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Abstract

The systematic behaviour of (n,p) and (n,o) cross sections for 14 MeV neutrons has been
investigated using Weisskopf formulation of statistical model for nuclear reactions and introducing an
exponential term that takes care of the suppression of charged particle emission by Coulomb barrier.
The dependence of the values of various coefficients of the physical parameters of the systematics on the
level density parameter is also investigated. An intercomparison of the predictions of the present
systematics with those of the systematics based on asymmetry parameter, and measured values is

provided.
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1. Introduction

The knowledge of the cross sections of (n,p) and (n,o) reactions induced by about 14 MeV neutrons
is useful for fusion technology and development of nuclear reaction models. Therefore measprements,
calculations and evaluations of these cross sections have been extensively undertaken in the past decade.
The prediction of precise cross section values for these reactions requires calculations that should take
into account in a proper way the contributions from compound nucleus, statistical, direct and
preequilibrium modes of reactions requiring appropriate optical-model parameters and energy level
densities. An alternative and less laborious though less accurate way of predicting an unknown cross
section has been to bank on the systematics of nuclear reactions [1,2]. Most of these systematics use
nuclear asymmetry parameter (A-2Z)/A where Z and A are the atomic number and mass number of a
nuclide respectively [3-12] since the variation of these cross sections is strongly correlated with the
asymmetry parameter for nuclides spread almost over the whole periodic table. A detailed summary of
different systematics used for charged particle emission has been given by Forrest [12]. Mostly the
systematics were based on the first order asymmetry term in the exponential. However Forrest also
included the second order asymmetry term and a term which involved mass number A, and found better
agreement with experimental results. Later Badikov and Pashchenko [13] reported the analysis of

updated (n,p) cross sections through least squares fit using Forrest formula.

The present paper is concerned with the study of the systematic behaviour of (n,p) and (n,o) cross
sections using expressions that are based on the statistical model of nuclear reactions. Previously
Bychkov et al [11] had carried out similar analysis and confined themselves to the analysis of (n,p) cross
sections only. The present analysis is concerned with both the (n,p) and (n.«) cross section systematics
and also considers the Coulomb barrier for the suppression of the emission of charged particles from
nuclei exponentially. The details of the mathematical formulation, fitting procedures and discussion are

given in the following sections.




2. Mathematical Formulation

The derivation of mathematical expressions for studying the systematic behaviour of the (n,p) and
(n, o) cross sections in the present work are based on the original paper of Weisskopf [14]. We consider
the compound nucleus A in the excited state E, that results from the absorption of a neutron having
energy Ec in the centre-of-mass system, the binding energy of the neutron in the nucleus being E,,. In
the compouﬁd-nucleus formalism a reaction channel i is characterized by its width I'; which is related to
the partial decay const 7., defined as the probability of decay per second of the compound nucleus

through channel i, as
T, = KA, ¢))

The total width is given by

L=, +[,+T,+,+. .. @

where I, T}, Ty, Ty etc. are the widths for neutron, proton, alpha and gamma emission channels.
The widths are specified in terms of energy. For heavy nuclei the residual nucleus has a high level
density and the evaporated particles have almost continuous spectra. The probability of the emission of

a neutron per second W,(€)de having energy in the interval € and € + de is given by

’ gnMn € COB(EB)
W de=c |E . —d 3
(e)de=c| A,e) n2h3mA(EA) €, 3)

where g, and M, are the spin statistical factor and the mass of the neutron respectively; op(Eg) and
®a(Ea) are energy level densities of the residual nucleus B having the excitation energy Ep and of the
compound nucleus A having the excitation energy E, respectively: o(Ea.€) is the cross section for the

reverse process i.e. for the formation of the compound nucleus A in the energy state E, on the




bombardment of the nucleus B in the energy state E by a neutron of energy €. Following Weisskopf,
we define energy level densities in terms of entropies on the basis of the concepts of thermodynamics:
Sa(E) = In o, (E),
. Sg(E) = Inws (B), S @)
where S(E) corresponds to the entropy of the nucleus having an excitation energy between E and

E+dE. Using the definition of entropy we rewrite equation (3) as

g.M,
W, (e)de=c (E,,€) el exp|Sy (B, —E,,—€)-S,(E)]de, &

The usual formula for the probability of the evaporation of a neutron can be derived from
equation (5) on the assumption that E, is much greater than both the binding energy of the
neutron, E, and the kinetic energy € of the emitted particle which is valid for neutrons of 14 MeV

incident energy. Further assuming that S, and S are identical functions, we may put

(d4s,.(E))
SB(EA _-Eon_ e): SA(EA)_(Eon+ E)l\_Ad—EL)' ) (6)
Moreover by using the definition of the nuclear temperature T as
65,(E,) ;
dE " T,(E)

We can rewrite equation (5) as

M"jexp{- —a—}};—s} ede. )

The integration of equation (8) gives the total channel width for the neutron emission when

W (e)de=c (EA, e) (gnnzif

multiplied by 7 resulting in

I, =5(E,) (g—M—] T: (E, ) exp {—_—E—J ©)




where G (E,) is the mean value of o(E,,€) averaged over the Maxwell energy distribution. For

the range of energy under discussion it is usual to take
o(E,) =R’ - 0

where R is the radius of the residual nucleus, and therefore we may write equation (9) as

( )
— 7R 2 &w_n) _"Ea .
T, =7R (nzhz T? (EA)expLTA(EA)J (11)

The width of a proton emission channel differs from that of a neutron as it is charged and has to

surmount Coulomb barrier. Thus the proton width can be obtained from the neutron width by its

multiplication with an appropriate factor and may be written as

(g )
e (B 2 (5, ) g L_E_) Jftaze). w)

A(Ea

Some properties of the function f(zZE;) are as follows. it should be equal to 1 for the neutron
emission, approach unity for large value of the incident energy E; and approach zero for small incident

energy and large Coulomb barrier values. On these grounds the function f(zZE,) has been chosen as

f(2ZE, ) = exp (—C;—i;—l)j (13)

where C is a constant to be determined from the least-squares fit to the measured cross section data.

Here z and Z are the charges of the emitted and target nuclei.

Therefore the proton width may be written as

M [ -E, cz-)
I ~ 7R’ [gp ;]Tj expL » )J- (14)

n’h
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Now on the assumption that the neutron emission is the dominant mode of the decay of the

compound nucleus, we may write for the (n,p) cross section as

n

I-lf’
O ZOx T - (15)

where og is the non-elastic or reaction cross section for 14 MeV neutrons. Using equations

(11,14), we obtain

c(z-11

(£, e (6)- S22

(E,) c(z-1)1

EiAl/3 —l

G,, ZOp €XP
(16)

I B .

G,, =Of €Xp Lan/TA

where Q,; is the Q-value for the (n,p) reaction. Using semiempirical mass formula we may

write equation (16) in the form

[2a(z-1) A-2z+1 cC(z-1) |

O,, =Op €Xp !_ TAY? - TA a, - EiAm + aE)J an
where the nuclear temperature T is taken as
E. /\"
Tz( ’f/a) a=A/0- (18)

Here E, is the excitation energy of the compound nucleus. if one uses the temperature of the residual
nucleus, E, is taken equal to the incident energy of the neutron [11] which is the maximum energy
available to the residual nucleus after emission of a neutron by the compound nucleus A. al is a
constant that compensates for the approximations used in deriving the expression for the Q-values in

terms of the parameters of the semiempirical mass formula. The value of oy is taken for 14 MeV

neutrons as




ox =10nr; (1+A"* )’ mb 19)

where r, is expressed in fm and a value of 1.4 fm is, in general, used for it [11]. Here a, and a, are
the Coulomb energy and the asymmetry energy coefficients and have values of about 0.58 MeV and 72

MeV respectively.

For the purpose of studying the systematics of (n,p) cross sections, equation (17) is rewritten as

[ a(z-1) a(A-2Z+1)  a.(z-1)]
2
onp=(1+A1/3) €xp Lao'*' ]TA1/3 +—2 TA a. + EiAvs _}

(20)

where now a, is equal to [ln(IO nwl)+ a;] :
Proceeding in the similar manner and making some approximations, we can arrive at
the following expression for the (n.o) cross section:

) [ 4a(z-19 a,(A-2Z+05 20(z-2)]
O, =20, €x '+ — -
not R ©Xp Lao TA 3 TA EiA1/3 J

@D

where the factor 2 in front of the exponential comes from the fact the product of the mass and the
spin statistical factor of an alpha particle is twice the same product for a proton. For the purpose of

studying the systematics of (n,c) cross sections, we write equation (21) as

> (Z-15) A-2Z+05 (z-2) 1
c., :(1+A”3) exp \-ao +a, EVC +a, ( A )+a3 A J (22)

3. Fitting Procedure

The mathematical formulation of multiple regression and subroutines for computational purposes
given in Ref. [15] were adopted for obtaining the best fit to the data. The previously reported data [11-
44] were used in these fits. However, some data which apparently seemed inconsistent with the

systematics either due to the values of cross sections or due to unrealistic quoted errors on them, were




not included in the data library used for obtaining the best fits. Details of the numerical data used in the
present analysis are given in tables 1 and 2. The multiple regression fit was given to the following

expressions.

o 1 (Z-1)  (A-2Z+1)  (z-1)

Y=lnt np (1+A”3)2‘J=a0-H:l1 TA +a, TA +a, EA (23)
—cm 1 (Z-15) (A-2Z+05) (z-2)

y=In (1+A1/3)2J:ao +a, TA t+a, TA +a, E A (24)
[ -| ( 2
C, A-27) A-27 ,

y=In p(1+A1/3)2J=ao +a, A +a, ( A ) +a,A"? . (25)

The equations (23) and (24) are the present formulae for the systematics of (n,p) and (n,o) cross
sections respectively and equation (25) is the formula used by Forrest [12] for the systematics of (n,p)
cross sections. Mostly the cross section data used in the fits refers to 14.6 + 0.2 MeV incident neutron
energy and where excitation function was known the cross section value at 14.6 MeV was used in the
analysis. In the above formulae y was weighted by the weighting factor Ac/c where Ac is the
uncertainty on the reported cross section . The fitting programme results in the values of coefficients

a,, 4, a; and a3 and uncertainties on these coefficients.

4. Results and Discussion

4.1 The best fit parameters

The mathematical formulae used in the present work for studying the systematics of (n,p) and (n,o)
cross sections are based on the statistical model of nuclear reactions. They have been expressed as a
product of a factor which gives cross section for the formation of the compound nucleus, a second factor

for its decay into a given channel, integrated over all possible energies of the emitted particle, and the

third factor for the effect of Coulomb barrier on the emission of a charged particle. These formulae

contain two physical parameters of the semi-empirical mass formula namely the Coulomb and the




asymmetry gnergies and a third parameter expressed as a ratio of the Coulomb barrier, experienced by
the emitted particle, to the incident neutron energy. The input parameters are the atomic number, the
mass number, the measured cross section and its error for a given nuclide, the nuclear temperature and
the incident neutron energy. The chi-square value which is a measure of the quality of a fit is highly

dependent on the errors of the measured cross sections on account of their weighting power.

Therefore some data that could adversely affect the quality of fit were not included in the process of
analysis. It was not possible to get a good fit to the (n,p) cross sections of nuclides having Z > 18 all
taken together. A natural division of nuclides into odd-A and even-A was followed and (n,p) cross
section data of these nuclides were fitted separately. However it was possible to obtain a good fit to (n,a)
cross sections of all nuclides having Z > 20 taken together. The values of the coefficients a., a,, a, and
a; and their uncertainties obtained through least-squares fit to (n,p) cross sections along with other
relevant information for even-A and odd-A nuclides are listed in tables 1 and 2 respectively. The
corresponding information on the analysis of (n,c) cross sections is given in table 3. The (n,p) cross
section data for 145 nuclides used in the present analysis was also fitted using the formula given by
Forrest i.e equation (25) and it resulted in 4.11340.000, 36.72310.305, -30.38640.240 and -0.035610.01

for the values of a,, a,, a, and a; respectively with a reduced chi-square value of 6.5.

One of the input parameters of the present analysis is the nuclear temperature which is given by the
square root of the ratio of the excitation energy to the level density parameter. In order to see the effect
of nuclear temperature on the nature of fit, two relevant values of excitation energy namely 14.6 MeV
and 21 MeV have been used which are the average incident neutron energy and the average excitation
energy of the compound nucleus respectively. For each excitation energy two values of the level density
parameter namely a=A/10 MeV" and a = A/15 MeV" have been used in the analysis of the data. As may
be seen from tables 1 and 2 the values of a,, as, their uncertainties, the quality of fit indicated by its chi-

square values and the fitted values of cross sections remain unchanged for the different values of the




energy level density parameters and excitation energy. However the values of the coefficients a, and a,

and errors on them do change.

The lower values of errors on the coefficients correspond to a = A/10 MeV"' and Ex=¥4.6 MeV
respectively. The values of E,=21 MeV and a=A/15 MeV"! in the analysis of (n,p) cross sections of
even-A nuclides give a;==0.5 MeV and a, = 73 MeV which are comparable with the values used in the
semi-empirical mass formula. The value of a, = 4.234 gives a factor exp (a,) = 69.0 which multiplied by
(1+A' )? gives, in millibarns, the cross section of compound nucleus formation and corresponds to the
value 1, = 1.48 fm. On the basis of the low chi-square value and the reasonably accepted values of other
physical parameters resulting from the analysis, it may be said that the (n,p) cross section data of even-A
nuclides for 14 MeV incident neutron energy can be adequately explained on the basis of statistical
model formulation. The fit to the (n,p) cross sections of odd-A nuclides for the same set of values of
excitation energy and level density parameter results in the values of 3.794, 0.7 MeV and -50 MeV for
a,, aj and a, respectively giving a;=0.35 MeV and, a,=50 MeV. Both of these values are smaller than the
corresponding values used in the semi-empirical mass formula. However, it is remarkable that the
values -6.25440.519 MeV and -6.182+1.018 MeV of a; for the even-A and odd-A nuclides are in good
agreement with each other. The value of a, gives a measure of the compound-nucleus formation cross
section and its deviation from the expected value reflects the degree of approximations made in arriving
at the expression contained in the exponentials of the formulae. If we consider the value a,=4.234
obtained from the analysis of (n,p) cross sections of even-A nuclide as the base line, the lower value of

=3.794 for odd-A nuclides could be attributed to a value of -0.44 resulting from the approximations

made in arriving at the expression in the exponential of the formula for odd-A nuclides.

The values of coefficients a,, a, and a» resulting from the best fit to (n,o) cross sections for both odd-

A and even-A nuclides taken togather are 5.421, 1.439 MeV and -62.131 MeV respectively for a=A/15

MeV™"! and Ex=21 MeV. After taking into account a factor 2 in front of the exponential in equation (21)




and taking as before a,=4.234 as the base line value, we observe that the offset of about 0.494 could
result due to the approximations made in arriving at the expression in the exponential of the formula for
(n,a) cross sections. The value of |a3| =15.73010.68 MeV, noting that the charge on the alpha -
particle is twice the value for the proton compares well with the combined value of las| =6.241.1 for
(n,p) cross section analysis of both even-A and odd-A data. The values of a. and a, obtained from a; and
a; are 0.372 MeV and 62.131 MeV respectively. The values of 0.35 and 0.372 MeV for a., obtained
from the lea.st squares-fit to the (n,p) cross section of odd-A nuclides, and to the (n,a) cross sections of
both even-A and odd-A nuclides. are in good agreement with each other but lower than the value of 0.5

MeV obtained from the analysis of (n,p) cross sections of even-A nuclides.
4.2 Comparison with previous systematics

It is very important and useful to compare the predictions of the present systematics and previous
systematics with experimental results. The most extensive analysis of (n,p) and (n,a) cross sections
based on systematics has been reported by Forrest [12], who obtained the following expressions on the

basis of least-squares fit.

Op = 7.567 (1+A'?)? exp(-28.80s - 59.24s% + 0.2365A"%) mb (26)
Ona = 10.82 (1+A'?)” exp(-9.402s - 127.3s% + 0.00717A) mb Z<50  (27)
Ona = 129.4 (1+A'?)" exp(-42.45s - 0.00212A"*) mb Z>350

where s is the asymmetry parameter and it is equal to (A-2Z)/A. Recently Badikov and Pashchenko
[13] have carried out the analysis of (n,p) cross sections using updated information and have given the

following expresion.

Omp = 5.2093 (1+A'”)” exp(-23.486s - 85.044s° + 0.25406A) mb - (28)




As the equations (26, 28) represent the same systematics and essentially result in the same values of
(n,p) cross sections, we only include for discussion the results of Forrest [12] under previous systematics
due to their extensive nature. As it is indicated from the low chi-square values of the fits to both (n,p)
and (n,o) cross sections data there is a very good agreement between the fitted values and experimental
values included in the present analysis. A comparison of some fitted (n,p) cross sections is provided in
table 6 and figure 1. Except for >*Cr the present fitted values are in better agreement with measurements
than previous systematics. As stated earlier not all the available data were included in the present
analysis. The (n,p) cross section data omitted in the present analysis and included almost all of it by
Forrest is given in table 7 and shown in figure 2 along with the fitted values of the previous systematics
and the predictions of the present systematics. The deviations of the predictions of the present
systematics from their measured values are shown in figure 3. As is evident from figure 2 there is a very
good agreement between the predictions of the present systematics, the fitted values of the previous
systematics and the measured (n,p) cross section values of '°Cd, '**Gd, " Er, '>Yb, "°Yb and '*?Os.
However, the predictions of the present systematics disagree with the measurements and previously fitted
values, which agree with each other, for “'Ti, "°Zn, #Kr, Mo, '**Sm, '*’Au and **T1. The measured
(n,p) cross section of **T1 agrees with the predictions of the present systematics but disagrees with its
previously fitted value. The predictions of the present systematics agree with the fits of the previous
systematics but disagree with the measured (n,p) cross sections of ¥Sr, ®Sr, '®Ru, ''?Sn, '®Xe, '**Ho,
'2Yb and '**Pt. Both the systematics disagree with each other as well as with the measured cross

sections of **Ni, ¥Se and *“’Pb.

We include in table 8 and show in figure 4 the measured values of (n,o) cross sections which
showed rather poor agreement with fitted values of the previous systematics. It may be observed that the
measurements in general are in better agreement with the present systematics. The predictions of (n.a)

cross sections of the present systematics of nuclides not included in the present analysis are compared
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with the experimental analysis values and fitted values of the previous systematics in table 9 and figure
4. The predictions of the present systematics agree with the fitted values of the previous systematics and
the measured (n, o) cross sections of '®Tm and '"°Yb. The measured (n,ct) cross sections and the
predictions of the present systematics are in good agreement for *'Br, *’Rb, Y, “Mo, Mo, "*Lu and
25U but differ from the previously fitted values. The predictions of the present systematics differ from
the measured (n,t) cross sections and the previously fitted values for *°Rb, '®Pd, ''>Cd, '#*w, 86w,
1%0s and *®Bi. Both systematics agree with each other but differ from the measured (n,&) cross
sections of '“’I. Both the systematics disagree with each other as well as with the measured (n,c.) cross
sections of ''“Cd, ''*Sn, '*Hf, '’ Au, **Hg and Z°Th. A summary of the discussion on the comparison
of the predictions of the present systematics for cross sections of nuclides not included in the present
analysis is provided in table 10 and it is suggested that the measurements of the cross sections of
nuclides for which the predictions of the present systematics agree with the fitted values of the previous

systematics but differ with the experimental values may be verified.
S. Summary and conclusions

The systematics of (n,p) and (n,) cross sections have been studied for 14 MeV neutrons using the
statistical model formulation and including the effect of Coulomb barrier on the emission of charged
particles. The systematics of odd-A and even-A nuclides having Z>18 have been studied seperately but a
single formula has been used for (n,o) cross sections of all nuclides having Z>20. The fitted values of
the Coulomb and asymmetry energy parameters agree with the corresponding parameters of the
conventional semiempirical mass formula for even-A nuclides but are smaller by about 28 and 30
percent respectively for odd-A nuclides in the case of (n,p) cross sections, and 15 and 30 percent
respectively in the case of (n,t) cross sections for a particular choice of nuclear temperature. The most
significant aspect of the present analysis has been the agreement of the valués of the fitted parameter of

the Coulomb barrier introduced explicitly for the first time in the systematics under discussion..
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Table 1. The (n,p) cross section library

S.No. Nuclide 4 A c Ac Ref.
1 Ar 18 40 18 3 adopted
2 K 19 41 51 8 [19]
3 Ca 20 40 470 30 [11]
4 Ca 20 42 172 20 adopted
5 Ca 20 43 92 10 [16]
6 Ca 20 44 44 8 [24]
7 Sc 21 45 58 6 [16]
8 Ti 22 46 242 30 [16]
9 Ti 22 48 64 5 adopted
10 Ti 22 49 40 7 [351
11 Ti 22 50 16 3 [11]
12 \Y 23 51 38 5 adopted
13 Cr 24 50 265 50 12]
14 Cr 24 52 80 10 adopted
15 Cr 24 53 44 5 [12]
16 Cr 24 54 18 3 [19]
17 Mn 25 55 45 10 [11]
18 Fe 26 54 286 10 [27]
19 Fe 26 56 110 10 [161
20 Fe 26 57 55 8 [11]
21 Fe 26 58 23 4 adopted
22 Co 27 59 47 10 [16]
23 Ni 28 58 310 10 adopted
24 Ni 28 60 136 10 [26,27]
25 Ni 28 61 59 4 [26]
26 Ni 28 62 39 6 [12]
27 Cu 29 63 53 6 [29,30,36]
28 Cu 29 65 27 5 [11]
29 Zn 30 64 150 20 adopted
30 Zn 30 66 66 5 [16]
31 Zn 30 67 38 6 adopted
32 Zn 30 68 26 3 adopted
33 Ga 31 69 34 3 [16]
34 Ga 31 71 21 3 [12]
35 Ge 32 70 77 10 [11]
36 Ge 32 72 34 2 [26]
37 Ge 32 73 22 3 [16]
38 Ge 32 74 11 2 [11]
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Table 1 Continued ...

S.No. Nuclide Z A c + Ac Ref.
39 Ge 32 76 3 1.5 [11]
40 As 33 75 30 5 [adopted,35]
41 Se 34 74 112 7 [34]
42 Se 34 76 52 5 [33,34]
43 Se 34 77 36 10 adopted
44 Se 34 78 20 2 adopted
45 Br 35 81 21 5 [16]
46 Kr 36 82 23 5 [12]
47 Kr 36 83 14 5 (12]
48 Kr 36 86 8 3 [12]
49 Rb 37 87 11 2 adopted
50 Sr 38 88 15 2 [12]
51 Y 39 89 246 3 [161
52 Zr 40 90 45 5 adopted
53 zZr 40 91 29 4 [19]
54 zr 40 92 22 2 adopted
55 zZr 40 94 10 1 [24]
56 Nb 41 93 40 10 [12]
57 Mo 42 94 54 10 [30,36]
58 Mo 42 96 25 2 [37]
59 Mo 42 97 16.8 1 [16]
60 Mo 42 98 14 4 adopted
61 Mo 42 100 52 1 [11]
62 Te 43 99 15 2 [19]
63 ‘Ru 44 96 136 10 [26]
64 Ru 44 101 25 2 [25]
65 Ru 44 104 8 1 [25]
66 Rh 45 103 17 3 [19]
67 Pd 46 102 94 15 [38]
68 Pd 46 104 58 14 [11]
69 Pd 46 105 31 3 [19]
70 Pd 46 106 25 3 [161
71 Pd 46 108 9 2 [161
72 Ag 47 109 14 3 [16]
73 Cd 48 110 27 5 [16]
74 Cd 48 111 222 6 [16]
75 Cd 48 112 16 2 [16]
76 Cd 48 113 12 2 adopted
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Table 1 Continued ...

S.No. Nuclide z A 6 t+ Ao Ref.
77 cd 48 114 10 2 adopted
78 Cd 48 116 25 0.5 adopted

[24,25)
79 In 49 115 15 5 [16]
80 Sn 50 116 22 2 [16]
81 Sn 50 117 14 2 [16]
82 Sn 50 118 9 3 [11]
83 Sn 50 119 10 2 [11]
84 Sn 50 120 43 0.7 [11]
85 Sb 51 123 46 1.5 [16]
86 Te 52 122 12 2 [16]
87 Te 52 124 9 2 [16]
88 Te 52 126 5 1 [12]
89 Te 52 128 2.4 0.4 [11]
90 Te 52 130 1.8 0.3 [11]
91 I 53 127 9 3 [16]
92 Xe 54 130 9 2 [11]
93 Xe 54 131 6 1 [11]
94 Xe 54 132 3 0.5 [11]
95 Xe 54 134 2 0.5 [11]
96 Cs 55 133 10 2 [11]
97 Ba 56 136 6.3 2.0 [31]
98 Ba 56 137 6 2 adopted

[31,34]
99 Ba 56 138 25 0.5 adopted
100 La 57 139 5 1 [12]
101 Ce 58 140 6.5 0.5 [11]
102 Ce 58 142 4 1 [11]
103 Pr 59 141 9 1 [16]
104 Nd 60 142 14 2 [11]
105 Nd 60 143 11 2 [19]
106 Nd 60 144 12 3 [12]
107 Nd 60 145 75 2 [12]
108 Nd 60 146 47 0.5 [39]
109 Sm 62 148 10 1 [16]
110 Sm 62 150 7.2 1 [11]
111 sSm 62 152 37 0.4 [161
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Table 1 Continued ...

S.No. Nuclide Z A c + Ac Ref.
112 Sm 62 154 3.5 0.7 [16,adopted]
113 Eu 63 153 6 1 [16]
114 Gd 64 157 54 1.1 [16]
115 Tb 65 159 6.0 0.5 [26]
116 Dy 66 160 7.0 1.5 [12]
117 Dy 66 161 5.6 0.5 [19]
118 Dy 66 162 5 1 {16]
119 Dy 66 163 3 1 [16]
120 Dy 66 164 2.8 0.5 [19]
121 Er 68 166 6.1 1.5 adopted
122 Er 68 167 4 1 [11]
123 Er 68 168 27 1.2 adopted
124 Yb 70 174 3.5 1 [11]
125 Lu 71 175 3.7 0.5 [16]
126 Ta 73 181 45 0.5 [16]
127 w 74 182 6.5 0.5 [34]
128 W 74 183 4.1 0.5 [161
129 w 74 184 3.2 0.2 [34]
130 W 74 186 1.7 0.5 [16]
131 Re 75 187 43 0.5 [16]
132 Os 76 186 55 1.3 [161
133 Os 76 188 47 1 [261
134 Os 76 189 5 2 [16]
135 Os 76 190 2 0.5 [11]
136 Ir 77 191 48 0.8 [16]
137 ir 77 193 38 0.5 [16]
138 Pt 78 194 4 0.5 [16]
139 Pt 78 195 20 0.5 [16]
140 Hg 80 198 46 0.3 [11]
141 Hg 80 199 3.5 0.6 [11]
142 Hg 80 200 36 1 [16]
143 Hg 80 201 1.8 0.3 [16]
144 Pb 82 206 2 0.4 [16]
145 Pb 82 208 1 0.5 [16]
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Table 2. The (n,o) cross section library

S.No. Nuclide V4 A e} Ac Ref.
1 Ca 20 44 28.6 1.5 [12]
2 sC 21 45 55 5 [11]
3 Ti 22 48 31 8 [11]
4 Ti 22 50 10 2 adopted
5 Vv 23 51 25 4 adopted
6 Cr 24 50 94 15 [40]
7 Cr 24 52 35 3 [16]
8 Cr 24 53 45 4 [16]
9 Cr 24 54 14 2 [16])
10 Mn 25 55 29 6 adopted
11 Fe 26 54 85 6 271
12 Fe 26 56 46 4 [12]
13 Fe 26 57 33 5 adopted
14 Fe 26 58 20 2 {12
15 Co 27 59 32 2 [11]
16 Ni 28 58 120 15 [12]
17 Ni 28 60 70 10 [12]
18 Ni 28 61 45 5 [12]
19 Ni 28 62 20 3 [19]
20 Ni 28 64 9 1 [41]
21 Cu 29 63 38 8 adopted
22 Cu 29 65 18 4 [19]
23 Zn 30 68 10 2 [26]
24 Zn 30 70 4 1 [19]
25 Ga 31 69 18 2 [11]
26 Ge 32 72 15 2 [11]
27 Ge 32 74 6 1 [19]
28 As 33 75 11 1.5 [11]
29 .Se 34 78 8.6 0.5 [33]
30 Se 34 80 6.6 2 [19]
31 Br 35 79 12.5 1.5 [11]
32 zr 40 90 10 3 [12]
33 2r 40 92 8.5 1 [12]
34 Zr 40 94 4.8 0.5 [16]
35 Zr 40 96 3 1 [11]
36 Nb 41 93 9.5 0.5 [11]
37 Mo 42 92 27 2 [12]
38 Mo 42 94 18 4 [12]
39 Mo 42 96 10 2 [12]
40 Mo 42 98 56 0.6 [16]
41 Mo 42 100 2.8 0.3 [16)
42 Tc 43 99 7 1 [19]
43 Ru 44 102 6.2 0.7 [19]
44 Ru 44 104 26 1 [42]
45 Rh 45 103 11 2 [19]
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Table 2 continued ...

S.No. Nuclide 4 A c + Ac Ref.
46 Pd 46 106 56 0.7 [42]
47 Ag 47 107 5.5 3 [12]
48 Ag 47 109 7 3 [12]
49 Cd 48 106 100 40 [42]
50 in 49 115 3 1 adopted
51 Te 52 126 2.1 0.6 [16]
52 Te 52 128 1.1 0.3 [16]
53 Cs 55 133 25 0.5 adopted
54 Ba 56 138 2.0 0.2 [19]
55 La 57 139 20 0.3 [12]
56 Ce 58 140 46 2 [12]
57 Ce 58 142 3.0 0.6 [12]
58 Pr 59 141 3 1 [12]
59 Nd 60 142 71 0.8 [16]
60 Nd 60 144 4.7 1.5 [12]
61 Nd 60 146 3.1 0.5 2]
62 Nd 60 148 24 0.5 [12]
63 Sm 62 150 3.5 0.5 [11]
64 Sm 62 152 21 0.5 [12]
65 Sm 62 154 1.2 0.2 [17]
66 Eu 63 151 42 0.5 [12]
67 Eu 63 153 2.2 0.3 [11]
68 Gd 64 156 3.1 1 [17]
69 Gd 64 158 1.2 0.4 [17]
70 Gd 64 160 2 1 [42]
71 Tb 65 159 2.5 0.6 [171
72 Dy 66 162 20 0.3 [17]
73 Dy 66 164 1.24 0.14 [17]
74 Ho 67 165 1.3 0.4 [17]
75 Er 68 168 23 0.5 171
76 Er 68 170 1.0 0.2 [42]
77 Tm 69 169 3.0 1.5 [12]
78 Yb 70 172 1.8 0.4 [17]
79 Yb 70 174 1.3 0.2 [17]
80 Lu 71 175 1.3 0.3 [17]
81 Hf 72 178 3.04 0.75 [26]
82 Ta 73 181 1.1 0.3 [12]
83 ‘Re 75 187 0.94 0.3 adopted
84 Ir 77 191 2.4 0.6 [12]
85 Hg 80 202 1.0 0.3 [12]
86 Tl 81 203 2.2 1 [12]
87 Ti 81 205 0.75 0.35 [19]
88 Pb 82 206 2.8 0.4 [19]
89 Pb 82 207 1.6 0.5- [12]
90 Pb 82 209 07 0.3 [12]
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Table 3. The values of coefficients for the best fit to (n,p) cross sections of even-A nuclides

Ex a ao a1 a» as R-x? No. of
MeV) | (MeV') (MeV) (MeV) (MeV) data points
21 AM0  4.23440.00 0.820+0.002 -59.808+0.578 -6.254:+0.519 2.1 85
A/15  4.23410.00 1.000+0.002 -73.249+0.867 -6.254+0519 2.1 85
14.6 A0 4.23410.00 0.683:0.001 -49.863+0.402 -6.254+0.519 2.1 85
A5 4.23430.00 0.837+0.002 -61.076+0.603 -6.254+0519 2.1 85
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Table 4. The values of coefficients for the best fit to (n,p) cross sections of odd-A nuclides

Ex a ao al az as R-x2 No. of
MeV) | (MeV'h) MeV) (MeV) (MeV) data points
21 A0 37941000 0.57240.005 -40.863+7.74 -6.182+1.018 1.5 60
A5 37944000 0.700:0.008 -50.000+11.61 -6.182+1.018 1.5 60
14.6 A0 3.79410.00 0.47740.004 -34.07215.381 -6.182+1.018 1.5 60
A5 3.794+0.00 0.58410.006 -41.730+8.071 -6.182+1.018 15 60
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Table 5. The values of coefficients for the best fit to (n,a) cross sections for all A-values

Ex a ao aq az a3 R-x? No. of
MeV) | (MeV'") (MeV) (MeV) (MeV) data points
21 A/10  5421+0.00 1.21510.003 -50.730+3.18 -15.730+0.678 2.6 89
A/15  5.421+0.00 1.489+0.004 -62.131+1.978 -15.730+0.678 2.6 89
14.6 A/10  5421+0.00 1.014+0.002 -42.306:0.917 -15.730+0.678 2.6 89
A/15  5421:0.00 1.24140.003 -51.805+1.363 -15.730+0.678 2.6 89
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Table 6. Comparison of measured (n,p) cross sections with the predictions of the present and
previously reported systematics. All cross sections are in millibarns

Target nuclide Experimental value Forrest This work

‘ g 51+8° 60 62
. YOca 470 + 30° 659 472

g 58 + 6° 86 70

507; 16 + 4%(g) 12(13.5) 22

7 + 2%m)

Séer 18 + 32 19 29

SeFe 110 + 10° 08 98

Scu 53 + 6° 86(120) 60

8¢y 27 + 5P 29 33

5zn 38 + 6' 35 35

81gr 21 + 5° 12 17

8k 8 + 39 4 ' 6

193Rn 17 + 3° 28 24

M8 15 + 5° 13 13

8 + 19
138 63 + 2" 4 4
3B a 53 + 0.7" 3 5

?Ref. [19] PRef.[11] °Ref. [16] “Ref. [43] °Ref. [29,30,36] 'Ref. [26] IRef. [12] "Ref. [31]

"Values used in the fit.
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Table 7. Comparisdn of measured values of (n,p) cross sections of nuclides, which were not
included in the analysis, with the present and previously reported systematics. All cross sections
are in millibarns and taken from Ref.[12] unless specified otherwise.

Target nuclide Experimental value Forrest This work
T 170 + 20 102 74
116 +162

54Ni 45 +2 14 20
70z 7 £05 7 11

80ge 16 +4° 6 9

84kr 8 +1.5° 9 12
84sr 96 + 8° 72 74
8gr 44 + 4° 31 34
SMo 42+2° 38 30
100Ry 5+ 6° 34 37
1%cqg 130 + 312 110 127
Y2gn 30 + 10 72 83
128xe 276 11 11

1445m 2415 29 36
el 32+1.2 3 3

1850 40 £ 15 4 5

170g, 1.8+0.5° 2.1 1.9
72yp 6.30.8 4.4 4.5
73yp 4+04 3.5 43
78yp, 18+0.3 1.8 16
19208 21+07 1.7 16
196p¢ 1.4+03° 2.3 2.2
197 A0 2.5+0.5° 3.2 3.9
2037 4241 2.8 34
2057 19403 1.9 2.5
27py, 16+0.3° 2.1 28
209g; 0.8+0.3° 2.4 3.1

3Ref. [19] PRef. [16] °Ref. [42]
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Table 8. Comparison of measured (n,a) cross sections with predictions of the present and
previously reported systematics. All cross sections are in millibarns. The measure cross
sections are taken from -Ref. [I2] unless specified otherwise.

Target nuclide Experimental value Forrest This work
Sy 25+ 42 20 24
54Ni 9 +1° 7 11

37 +05
Bge 86 +0.5° 6.4 8.6
80se 6.6 + 29 24 46
%zr 3 +1° 1.0 2.5
%Mo 56 +0.6' 33 54
193Rn 11 +29 6.7 9.5
1094g 7 +3 4.1 6.8
138g4 2.0 +0.2¢ 1.2 14
142ce 3.0 £06 16 1.8
148Ng 24 +05 1.2 1.5
1604 2 +1 0.8 1.1
191, 24 +06 1.1 26
2037; 22 +1 0.8 2.2
208py, 2.8 +0.49 0.7 2.1

2adopted PRef. [41] °Ref. [33] Ref. [19] °Ref. [11] Ref. [161

27



Table 9. Comparison of (n,a) cross sections of nuclides, which were omitted in the
presented analysis, with the present and previously reported systematics. All cross sections are
in millibarns and taken from Ref.[12] unless specified otherwise.

Target nuclide Experimental value Forrest This work .
8By 6.5+ 1.2% 46 6.8 .
85Rb 6.5+1° 6.0 8.1
87Rb 3.8+0.5° 2.5 45
8%y 9.3+0.7° 76 9.7
%Mo 13512 10.3 126
Mo 75+2 4.9 7.2
1079 55+3 8.1 11.7
108py 26+04 25 48
M2cq 3.15+0.22 3.2 59
14cq 0.7+0.2 16 35
M8y 14102 2.0 4.4
127) 15+05 3.2 3.0
1891 3+1,5 16 26
78yp 0.7+03 0.66 1.1
178y 1.6 +£0.2 1.1 1.9
1804¢ 2.8+0.2° 0.8 15
184y 1.2+0.2° 1.0 2.0
188y 06+0.1° 0.7 13
1900 0.8+0.12 0.81 1.8
194py 13104 1.0 24
196py. 06+02 0.7 17
197y 0.5+0.1 0.9 2.3
200 1.7+0.3% 0.8 22
209g; 07+03 06 2.0
2301 46+1.2° 0.4 1.8
238 1.5+ 0.3 03 1.3

®Ref. [19] PRef. [11] °Ref. [41] Ref. [42]

28




Table 10. Classification of nuclides not included in the present analysis according to agreement

and desagreement between the two systematics and measured values

Sr. No.

Classification

Listing of nuclides on the
basis of (n,p) cross sections

Listing of nuclides on the
basis of (n,a) cross sections

Present and previous

systematics and
measurements all
agree

Present systematics
and measurements
agree but differ with
previous systematics

Previous systematics
and measurements
agree but differ with
present systematics

Previous and the
present systematics
agree but differ with
measurements

The systematics and
measurements all
disagree

1060(], 158Gd, 170El‘,
173Yb, 176Yb, 1920s

203-”

477i, 10zn, 84Ky BSMo,
1 44$m, 197Au, 205T|

843!", SGSF, 100Ru, 1123",
128Xe, 165H0, 172Yb, 196Pt

64Ni, BOSe, 207Pb

1 69-|-m' 176Yb

81Br, 87RDb, 89y, SMo,
176Lu, 238U

Bst, 108Pd, 112Cd, 184W,
186W, 19005’ ZOQBi’ 194Pt

127|

197Au, 200Hg, 230Th
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 3.

Figure 5.

Figures Captions

A comparison of measured (n,p) cross sections of some nuclides with the previous and present
systematics.

A comparison of predictions of the present systematics with the previously fitted and measured
(n,p) cross sections of nuclides omitted in the present analysis.

Deviations of the predictions of (n,p) cross sections not included in the present analysis from
their measured values.

A comparison of measured (n,a) cross sections of some nuclides with the previous and present
systematics.

A comparison of the predictions of the present systematics with the previously fitted and
measured (n,e) cross sections of some nuclides with the previous and present systematics.

Deviations of the predictions of (n,e) cross sections of omitted in the present analysis from
their measured value.
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