross-sections
systematics at 14.5MeV neutrons, based on the statistical model. Comparison is made
between the present formula and five other proposed relations, based on the statistical
model as well as on the asymmetry parameter dependence. The various systematics
compared were found to agree with the experimental values in most cases. However,
some disagreement was observed with the experimental values for a number of cases. The
present formula gives good agreement with experimental data for a wide range of Z and A
values, and it demonstrates clearly the absence of the odd-even effect in the (n,2n)
reaction cross-sections.
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Tablel. Measured and calculated data for (n,2n) reaction cross-sections at
14.5MeV neutron energy for even-A nuclides

No. Target Residual (n,2n) reaction cross-sections (mb) and ratios
nucleus nucleus

Exp. Present Ratio Szucs Ratio
1 BCa YICa 767+5 823.38 0.93 362.97 2.11
2 2Cr ey 315430 | 695.91 0.45 381.59 0.83
3 SOFe >Fe 540440 | 710.85 0.76 42721 1.26
4 Zn 7Zn 1200+120 | 968.48 1.24 649.14 1.85
5 PGe “Ge 605+40 | 821.74 0.74 617.45 0.98
6 Ge Ge 970+75 | 897.90 1.08 660.58 1.47
7 ®Ge PGe 1148+120 | 1058.94 1.08 749.74 1.53
8 "Se Se 320430 | 831.26 0.39 671.90 0.48
9 Se Se 879470 | 906.43 0.97 716.42 1.23
10 Se Se 993450 | 984.53 1.01 761.88 1.30
11 ¥ge PSe 1132460 | 1065.50 1.06 808.33 1.40
12 32Ge 81ge 1050450 | 114930] 0.91 855.69 1.23
13 8Ky PKr 810460 | 914.06 0.89 773.93 1.05
14 84gr 5Sr 1054450 | 920.84 1.15 833.09 1.27
15 eSr ®Sr 1000+100 | 996.97 1.00 881.27 1.14
16 7y ¥7r 730435 | 1001.98| 0.73 943 .36 0.77
17 %7y 7 1500490 | 124439 | 121 1097.18 1.37
18 %070 Mo 1420+150 | 1245.65 1.14 1164.62 1.22
19 "Ru »Ru 7004100 | 936.61 0.75 1020.18 0.69
20 *Ru "Ru 1050+100 | 1009.81 1.04 1072.23 0.98
21 %Ru ™ Ru 1440+109 | 1246.19 1.16 1233.54 1.17
22 Wlpg Ylpd 1100£100 | 1012.73 1.09 1138.95 0.97
23 M0py pg 18504120 | 150417 1.23 1476.40 1.25
24 08cd %¢cd 13504200 | 1015.02 1.33 1207.17 1.12
25 %¥cd %7¢cd 1290+150 | 1089.06 1.19 1262.53 1.02
26 Mocd ®cd 1220+150 | 116584 | 1.05 1318.73 0.93
27 Hecd - bcd 1578+100 | 1412.59 1.12 1492.27 1.06
28 g gn 1105450 | 1165.56 | 0.95 1390.81 0.79
29 1207¢ 17 1300+130 | 1242.21 1.05 1523.67 0.85
30 2Te Z'Te 1690+130 | 1579.00 1.07 1769.05 0.96
31 BT Te 1700+120 | 1669.94 1.02 1832.34 0.93
32 2xe Pxe 12004100 | 1239.85| 0.97 1599.72 0.75
33 26%e 5Xe 1400+100 | 1318.97 1.06 1661.02 0.84
34 ¥Xe Z7xe 15504150 | 1400.75 1.11 1723.10 0.90
35 Bixe BXe 1700170 | 1662.17 | 1.02 1913.97 0.89
36 B8Ce B3Ce 1600+140 | 1390.41 1.15 1883.74 0.85
37 M0Ce Ce 1963470 | 1557.62 1.26 2014.59 0.98
38 e Blce 1900+70 | 1645.19| 1.16 2081.14 0.91
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121

39 "INd “INd 1770+120 | 1465.80 2032.17 0.87
40 1INd Nd 1750120 | 1549.61 1.13 2099.04 0.83
41 “*Nd Nd 1861+150 | 1636.05 1.14 2166.65 0.86
42 Nd M"Nd 1829+150 | 1725.12 1.06 2234.99 0.82
43 ONd *Nd 1900£150 | 1816.85 1.05 2304.07 0.83
44 %Sm 3Sm 1700+120 | 1378.39 1.23 2049.65 0.83
45 H8Sm ¥7Sm 1789+150 | 1541.21 1.16 2184.77 0.82
46 B0Sm ¥Sm 1803+150 | 162652 1.11 2253.43 0.80
47 P2Sm BlSm 1855+150 | 1714.44 1.08 2322.82 0.80
48 4Sm 2Sm 1885+150 | 1804.99 1.04 2392.93 0.79
49 2G4 PIGd 18004200 | 1532.45 1.18 2271.77 0.79
50 PGd 3Gd 1900+150 | 1616.62 1.18 2341.47 0.81
51 G4 55Gd 18004100 | 1703.40 1.05 2411.89 0.75
52 28Gd 7G4 18504100 | 1792.77 1.03 2483.02 0.75
53 Gd Gd 1800+120 | 1884.77| 0.96 2554.87 0.71
54 Bopy Dy | 1850+150 | 152335 1.21 2360.02 0.78
55 10py Dy | 20004200 |1692.02] 1.18 2502.19 0.79
56 ’Er elEr 1900£130 | 1595.86 1.19 2521.26 0.75
57 159y 18g, 1820+150 | 1680.33 1.08 2593.72 0.70
58 166, 18y 20004150 | 1767.36 1.13 2666.88 0.75
59 Ry gy 19304130 | 1949.16 | 0.99 2815.28 0.69
60 1%8yh *Typ 19204150 | 166835| 1.15 2686.46 0.72
61 vh SC 1940+150 | 1754.21 1.11 2760.61 0.70
62 vb Pyb 21504230 | 2027.17 1.06 298721 0.72
63 74y 0 19004150 | 1740.81 1.09 2855.55 0.67
64 ys "Hf | 2050+150 | 1828.02 1.12 2931.37 0.70
65 T80ypy Pw 1900+170 | 1813.19| 1.05 3028.46 0.63
66 R Bw 2000+150 | 1992.83 1.00 3184.09 0.63
67 1oy Bw 1900+150 |2086.45| 0091 3262.90 0.58
68 ®0s 305 2000150 | 1798.15 1.11 3126.72 0.64
69 %05 %05 20004100 | 1885.48 1.06 3205.15 0.62
70 P20s ®Plos 2200+150 | 2162.67 1.02 3444 .44 0.64
71 B2py Blpy 2030+100 | 1957.66 1.04 3385.56 0.60
72 9%pt P7pt 19504120 | 2238.66 | 0.87 3629.64 0.54
73 *Hg "Hg | 2050+180 | 193982 1.06 3488.01 0.59
74 P*Hg “Hg | 2000+150 |2029.69| 0.99 3569.65 0.56
75 “py “Dpyp 21004150 |2314.45| 091 3818.45 0.55
76 *%pp 20opp 22324130 | 2101.57 1.06 3757.35 0.59
77 2U%pp “7pp 2000+100 | 2291.31 0.87 3925.69 0.51
78 2Th 2lTh 1259450 |2586.10 | 0.49 4723.93 0.23
79 =By =Ty 745430 | 2659.08 | 0.8 4932.03 0.15
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No | Chatterjee & | Ratio Lu& Ratio | Adam & | Ratio | Bychkov Ratio
Chatterjee Fink Jeki et al
1 895.85 0.86 - - - - 988.16 0.77
2 801.62 0.39 - - - - 694.49 0.45
3 825.78 0.65 - - 423.96 1.27 683.98 0.79
4 1050.49 1.14 1111.37 1.08 1140.43 1.05 1063.34 1.12
5 952.92 0.64 640.67 0.94 664.01 0.91 824.16 0.73
6 1010.28 0.96 967.79 1.00 979.89 0.99 955.05 1.02
7 1126.54 1.02 1197.27 | 096 | 117165 | 0.98 1149.38 0.99
8 974.08 0.33 567.31 0.56 550.81 0.58 818.39 0.39
9 1029.79 0.85 942 89 0.93 918.68 0.96 950.87 - 0.92
10 1086.02 0.91 1121.26 | 0.89 | 1079.73 | 0.92 1059.58 0.93
11 1142.69 0.99 1213.86 | 0.93 1153.21 0.98 1150.19 0.98
12 1199.77 0.88 1267.66 | 0.83 1188.02 | 0.88 1226.89 0.85
13 1049.27 0.77 910.20 0.89 849.99 0.95 94712 0.86
14 1068.66 0.99 869.99 1.21 773.99 1.36 943.74 1.12
15 1121.97 0.89 1107.66 | 0.90 997.76 1.00 1056.,36 0.95
16 113998 0.64 1092.04 | 0.67 948.56 0.77 1054,99 0.69
17 1298.27 1.16 1375.27 1.09 1637.68 | 0.92 1308.65 1.15
18 1312.62 1.08 1394.38 1.02 | 1606.64 | 0.88 1313.32 1.08
19 1126.22 0.62 707.34 0.99 825.18 0.85 935.77 0.75
20 1175.95 0.89 1043.51 1.01 113336 | 0.93 1052.79 0.99
21 1327.19 1.09 1410.84 1.02 | 1573.05 | 0.92 1317.75 1.09
22 1193 86 0.92 101.85 1.09 1058.43 1.04 1051.96 1.05
23 1492 48 1.24 1542.34 1.20 | 170235 1.09 1510.60 1.23
24 1211.70 1.11 97281 1.39 981.16 1.38 1051.30 1.28
25 1259.77 1.02 1206.79 | 1.07 | 1218.19 1.06 1154.94 1.12
26 1308.15 0.93 1347.12 | 091 1382.76 | 0.88 1245.77 0.98
27 1454.94 1.09 1535.37 1.03 1640.10 | 0.96 1461.71 1.08
28 1324.08 0.84 134443 | 082 | 1331.59 | 0.83 1248.08 86
29 1386.89 0.94 1448.51 | 0.89 | 141459 | 0.92 1333.75 .98
30 1576.67 1.07 1639.9 1.03 1680.64 1.01 159275 1.06
31 1624.61 1.05 1663.91 1.02 | 1710.26 | 0.99 1644.03 1.03
32 1402.03 086 | 1450.60 | 0.83 | 1369.38 | 0.88 1337.44 0.89
33 1448.31 0.97 1532.23 0.91 1476.93 0.95 1413.61 .99
34 1494 81 1.04 1588.99 | 0.98 1556.43 0.99 1482 .46 1.05
35 1635.53 1.04 1687.99 1.01 1694.18 1.00 1654.96 1.03
36 1522.12 1.05 161499 | 0.99 | 1491.44 1.07 1495.12 1.07
37 1612.63 1.22 1703.03 1.15 1616.47 1.21 1620.47 1.21
38 1658.16 1.15 173293 1.01 1658.03 1.15 1675.77 1.13
39 1580.36 1.12 | 1680.02 | 1.05 | 153325 | 1.15 1567.87 1.13
40 1624.99 1.08 | 172137 | 1.02 | 1419.46 1.2 1629.13 1.07
41 1669.80 1.12 1753.72 1.06 - - 1685.69 1.10
42 1714.77 1.07 1780.09 1.03 - - 1738.14 1.05
43 1759.89 1.08 | 180247 | 1.05 - - 1786.99 1.06
44 1549.78 1.1 1632.74 1.04 - - 1507.07 1.13
45 1637.49 1.09 1738.28 1.03 - - 1637.54 1.09
46 1681.62 1.07 1773.32 1.02 - - 1695.32 1.06
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47 1725.89 1.08 1801.61 1.03 1748.95 1.06
48 1770.32 1.07 | 182534 | 1.03 1798.96 1.05
49 1650.13 1.09 | 1753.73 1.03 1645.70 1.09
50 1693.59 1.12 1 1791.71 1.06 1704.67 1.12
51 1737.21 1.04 | 1822.11 | 0.99 1759.47 1.02
52 1780.98 1.04 | 1847.35 | 1.00 1810.59 1.02
53 1824.89 0.99 | 1869.04 | 0.96 1858.47 .97
54 1662.86 1.11 1767.67 | 1.05 1658.65 1.12
55 1748.69 1.14 | 184156 | 1.09 1769.69 1.13
56 1717.93 1.11 1824.68 | 1.04 1722.64 1.10
57 1760.33 1.03 1859.93 | 0.98 1779.66 1.02
58 1802.87 1.11 1888.70 | 1.06 1832.95 1.09
59 1888.35 1.02 | 1934.04 | 0.99 1929.95 1.00
60 1772.08 1.08 | 1877.18 | 1.02 1789.37 1.07
61 1814.05 1.07 | 190798 | 1.02 1847.71 1.05
62 1940.73 1.11 1975.52 | 1.09 1988.05 1.08
63 1825.37 1.04 | 1926.28 | 0.99 1854.21 1.03
64 1866.92 1.1 1953.67 | 1.05 1906.19 1.08
65 1877.83 1.01 197275 | 0.96 1917.42 0.99
66 1960.24 1.02 2019.0 0.99 2014.51 0.99
67 2001.61 0.95 | 2038.18 | 0.93 2059.25 0.92
68 1888.87 1.06 | 1990.96 | 1.01 1928.38 1.04
69 1929.51 1.04 | 2017.14 | 0.99 1979.23 1.01
70 2052.09 1.07 | 207786 | 1.06 2116.27 1.04
71 1980.43 1.03 | 2059.86 | 0.99 2039.83 0.99
72 2101.85 0.93 | 2116.74 | 0.92 2172.60 0.89
73 1990.74 1.03 | 2079.26 | 0.99 2052.09 1.00
74 2030.64 0.99 | 2101.19 | 0.95 2099.39 0.95
75 2150.93 098 | 215490 | 0.98 2228.23 0.94
76 2080.16 1.07 | 214136 | 1.04 2158.03 1.03
77 2159.53 0.93 | 2176.67 | 0.92 2243.49 0.29
78 2348.64 0.54 - - 2463.14 0.51
79 2394.52 0.311 - - 2517.03 0.30
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Table2. Measured and calculated data for (n,2n) reaction cross-sections at
14.5MeV for odd-A nuclides

No. Target | Residual (n,2n) reaction cross-sections (mb) and ratios
nucleus | nucleus
Exp. Present | Ratio Szucs Ratio
1 Se S 293420 651.71 0.45 300.51 0.98
2 Ty Oy 66050 74731 0.80 | 376.99 1.59
3 >Mn *Mn 809+35 764.39 1.06 | 422.44 1.92
4 *Co *Co 748456 780.22 0.96 469.81
5 ®Cu %2Cu 551430 794 .89 0.69 519.04 1.06
6 “Cu %Cu 968420 871.10 1.11 559.46 1.73
7 “Ga %Ga 945450 883.83 1.07 | 611.99 1.54
8 Ga PGa 1146+70 | 961.92 1.19 654.88 1.75
9 PAs "As 1061460 | 972.81 1.09 710.56 1.49
10 Br Br 97450 982.78 0.99 761.93 1.27
11 1By Br 1026430 | 1061.86 | 1.00 814.57 1.26
12 BKr Ky 1270430 | 1066.09 1.19 844 54 1.50
13 ®Rb %Rb 11354100 | 1070.12 | 1.06 974.92 13
14 ¥Rb ®Rb 1195+130 | 1151.00 | 1.04 923 81 1.29
15 7sr %S 1200420 | 107394 | 1.12 905.70 1.33
16 ¥y By 966+100 | 1077.57 0.9 936.88 1.03
17 “Nb *’Nb 1375470 | 108426 | 1.27 | 100039 | 137
18 PT¢ BTe 12304120 | 116856 | 1.05 | 1118.19 | 1.10
19 1BRh 2Rrh | 1325+100 | 117299 | 1.13 | 118602 | 1.12
20 1pg 99pd | 1300+100 | 117494 | 1.10 | 122045 | 1.07
21 Ag "Ag | 12604120 | 1176.79 | 1.07 | 125532 | 1.00
22 WAg 8Ag | 1440+100 | 1256.00 | 1.15 | 131134 | 1.1
23 By My 1600+100 | 125832 | 127 | 138329 | 1.16
24 R T 1710+80 | 1339.23 128 | 144132 | 1.19
25 gy 6y | 1500+100 | 142266 | 1.05 | 157585 | 0.95
26 33h ZSb | 14204140 | 1507.77 | 094 | 1636.63 | 087
27 77y i 1496+100 | 150627 | 0.99 | 171483 | 087
28 B3¢ B2cs | 1603+100 | 159005 | 1.01 | 1858.16 | 086
29 Hlpp 140py 16604200 | 1582.70 | 1.05 | 202339 | 082
30 PlEy “Ugu | 1800+100 | 1658.09 | 1.09 | 226261 0.8
31 B3Eu “Eu | 19504200 | 1745.06 | 1.12 | 233215 | 0.83
32 5Gd %Gd | 1850+100 | 174157 | 1.06 | 237659 | 0.78
33 7Gd °Gd | 1850+100 | 1830.52 | 1.01 | 244736 | 0.76
34 5T B¥3Tb | 1800+120 | 182643 | 099 | 249262 | 0.72
35 ¥ Tm " Tm | 20714100 | 1898.08 | 1.09 | 275068 | 0.75
36 Ly Ta | 20304200 | 197825 | 1.03 | 2921.19 | 0.69
37 BT ®0Ta | 20004100 | 205848 | 1.02 | 309551 | 0.67
38 3w Phw 1 19004150 | 2052.11 | 0.93 | 314493 | 0.60
39 B7Re ®Re | 17004200 | 213874 | 0.8 | 327359 | 052
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40 Pl By 19604150 | 2124.60 | 092 [ 337480 | 0.58

41 it 2y 2048+150 | 2219.01 | 092 | 345537 | 0.59

42 BTAu PSAu | 22544200 | 220354 | 1.02 | 3558.65 | 0.63

43 011 2271 | 2065+150 | 228247 | 091 | 374612 | 055

44 2037 4T | 20064200 | 2379.52 | 0.84 | 382984 | 052

45 “7pp %pp | 20004100 | 2370.48 | 0.84 | 3883.37 | 0.52

46 2p; 20887 | 2261+100 | 2361.38 | 096 | 3937.17 | 0.57
No | Chatterjee & | Ratio Lu & Ratio | Adam & | Ratio | Bychkov | Ratio

Chatterjee Fink Jeki et al

1 730.34 0.40 - - - - 611.59 .| 0.479
2 822.59 0.73 - - - - 786.36 0.76
3 845.59 0.96 - - 809.68 1.00 775.61 1.04
4 868.42 0.86 - - 696.07 1.08 766.09 0.98
5 891.02 0.62 485.57 1.14 570.10 0.97 757.70 0.73
6 950.86 1.02 888.57 1.09 965.06 1.03 901.86 1.07
7 97132 0.97 856.49 1.10 894 .89 1.06 895.89 1.06
8 1029.85 1.11 1059.06 | 1.08 | 1080.10 | 1.06 1012.48 1.13
9 1048.50 1.01 1053.09 | 1.01 | 103839 | 1.02 1009.29 1.05
10 1067.21 0.91 104026 | 0.94 990.32 0.98 1006.38 0.97
11 1122.88 091 | 117782 | 087 | 110966 | 0.93 1106.59 | 0.93
12 1131.49 1.12 | 117991 | 1.08 | 109481 | 1.16 1106.35 1.15
13 1140.12 099 | 118072 | 096 | 1078.81 | 1.05 1106.10 1.03
14 1194.73 1.00 | 126892 | 094 | 114848 | 1.04 1192.94 1.00
15 1148.78 105 | 118025 | 1.02 | 1061.66 | 0.13 1105.88 1.09
16 1157.45 084 | 117849 | 082 | 104333 | 0.93 1105.67 | 0.87
17 1174.84 1.17 | 117112 | 1.17 | 1340.84 | 1.03 1105.31 1.24
18 1243.06 099 | 129297 | 095 | 143986 | 085 1197.94 1.03
19 1259.37 1.05 | 1293.03 | 1.03 | 1389.03 | 095 1199.49 1.11
20 1267.55 1.03 | 129154 | 1.01 | 1362.60 | 0095 1200.26 1.08
21 1275.73 099 | 1289.03 | 098 | 133553 | 0.94 1201.03 1.05
22 1324.75 1.09 | 139332 | 1.03 | 146757 | 0.98 1285.52 1.12
23 1340.18 1.19 | 139812 | 1.14 | 1423.05 | 1.12 1288.67 1.24
24 1388.51 123 | 147378 | 1.16 | 1525.13 | 1.12 1365.18 1.25
25 1450.76 1.03 154204 | 097 | 1568.47 | 096 1439.93 1.04
26 1498.65 095 | 1583.45 0.9 1627.8 0.87 1503.27 | 0.96
27 1511.60 099 | 160238 | 093 | 1601.85 | 0.93 1510.81 0.99
28 1571.14 1.02 | 165733 | 0.97 | 1628.09 | 0.93 1578.61 1.02
29 1596.28 104 | 1693.88 | 098 | 1578.15 | 1.05 1595.15 1.04
30 1665.67 1.08 | 176551 | 1.02 - - 1671.39 1.08
31 1709.54 1.14 | 1798.06 | 1.09 - - 1727.62 1.13
32 1715.38 108 | 1807.68 | 1.02 - - 1732.56 1.07
33 1759.08 1.05 | 183526 | 1.01 - - 1785.46 1.04
34 1764.64 1.02 | 184556 | 0.98 - - 1790.89 1.01
35 1829.62 1.13 | 191145 | 1.08 - - 1863.99 1.11
36 1882.48 1.08 | 195559 | 1.04 - - 1925.08 1.06
37 1934.52 1.08 | 1998.12 | 1.05 - - 1984.97 1.05




-20-

38 1939.59 0.98 2008.58 0.95 1991 .24 0.95
39 1985.77 0.86 2039.52 0.83 2043.82 0.82
40 1995.62 0.98 2060.42 0.95 2056.92 0.95
41 2036.29 1.01 2079.79 0.99 2101.79 0.97
42 2045.81 1.10 2100.89 1.07 2115.44 1.07
43 2095.30 0.99 2140.36 0.97 2173.15 0.95
44 2135.22 0.94 2157.67 0.93 2215.48 0.91
45 2139.66 0.94 2168.38 0.92 2222.84 0.90
46 2144.14 1.06 - - 2230.13 1.01
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Table3. Values of the best fit parameters for the systematics of the (n,2n) reaction
cross-sections at 14.5 MeV.

(a) For even-A nuclides:

a=level density (MeV™) a; MeV) a, MeV) a, (MeV) No. of data points

A/25 0.886 0.294 3.078 79.

(b) For odd-A nuclides

a=level density (MeV™) ar MeV) | a.(MeV) | a;(MeV) No. of data points

A/25 0.906 0.270 3.088 46
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Table4. Comparison of the (n,2n) reaction cross-sections systematics at 14.5MeV

Author Formula, ¢ (mb) Mass n F/n
region
Chatterjee & v B Nz 455A<238 126 0.110
Chatteljee Cpan = 31.39(/1 + 1) exp| 1.706| P
1/3 2 28<7<82 116 0.068
Lu and Fink Sp,2n = 45‘76(A 1-7372exp| -32. 21-———*
173 \? N-Z 28<N<50 28 0.092
Adam and Jeki | ®n2n =€ “’C-,(A * 1) P %,
37 0.090
50<N<82
112 1/2 45<A<238 126 0.145
E 1{ T
' A
Szucs man = 1—(1-—) (v +1 r
’ 2 R ( EJ
exp| - —
T
N-Z7 455A<238 126 0.104
Bychkov Cpan =0l 1—0.88expl —7. 95——2—
et al
o,, =8.7(100 + 4)
173 \2 N-Z 452A<209 46 0.102
Opan = 23.53(A + 1) exp| 3.50—— (odd-A)
A
Present
G,y =20 82(/1”3 +1)2 exp(i& 76N—Z+1)
n,2n P AR<A<IR 79 0.130

(even-A)
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mass number of the target nucleus for odd-A.
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Fig.3 Systematics of (n,2n) reaction cross-sections for
even-A and odd-A nuclides at 14.5 MeV
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