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An approach for consistent evaluation of (n,2n) and (n,np) reaction excitation functions for some even-
even isotopes with the (n,np) reaction thresholds lower than (n,2n) reaction ones is described. For
determination of cross sections in the maximum of the (n,2n) and (n,np) reaction excitation functions some
empirical systematics developed by Manokhin were used together with trends in dependence of gaps
between the (n,2n) and (n,np) thresholds on atomic mass number A. The shapes of the (n,2n) and (n,np)
reaction excitation functions were calculated using the normalized functions from the Manokhin’s
systematics. Excitation functions of (n,2n) and (n,np) reactions were evaluated for several nuclei by using

the systematics and it was found that the approach used for the present study gives reasonable results.
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1. Introduction

Although many studies to establish empirical systematics of threshold reaction cross sections have
been carried out, most of the systematics were developed at the energy from 14 to 15 MeV. Manokhin
developed empirical systematics to represent excitation function of (n,2n) and (n,np) reaction cross sections
from threshold energy to 20 MeV D based on experimental data. These systematics can be used for an
evaluation and a selection of more reliable excitation functions among those which have no experimental
data and are calculated on the base of theoretical models.

In this paper an approach for consistent evaluation of (n,2n) and (n,np) reaction excitation functions for
some even-even isotopes with the (n,np) reaction thresholds lower than (n,2n) reaction ones is described.
For determination of cross sections in the maximum of the (n,2n) and (n,np) reaction excitation functions
some empirical systematics from the work ¥ were used together with trends in dependence of gaps between
the (n,2n) and (n,np) thresholds on atomic mass number A. The shapes of the (n,2n) and (n,np) reaction

excitation functions were calculated using the normalized functions from the work .
2. Interrelation of (n,2n) and (n,np) reactions

First of all an interrelation between absolute values of the (n,2n) and (n,np) reaction cross sections at
the maximum of their excitation functions should be analyzed. This interrelation depends on an
interrelation of the thresholds of these reactions and the values of gaps between them.

When Ey(n,2n) < Ey(n,np) (where Ey(n,2n), Ey(n,np) are thresholds of the (n,2n) and (n,np) reactions,
respectively), the (n,2n) reaction dominates and its absolute maximum value can be calculated according to
the work »? from the relation:

65.4 X A% [mb]. ¢

When Ey(n,2n) > Ey(n,np) +Qc, (where Q. is Coulomb barrijer), the (n,np) reaction dominates and the
maximum (n,2n) reaction cross section depends on the gap between their thresholds [Ey(n,2n) - Eg(n,np) +
Qc)]: the more this gap the more the maximum (n,np) reaction cross section and less the maximum (n,2n)
reaction cross section.

The available experimental data show that the maximum (n,2n) cross sections as a function of mass
number A decrease with the increasing of (Ey(n,2n) - Ey(n,np)). Having in mind the conclusion of the
work" that the sum of these two reactions near (n,3n) reaction threshold can be evaluated by the values
65.4 X A¥® [mb], we can assume that the maximum (n,np) reaction cross sections as a function of A
increase against the value (Ey(n,2n) - Ey(n,np)).

To use this trend for the evaluation of maximum cross sections, some assumptions should be made
concerning parameter which is the same for isotopes to be compared. The neutron excess value (N-Z)
should be used as such parameter. In Fig.1 the dependence of the gaps between the thresholds of (n,2n) and
(n,np) against A is shown for some isotopes. The values for isotopes with the same (N-Z) are linked by

lines. From study of correlation between the dependencies shown in Fig.1 and dependencies of the

_1.._
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maximum (n,2n) cross sections, some additional information concerning the maximum values of the (n,2n)

and (n,np) reaction cross sections can be obtained.

3. Evaluation of (n,np) excitation functions for isotopes with (N-Z)=2

There are three isotopes with neutron excess (N-Z)=2 which have large gaps (Ey(n2n) - Eg(nnp)): *Ti,
0Cr and **Fe. The dependence of these gaps on atomic mass number is almost linear as shown in Fig.1 and
Table 1. For *Ti and **Fe there are experimental data which give possibility to evaluate more or less
reliably the maximum (n,2n) cross sections. In Figs. 2-3 the curves evaluated on the basis of systematics
from the work U are given. The maximum (n,2n) cross sections for “Ti and **Fe are equal to ~230 mb and
~100 mb, respectively. It is seen that the (n,2n) cross section dependence for these two isotopes on atomic
mass number is inversely proportional to dependence of the gaps.

Having in mind almost linear dependence of the gaps, we can assume that (n,2n) cross sections will
decrease also linear with the increasing of (Eg(n,2n) - Eg(n,np)). As a result we can draw line through the
evaluated (n,2n) cross sections for *Ti and *Fe and determine the maximum (n,2n) cross section for *Cr
by the value of ~155 mb and calculate the (n,2n) excitation function (Fig. 4) using the normalized (n,2n)
excitation function » shown in Table 2. This calculated excitation function contradicts to the available
evaluated curves based on Borman’s data * however agrees with the trend in the cross sections that resulted
from the recent data by Ikeda et al. ¥ in the energy region of 14-15 MeV.

Using the (n,2n) cross sections given above, the maximum (n,np) cross section were calculated by
subtracting the (n,2n) cross sections from the sum of the (n,2n) and (n,np) reactions predicted by relation
(1). For calculation of the (n,np) excitation function shapes, the normalized function  shown in Table 2
was used. The results of calculations for three isotopes are given in Table 1 and in Figs. 5-7. One can see
that the *°Cr (n,np) excitation function agrees very well with the experimental data of Fessler et al. ¥ A sum
of the (n,np) and (n,p) reaction cross sections near 14.8 MeV (about 765 mb) satisfactory agrees with the
(n,xp) reaction cross section of Grimes et al. (830100 mb) © within experimental uncertainty. For *Ti
and **Fe we have quite reliable experimental data near 15 MeV for (n,p) reactions (215 mb and 275 mb,
respectively). Adding these values to the (n,np) cross sections values at the same energy, one can obtain the
sums (630 mb and 820 mb, respectively) that close to the experimental data by Grimes et al. © for (n,xp)
reactions ((669=90) mb for “Ti and and (900 110) mb for **Fe).

The gap of (B, (n,2n) - By, (n,np)) for *Ni is not more than for *Fe as one can expect from almost
linear dependence for the gaps of *Ti, *°Cr and *Fe. This may be connected with magic atomic mass
number and magic Z of *Ni. However the gap of (Ey, (n,2n) - Ey (n,np)) for *®Ni close to the gap of
(Ew(n,2n) - Ey(n,np)) for 3*Fe, one can assume that the (n,2n) reaction cross section for **Ni is comparable
with the (n,2n) cross section for *Fe. The Fig. 8 gives the maximum (n,2n) cross section about 75-80 mb,
that is close to 100 mb for the maximum (n,2n) cross section for **Fe.

The (n,np) cross section for *®Ni is measured quite well (Fig. 9) and equal to ~880 mb near maximum

of excitation function. A sum of experimental maximum cross sections of the (n,np) and (n,2n) reactions is

_2__.
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equal to ~960 mb and the calculated sum from the relation (1) is equal to 975 mb. The difference is within
uncertainty of experimental data (about 5%, i.e. ~40-45 mb). This supports an assumption that the sum of
the maximum (n,2n) and (n,np) reaction cross sections are approximately equal to the cross section

calculated from the relation (1) if Ey(n,2n) > Ey(n,np).
4. Evaluation of (n,np) excitation functions for isotopes with (N-Z)=6

There are three suitable isotopes with N-Z=6 for evaluation of (n,np) reaction cross sections on the
basis of known (n,2n) reaction cross sections using the approach described above: °Ge, ™Se and "®Kr. For
two isotopes ("Ge and "Se) there are excitation functions evaluated on the basis of available experimental
data and systematics of the work . The maximum cross sections of the (n,2n) reaction from these
evaluations are 860 mb for °Ge and 690 mb for *Se (Table 3 and Figs. 10-11).

Having in mind the dependence for the gap (Ey, (n,2n) - Ey, (n,np)) on A (Fig.1), we can extrapolate the
maximum (n,2n) cross sections for °Ge and "Se to the maximum (n,2n) cross section of 580 mb for *Kr
(Fig.12 and Table 3).

Applying the approach used above, the (n,np) reaction maximum cross section (see Table 3) and (n,np)

excitation functions can be evaluated for isotopes for °Ge, Se and ™Kr (Figs. 13-15).

5. Evaluation of (n,np) excitation functions for isotopes with (N-Z)=8

The results of (n,np) excitation functions are given below for the isotopes with neutron excess (N-Z)=8,
for which the experimental data allows to evaluate the maximum (n,2n) reaction cross sections. These cross
sections correlate inversely proportional with the (Eg(n,2n) - Eg(n,np)) (see Fig. 1). The numerical results

and plots are presented in Table 4 and in Figs. 16-21.
6. Evaluation of (n,np) excitation functions for isotopes with (N-Z)=0

In this case we have linear dependence of the gap (Ey(n,2n) - Ey(nnp)) on A (Fig. 22 ). Though
experimental data for the (n,2n) reaction cross sections are absent for the most isotopes, there are
experimental data for '“N(n,2n) as shown in Fig. 23. Maximum cross section of this reaction is about 11 mb.
Having in mind the dependence in Fig. 22, we can assume that for other isotopes the maximum (n,2n)
reaction cross sections would be less than that for *N(n,2n). Because of small (n,2n) reaction cross sections
we can accept that the cross section predicted by relation (1) is mainly due to the (n,np) reactions. As a
result we can evaluate the (n,np) reactions as it is shown in Figs. 24-31.

The numerical results of calculations by relation (1) and assumed maximum (n,np) reaction cross
sections (with taking into account that the (n,2n) reaction cross section is not more 10 mb) are presented in

Table 5. In Figs. 24-31 for comparison some theoretical curves are given. In several cases we can see
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satisfactory agreement. However for N and O there are great disagreement. Two conclusions are

possible: the approach does not work for small A or theoretical curves are not reliable.

7. Conclusion

On the basis of analysis made above, we can enough reliably assume that the maximum (n,2n) cross
sections correlate and depend on the gap (Eg, (n,2n) - Eg, (n,np)) inversely proportionally and the maximum
(n,np) reaction cross section is proportional to the gap (Ey(n,2n) - Ey(n,np)), if Eg(n,2n) > Ey(n,np) +Qc.

This assumption can be used for interpolation and extrapolation of maximum (n,2n) cross sections for
isotopes with unknown cross sections using the available experimental data for isotopes with the same (N-
Z). The maximum value of (n,np) reaction excitation functions can be evaluated by subtracting the
maximum (n,2n) cross section from the sum of these two reactions.

On the basis of so determined maximum cross sections we have possibility to calculate excitation
function curves using the normalised functions from the work V.

The approach used for evaluation of the (n,np) reaction excitation functions gives reasonable results for

even-even isotopes if Eg(n2n) > Eg(nnp)+Qc. Further investigation is needed for situation when E(n2n)

~ Eg(nnp)+Qc.
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Table 1 (n,2n) and (n,np) cross sections for isotopes with (N-Z) =2

Eu(n,2n) - (n,2n) cross Sum of (n,2n) and | Calculated (n,np)
Isotope | N-Z E(n,np), section, mb (n,np) cross cross section, mb
MeV sections, mb
6T 2 2.91 230 840 610
OCr 2 3.50 155* 885 730
*Fe 2 4.61 100 930 830
ENi 2 4.12 80 975 895

Note: * The value is determined by interpolation.

Table 2 Normalized excitation functions of (n,2n) and (n,np) reactions. Symbols in the table denote
the following quantities. A E: E-Ey, Ey: threshold energy, AE,..: E..x — E, E: neutron
energy, E_..: neutron energy at the maximum of excitation function, o : cross section, ¢ :

maximum cross section value.

0 /0 pax
AE/ AEuy (n,2n) reaction (n,np) reaction
0.05 0.03 0.04
0.10 0.09 0.14
0.15 0.18 0.26
0.20 0.30 0.40
0.25 0.42 0.53
0.30 0.53 0.64
0.35 0.60 0.73
0.40 0.68 0.79
0.45 0.75 0.84
0.50 0.81 0.88
0.55 0.85 0.90
0.60 0.88 0.92
0.65 0.91 0.94
0.70 0.93 0.955
0.75 0.95 0.965
0.80 0.97 0.975
0.85 0.98 0.980
0.90 0.99 0.990
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Table 3 (n,2n) and (n,np) cross sections for isotopes with (N-Z) = 6

Ey(n,2n) - (n,2n) cross Sum of (n,2n) and | Calculated (n,np)
Isotope | N-Z E.(n,np), section, mb {(n,np) cross cross section, mb
MeV sections, mb
Ge 6 3.05 860 1110 250
"*Se 6 3.57 690 1155 465
®Kr 6 3.89 580* 1190 610
Note: * The value is determined by extrapolation.
Table 4 (n,2n) and (n,np) cross sections for isotopes with (N-Z) = 8
En(n,2n) - (n,2n) cross Sum of (n,2n) and | Calculated (n,np)
Isotope | N-Z E(n,np), section, mb (n,np) cross cross sections, mb
MeV sections, mb
84Sr 8 3.10 950 1250 300
Mo 8 5.27 450 1330 900
%Ru 8 3.39 800 1370 570
Table 5 (n,2n) and (n,np) cross sections for isotopes with (N-Z) =0
E4 (n,2n) - (n,2n) cross Sum of (n,2n) and | Assumed maximum
Isotope | N-Z Ey, (n,np), section, mb (n,np) cross (n,np) cross
MeV sections, mb sections, mb
“N 0 3.28 11 380 370
150 0 3.66 <10 415 405
Ne 0 4.22 <10 482 472
Mg 0 5.04 <10 544 535
2Si 0 5.80 <10 604 595
328 0 6.37 <10 659 650
®Ar 0 6.94 <10 708 700
“Ca 0 7.50 <10 764 755
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