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Abstract. The parameterized theoretical formulae of excitation functions for (n, 2n) and (n, γ) reactions have
been established, and for (n, tot) ,(n, non), (n, 3n), (n, p), (n, d), (n, t), (n,3 He) and (n, α) have been recom-
mended. According to these formulae, the SEF code have been developed for systematics calculation of these
reactions. The calculated results with the systematics of the corresponding reactions of the discretional nucleus
can be provided by the SEF code in the applied range quickly. At the same time, the comparison of calculated
results with experimental and evaluated data can be given graphically.

1 Introduction

The cross sections of neutron-induced reactions are impor-
tant for nuclear science and technology. The evaluation of
nuclear reaction cross sections are based on experimental
measurement, theoretical calculation and systematics.

All over the world, the experimental measurement has
never been abandoned, and the progress is significant.
However, the available measured data are scarce and scat-
tered for some nuclei, reactions or energy regions.

Based on the nuclear models, some codes [1, 2] have
been developed and used to calculate the cross sections.
However, there are obvious discrepancy in the unmeasured
energy regions.

Generally, the systematics is convenient and reliable
for prediction of the neutron-induced reaction cross sec-
tions, compared to model theory calculations when exper-
imental data are scarce.

In the present work, the parameterized theoretical for-
mulae for (n, tot) ,(n, non), (n, 2n), (n, 3n), (n, γ), (n, p),
(n, d), (n, t), (n,3 He) and (n, α) have been established or
recommended, and the SEF code has been developed for
systematics calculation.

2 Formulae

Based on the constant temperature evaporation model and
exciton model, taking the competition of other reactions
and the contribution of pre-equilibrium emission into ac-
count, under some assumptions and approximations, the
parameterized theoretical formulae of excitation functions
for (n, 2n) and (n, γ) reactions have been established. Only
the most sensitive parameters are included in the formu-
lae. For getting the parameters, the available experimental
data of these reactions were analyzed and fitted by means
of the nonlinear least square method. The fitted results
agree fairly well with the measured data at some energy
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and nuclei region. On the basis of the parameters of ev-
ery nucleus, the correlations between the parameters and
some quantity of the target nucleus can be expressed as
simple functions. Using the regional parameters, more ac-
curate systematics prediction for unmeasured nucleus or
energy range can be provided. The parameterized theo-
retical formulae of (n, tot) ,(n, non), (n, 3n), (n, p), (n, d),
(n, t), (n,3 He) and (n, α) have been recommended. In the
formulae below, A is the mass numbers of target nucleus,
En is the incident energy of neutron.

2.1 Neutron total cross sections

For (n, tot) reaction cross sections, the systematics of
R.W.Bauer et al. [3, 4] and S.M.Grimes et al. [5, 6] are
used. Using the assumptions of the Ramsauer model, the
neutron total cross section can be expressed as:

σtot = 2π(R +λ̄)2(1 − α cos β) (1)

where, the unit of cross section is b, R is the radius of
the nucleus,� is the reduced wave length of neutron, α is
a parameter with the magnitude between 0 and 1, and β
denotes the phase difference between the wave that passes
through the nucleus and the wave that goes around the nu-
cleus.

β = cA
1/3 ·
{[ √

a + bEn −
√

En

]

+k
′[ √

a + bEn −
√

En

]2} (2)

The parameters a, b, c and k
′

listed in Table 1 are taken
from Ref. [6], the limited mass range is 7 � A and the
limited energy range is from 6 to 60 MeV. These parame-
ters have been obtained by fitting total neutron cross sec-
tions with the nuclear Ramsauer model for mass number
A > 40 and for neutron energies between 6 and 60 MeV,
are extended to nuclei of mass A < 40 [6].
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Table 1. The parameters a, b, c, k
′

[6]

Parameter 7 � A � 20 20 < A < 40 A > 40
a 41.0 ± 0.5 42.0 ± 0.5 38.0 ± 0.5
b 0.67 ± 0.01 0.67 ± 0.01 0.85 ± 0.01
c 0.425 ± 0.01 0.425 ± 0.01 0.46 ± 0.01
k
′

0.07 ± 0.002 0.07 ± 0.002 0.07 ± 0.002

2.2 Non-elastic cross sections

For (n, non) reaction cross sections, the systematics of
A.Chatterjee et al. [7] for neutron energy range from 1
to 50 MeV are used.

σnon =
(
31.05A−1/3 − 25.91

)
En + 342A1/3

+21.89A2/3 +
(
0.223A4/3 + 0.673A2/3 + 617.4

)/
En

(3)

where, the unit of cross section is mb and the unit of inci-
dent neutron energy is MeV.

2.3 (n,2n) and (n,3n) reaction cross sections

For (n, 2n) reaction cross sections, based on the con-
stant temperature evaporation model taking the competi-
tion of (n,3n) reaction and the contribution of preequi-
librium emission into account, the systematics formulae
of (n,2n) reaction excitation function [8] have been estab-
lished from threshold energy to 30 MeV in the mass region
45 � A � 210.

σn,2n = σne
σn,M

σne

(1 − δ)

(
σn,2n

σn,M

)

eq
−
(
σn,3n

σn,M

)

eq



+δ


(
σn,2n

σn,M

)

pre
−
(
σn,3n

σn,M

)

pre




(4)

where, the unit of cross section is b, σne is the nonelas-
tic cross section from empirical formula [9], σn,M is the
neutron emission cross section of compound nucleus,

σn,M = σn,n/ + σn,2n + σn,3n + · · · · · · (5)

δ denotes the contribution of preequilibrium emission, the
subscript eq is the equilibrium cross section can be cal-
culated by the evaporation model and subscript pre is the
preequilibrium cross section can be calculated by the ex-
citon model.

For the expressions of (n, 3n) reaction cross sections
are similar to equation (4). In the expressions of (n, 2n)
and (n, 3n) reaction cross sections, there are two ajustable
parameters, the nuclear temperature T and the ratio

σn,M

σne
.

2.4 Neutron capture cross sections

The (n, γ) reaction cross sections [10, 11] can be written
as

σn,γ = σn,γ(s) + σn,γ(d) (6)

σnγ(s) is the contribution of statistical process and σnγ(d)
is the contribution of interaction between direct and semi-
direct process.

Based on the evaporation model and under some as-
sumptions and approximations, σnγ(s) can be expressed
as

σn,γ(s) =

640α
Lm∑

L=0

(2L + 1)
exp
(
−1.346b0.42

L

)

En



×
exp S n

T

exp S n
T + [exp S n

T − 1]
2

(7)

where, the unit of cross section is mb, the unit of incident
neutron energy is KeV, bL can be expressed as

bL =
0.0158α
βVL
√

En
(8)

VL is the penetration factor of L partial wave. There are
two ajustable parameters α and β.

If we only consider the preequilibrium emission in the
first step in the equilibrium process, which is characterized
by excitions n = 3, σnγ(d) can be expressed as

σn,γ(d) = Cγ

∫ En+S n

0
E4
γ

(E2
γ−E2

R)2
+E2
γΓ

2
R

dEγ

E3
n

[
1 + 0.035A

(
1 + S n

En

)3] (9)

where, the unit of incident neutron energy is MeV, ER and
ΓR are the giant dipole resonance parameters. There is
only one ajustable parameter Cγ.

In Eqs. (7) and (9), S n is neutron separation energy for
compound system. The parameter α can be determined by
the systematics of [12] around 25 KeV. The fitting to Eq.
(9) has been carried out with the collected (n, γ) reaction
cross sections for about forty nuclei, the systematic feature
of parameter Cγ has been obtained, can be expressed as

Cγ = exp(3.77 + 0.0389A + 0.000111A2) (10)

The fitting to Eqs. (7) and (8) have been carried out with
the collected (n, γ) reaction cross sections. For odd-A nu-
clei, the systematic feature of parameter β have been ob-
tained from about forty nuclei, can be expressed as

β = exp(−134 + 6.33A − 0.108A2 + 8.77A3

−3.44 × 10−6A4 + 4.81 × 10−9A5)
(11)

For even-even nuclei, the systematic feature of parameter
β have been obtained from about fifty nuclei, can be ex-
pressed as

β = exp(−24.6 − 1.01A − 0.0207A2

+19.8 × 10−5A3 − 8.70 × 10−7A4

−1.35 × 10−9A5)

(12)

2.5 (n,charged particle) reaction cross sections

For (n, x) [x = p, α, d, t,3 He] reaction cross sections, the
systematics of Zhao Zhixiang et al. [13, 14] are used. The
equilibrium cross sections are calculated by the evapora-
tion model and the preequilibrium cross sections by the

2
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β = exp(−24.6 − 1.01A − 0.0207A2
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2.5 (n,charged particle) reaction cross sections

For (n, x) [x = p, α, d, t,3 He] reaction cross sections, the
systematics of Zhao Zhixiang et al. [13, 14] are used. The
equilibrium cross sections are calculated by the evapora-
tion model and the preequilibrium cross sections by the

exciton model. The preequilibrium emission in the first
step in the equilibrium process are considered, which is
characterized by excitions n = 3.

For (n, x) [x = p, α], it can be written as

σn,x = Cx

(
∆x

1 +
λ2

Ln

∆x
2

1 + Γn/Γx

)/(
1 +
λ2

Ln
+

Lx

Ln

)
(13)

For (n, x) [x = d, t,3 He], it can be written as

σn,x = Cx

(
Lx/Ln

λ2/Ln
+ Γx/Γn

)
(14)

In Eqs.(13) and (14), there are two adjustable param-
eters, Ex

c and Cx. Ex
c represents the generalized height of

coulomb barrier and Cx is a constant proportional to the
maximum of the cross sections. For (n, p) and (n, α) reac-
tions in mass region 23 � A � 197,

Ep
c =
{
0.25Z − 0.6 − 0.001Z2

−2 exp
[
−0.05(Z − 28)2

]}

× exp
[
29.6(N − Z)

/
A

3/2
] (15)

Cp =

(
1 + A

1/3
)2

exp (5.88 − 33.7
N − Z

A

−16.8A−
2/3
) (16)

Eαc = −3.4 + 0.57Z − 0.003Z2

−3 exp
[
−0.3(Z − 28)2

] (17)

Cα =
(
1 + A

1/3
)2

exp
(
2.0 − 23.7

N − Z
A

+21.0A−
2/3
) (18)

For (n, d), (n, t) and (n,3 He) reactions, Ed
c and Et

c are re-
placed by Ep

c , E
3He
c is replaced by Eαc .

Cd = 23
(
1 − 0.052Z + 0.00083Z2

)
(19)

Ct = 5.81
(
1 − 0.052Z + 0.00083Z2

)
(20)

C3He = 2.9
(
1 − 0.052Z + 0.00083Z2

)
(21)

3 SEF code

Based on the established and recommended systematics
formulae and the regional parameters, the SEF code was
developed to calculate the cross sections of the neutron-
induced reaction. Figure 1 shows the flow chart of SEF
code, A is the mass numbers and Z is the number of pro-
tons for target nuclide, P represents the reaction channels,
En is the incident energy of neutron and CS is the value of
the cross sections. Figure 2 and 3 shows the results of cal-
culation for 208Pb(n, 2n) and 208Pb(n, γ) with SEF code.

Figure 1. The flow chart of SEF code

Figure 2. The calculated results of 208Pb(n, 2n) with SEF code

Figure 3. The calculated results of 208Pb(n, γ) with SEF code

4 Results and discussion

The results of systematics for the corresponding reactions
of the discretional nucleus can be provided by the SEF
code in the limitted mass number and neutron energy
range. From Figures 4 to 10, the comparisons of exper-
imental data taked from EXFOR [15], evaluated value and
results of systematics for (n, tot), (n, non), (n, 2n), (n, 3n),
(n, γ), (n, p), (n, α), (n, d), (n, t) and (n,3 He) reaction cross
sections are shown respectively. The results indicated
that the predicted cross sections are consistent with the
measured and evaluated data within the errors for (n, tot),
(n, non), (n, 2n), (n, 3n), (n, γ), (n, p) and (n, α) reactions.
For (n, tot), (n, non), (n, 2n) and (n, 3n) reactions, the en-
ergy range is extended to more than 20 MeV. Hence more
accurate systematics prediction for unmeasured nuclei or
neutron energy ranges can be provided. The agreement
between the predicted curves and experimental data is fair
for (n, d), (n, t) and (n,3 He) reactions. So, further research
is needed for the systematics of these reactions.
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perimental and evaluated data for 93Nb(n, 2n)
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