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Abstract. Taking into account compound, pre-equilibrium and direct reaction mechanisms, we suggest certain
method for theoretical explanation of systematic regularity in the fast neutron induced (n,p) reaction cross sections.
The statistical model, Griffin exciton model and PWBA are used. For systematical analysis of (n,p) reaction cross
sections, simple and convenient formulae are deduced. It is shown that theoretical (n,p) cross sections are satisfactorily
in agreement with experimental values for the 6, 8, 10, 13, 14.5, and 16 MeV neutrons.

1 Introduction

Investigation of charged particle emission reactions induced
by fast neutrons is important for both nuclear reactor technol-
ogy and the understanding of nuclear reaction mechanisms. In
particular, the systematic study of (n, p) reaction cross sections
is necessary to estimate radiation damage due to hydrogen pro-
duction, nuclear heating and transmutations in the structural
materials of fission and fusion reactors. In addition, it is often
necessary, in practice, to evaluate the neutron cross sections
of the nuclides, for which no experimental data are available.
Because of this, in last years we carried out the systematic
analysis of known (n, α) and (n, p) cross sections and observed
so-called isotopic effect in the wide energy interval of neutrons
for the broad mass range of target nuclei [1–3]. Also, some
formulae for the systematic analysis of the fast neutron in-
duced (n, p) reaction cross sections using the statistical model,
exciton model and PWBA were obtained [4–6]. In this paper
the systematic analysis of known (n, p) cross sections for fast
neutrons using the theoretical model formulae is described.

2 Theoretical models of nuclear reactions

2.1 Compound mechanism

For fast neutrons, using the evaporation and constant nuclear
temperature models, semi-classical approach for an inverse
reaction cross section and Γ ≈ Γn approximation we can
obtain the following general formula for the (n, x) reaction
cross section [4]:
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Here S x, Mx (resp. S n, Mn) are the spin and the mass of the
particle x (resp. neutron), Vx the Coulomb potential for the
particle x; Qnx is the reaction energy; Θ = kT is the thermo-
dynamic temperature; Wnx = En + Qnx − Vx; En is the neutron
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energy. In equation (1) secondary particles and γ-emission are
neglected. If we use the Weizsacker formula for the nuclear
binding energy, the following expression for the (n, p) cross
section can be written:

σcom
n,p = Cπ(R +λ̄)2e−K N−Z+1

A , (2)

where
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and

K =
4ξ
Θ
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Here R,Z,N and A are the radius, the proton and neutron
numbers, and the mass number of the target nucleus, respec-
tively;λ̄ is the wavelength of incident neutrons divided by 2π;
∆ = δi − δ f ; ξ, γ, δi and δ f are the constants of Weizsacker
formula. The parameters C and K in equation (2) are
usually determined by fitting to experimental cross sections.
However, the parameters C and K can be obtained directly
from equations (3) and (4). If we determine the nuclear
thermodynamic temperature as in [7] and use the Fermi gas
model [8], we get the following formula for the parameter K

K = 4ξ

√
A

13.5(En + Qnp)
. (5)

If we use the approximation Z � 1, for Coulomb potential of
protons it is possible to get

Vp =
Z

A1/3
MeV. (6)

Thus, in the approximation ∆ = 0 for the (n, p) reaction the pa-
rameter C is determined from equations (3) and (6) as follows:

C = exp

ZA1/6 2γ − 1√
13.5(En + Qnp)

 . (7)

So, from equation (5) and (7) it can be written that the
parameters C and K are related as follows:

ln C =
Z

A1/3

(
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)
K. (8)
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2.2 Pre-equilibrium mechanism

In the framework of the pre-equilibrium nuclear reaction
mechanism, using the Griffin exciton model we can write
following expression for (n, x) cross section [5]:

dσpre
n,x

dEx
= σr(En)

nmax∑
n=n0

λx(n, Ex)τ(n, E). (9)

Here σr(En) is the total reaction cross section for neutrons;
λx(n, Ex) is the emission rate from an n exciton state
(n = p+ h); p is the particle number; h is the hole number. We
assume the probability of nucleon emission from state with n
excitons γn ≈ 0 and depleting factor D ≈ 1. Also, for the
transition probability is used the following approximation

λ+n � λn � λ−n . (10)

Then, the cross section formula for (n, p) reaction can be
obtained from equation (9) as follows

σ
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π6

�2
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where Mp is the mass of protons; K0 ≈ 400 MeV3.

2.3 Direct reaction mechanism

The transition probability of a system from the initial state to
the final one is given by

w =
2π
�

∣∣∣∣∣
∫
Ψ ∗f HΨi dτ

∣∣∣∣∣2 ρ f (E), (12)

where H is the perturbation operator; ρ f (E) is the final states
density; Ψi and Ψ f are the wave functions for the initial and
final states, respectively.

In the case of (n, p) reaction we use following approxima-
tions for the initial and final states of the system [6]

Ψi = UiUn andΨ f = U f Up, (13)

where Ui,U f ,Un and Up are the wave functions of the target
nucleus, product nucleus, neutron and proton, respectively.
Also, we assume that the perturbation operator is equal to a
constant

H = C = const. (14)

The effect of the Coulomb field of nuclei is neglected as
followings

U f ≈ Ui ≡ U. (15)

In the case of plane wave Born approximation (PWBA) for
neutrons and protons, from equations (12–15) we can write
the following formula for the (n, p) cross section

σdir
n,p = C0πR

2

√
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Qnp

En
(16)

Table 1. Energy dependence of the parameters K and C.

En (MeV) K C
6 75.2 17.5
8 62.8 11.9
10 52.1 6.80
13 38.8 2.74

14.5 37.3 2.43
16 33.5 1.42
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Fig. 1. Dependence of reduced (n, p) cross sections on the relative
neutron excess parameter (N−Z+1)/A for neutron energy 14.5 MeV.

where C0 is the fitting parameter which can be interpreted
as a proton emission probability in the asymptotic total cross
section for En � Qnp.

So, the total (n, p) cross section is determined as follows

σnp = σ
com
np + σ

pre
np + σ

dir
np . (17)

From equations (2), (11), (16) and (17) the parameter C0 is
obtained as best fit to experimental data.

3 Analysis of (n,p) cross sections

3.1 Systematics of (n,p) cross sections

Using equation (2) and fitting to experimental data we can
determine the parameters C and K which are given in table
1 for En = 6, 8, 10, 13, 14.5 and 16 MeV. The result of the
fitting for En = 14.5 MeV is shown in figure 1, as an example.
It is seen that theoretical line fitted to experimental data is in
agreement with known (n, p) cross sections. Similar results for
other energy points were obtained.

The dependences of the parameters K and Con neutron
energy are shown in figures 2 and 3, respectively. Figure 4
shows the dependence between the parameters C and K which
were taken from the table 1. From figures 2, 3 and 4 it can
be seen that the fitted values of parameters C and K are
satisfactorily described by the statistical model formulae (5),
(7) and (8).

Here the solid squares are the fits to the experimental data
values (table 1) and the solid curves are the theoretical values.
The values of A,Z and Qnp are taken as averaged and constant
parameters for all isotopes and given in figures 2 and 3, also.
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Fig. 2. Energy dependence of the parameter K.
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Fig. 3. Energy dependence of the parameter C.
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Fig. 4. The relationship between the parameters C and K.

3.2 Theoretical and experimental (n,p) cross sections

The comparisons of the absolute values for theoretical (n, p)
cross sections calculated by statistical model, exciton model
and PWBA with known experimental data at En = 14.5 MeV
are shown, as an example, in figures 5, 6 and 7, respectively.

Also, in figures 8 and 9 are displayed the total (n, p) cross
sections calculated by equation (17) with experimental values
for En = 8 and 14.5 MeV. It is seen that the theoretical total
(n, p) cross sections are in agreement with experimental data.
In the case of En = 6, 10, 13 and 16 MeV almost the same
results were obtained.
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Fig. 5. Values calculated by the statistical model and experimental
data of (n, p) cross sections at 14.5 MeV.
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Fig. 6. Values calculated by the exciton model and experimental data
of (n, p) cross sections at 14.5 MeV.
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Fig. 7. Calculated by PWBA values and experimental data of (n, p)
cross sections at 14.5 MeV.

3.3 Analysis of the Levkovsky conclusions

Levkovsky proposed three conclusions to explain the isotopic
effect of (n, α) and (n, p) cross sections for En = 14 −
15 MeV [9]. We revised these conclusions in the wide energy
range of 6 to 16 MeV and obtained following results:
1. Levkovsky empirical formula is almost identical with

equation (2) which was deduced using the statistical
model.

2. The ratio of the (n, p) cross section to the (n, α) one is
equal roughly to 2.5 for En = 8, 10, 13 and 14.5 MeV,
as concluded in [9]. But, at energies of En = 6 and
16 MeV this ratio is not equal to 2.5. This effect, perhaps,
is qualitatively explained by the difference of Coulomb
barriers for protons and α-particles in the same nucleus.

3. From our analysis it was seen that the systematical
regularity of (n, p) cross sections takes place not only at
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Fig. 8. Experimental and theoretical total (n, p) cross sections at
8 MeV.
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Fig. 9. Experimental and theoretical total (n, p) cross sections at
14.5 MeV.

14–15 MeV, as concluded in [9], but in the wide energy
range of En = 6 MeV to 16 MeV.

This work was carried out in the framework of the “Nuclear Re-
actions” project supported by Mongolian Science and Technology
Foundation.
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