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ABSTRACT

Energy spectra of neutrons from (n,n'J and (n,2n) reactions
induced by 14 MeV neutrons have been calculated in terms Of the orig-
inal Weisskopf model for a number of target nuclei. The results of
the calculations which avoid the usual approximations show very good
agreement with the experimental data.

Ha ocHoBe opuruHanbHon Mmofenn Beickondga 6bL10 onpegeneHo pac-
npefesneHne Mo 3HEPrMn HerWTPOHOB, BO3HMKAKLWMX B peakuymsax (NMnO wu
(n, an)» BbI3BaHHbIX HeNTpoHamMmy 0 3Hepruei 14 MaB. B cnyyae 60/1bLIOIO 4un-
cna Afep MWULLEHW pacyeTHble W M3MEpPeHHble 3HAYeHUs XOPOLIO COr/lacoBblBas/UCh.

KIVONAT

Az eredeti Vieisskopf modell keretében kiszamitottuk a 14 MeV-e
neutronokkal el6idézett (n,n*) és (n,2n) reakciéban kilépd neutronok
energiaeloszlasat. A szamitott és mért értékek nagyszdmu targetmag ese-
tében nagyon j6 egyezést mutatnak.



1. INTRODUCTION

The study of inelastic neutron scattering (INS) and (n,2n)
reactions is expecially useful for the investigation of the internal
structure of nuclei at excitation energies of several tens of MeY. A
considerable number of neutron spectra from (n,n*) and (n,2n) re-
actions measured at 14 MeV bombarding neutron energy has been already
reported and analyzed by fitting with simplified evaporation formulae
derived in terms of the compound nucleus (CN) theory. It will be Bhown
that more precise CN model calculations can prove more definitely the
validity of the ON model or that they can give more information about
the effect of the direct reaction mechanism.

2. THEORY

As a rule, in a considerable part of the possible energy in-
terval neutrons from both (n,n*) and (n,2n) reactions contribute
to the energy spectra of the neutrons emitted at 14 MeV bombarding neu-
tron energy. Assuming that the excitation energy of the compound nucleus
with N neutrons and Z protons (A * N+ Z) is so high that the
statistical theory applies to both the compound and the residual nuclei,
the energy spectra of the emitted neutrons can be reasonably well de-
scribed in terms of the original Weisskopf formulation [1]

If, the residual nuclei after the first neutron emission have
enough energy for the emission of further neutrons, the contribution
from the latter enters as an additional term into the differential cross
section in the form

88 = n(e) e "(E) +c2 »P2(e) 11/
where N (e) and N2(e) are the contributions from the first and
that from the second neutron emission,- respectively. N(e) and (E)

are given by



N (e) = QlEaA(E) 1-1@‘-@»-*? /2/
“a<e >
K2-E
"a-2 (E'- BA-T BA-2-E'-E) .
V 'Ly -°2 J ‘M E'> lioA-1 (B) dE 131
“a-i(e*-ba-i-e’)
where the constant @ is chosen such that we have
If1 (E)dE = 1
while the constant Qp leads to
j f2(E)dE = 1
0
a”n) and are the capture cross sections for neutrons of energy
E and the binding energies, respectively in nuclei with i = A, A-I,
A-2. E* is the initial excitation energy of the compound nucleus with
mass number A and K? = E* - Bpg - % _i stands for the maximum

energy of the second neutron.

The relative strength Cp of the second term is determined
by Weisskopf’s hypothesis that neutrons are always emitted if it is en-
ergetically allowed. This can be expressed by the condition that

f1(E)dE = C2 f2(E)dE = C2
0 0
The spectra f (E) sind f (E) are usually approximated by
simple evaporation spectra with parameters T* and Tp, respectively.
The differential cross section is the gives as

_ / 1 E ( E\ n E /I E )]
=0
n(e) FOnr2 (1 in T2 exa TI) * 1+ T2 eXPV" 1 l4l
°n,2n
where p=1 with on>n, and °n 2n being the total cross
an,n’ '

sections for (n,n’) and (n,2n) reactions.

This approximation is theoretically difficult to justify and
seems to have been adopted only becanse an approximation of this type
works well for the simple (n,n*) reactions.



An alternative approach is the be Couteur and Lang type [2]
cascade calculation, applicable to cases when the initial excitation
energy is high enough for several neutrons to he emitted in succession.
The differential reaction cross section is then approximated by

N(E) & e5/11 oa(e) e x p '] I1S1

where the parameter Teff is related to the nuclear temperature
governing the emission of the first neutron as

m =1 m

eff 7 1
This approximation to (n,2n) reactions is questionable because of the
relatively low excitation energies available for the successive neutron
emission in our case. This fact is apparent from a number of energy
spectra measured by Anufrienko et al. [3] and Salnikov et al. [4] at
14 MeV bombarding neutron energy. These authors tried to make eye-guide
fits to the emitted neutron energy spectra some of which resembled the
form of eq. /4/ while others were more similar to the form of eq. /5/

3. CALCULATIONS

The cross section calculations were made for a two-step neutron
cascade emissions using the formula /1/ derived from the OCN theory
without having recourse to such rough approximations as involved in ex-
pression L4] . We worked also without the assumption of such high excita
tion energy as needed for a high emission probability 8f several neu-
trons. All the approximations used in our’calculations are theoretically
established and well defined.

In can be seen that the neutron capture cross section in eq.
/ 1/ cover a rather wide energy interval comprising quite low energies
too. Since in this case it seems inadmissible to assume the neutron cap-
ture cross section to be constant, we used the empirical formula of
Dostrovsky et al. [5] which approximates the energy and mass dependence
of the neutron capture cross sections fairly well for nuclei with mass
numbers similar those involved in our calculations, and has the form



og(E) ~ a + tilE

where a=2.2 +0.7 k2© and R= 2.12 A-2//? - 0.05

The level densities were obtained by the method of Gilbert
and Cameron [6] who used a "constant nuclear temperature" approach
at low excitation energies and the regular Fermi gas formula containing
pairing and shell corrections at higher excitation energies at whi h
the density of the energy levels at energy E is given as

d*(e) = const.exp (2/aU")/ n Ar"0
where U=E - P (2) - P (A), and P (2) and P(N) are the
pairing energies. Below a given energy = 2.5 + 150/A + P (2) +
P (N) (MeV)
uP (E) =1 expf(E - Eo)/t]

where Eq and T are determinded by equalizing the two level densi-
ties w and their derivatives at E = E*. The parameter a in the for-
mula for UH"CE) is given as

a = (0.00917S + c)A

where S = S(Z) + S(N) are the shell corrections and the value
of C i3 0.142 for undeformed 0.120 for deformed nuclei. The numer-
ical values of S and P were taken from ref. [3]

4. RESULTS AND DISCUSSION

The experimental data [3»4] are compared with the results of
our calculations in figs. 1-3. for most of the nuclei under considera-
tion the predictions are in surprisingly good agreement with the experi-
mental values, if one considers that statistical description without
free parameters and a more rigous treatment has been used than in the
earlier approaches. Even for the nuclei Mg, S, Ca where the calcula-
tions for a target of natural isotopic abundance failed to reproduce the
experimental (n,2n) <contribution, show very good agreement if we calcu-
late only with contributions from the specific isotopic subject to



(n,2n) reaction 25,26Mg, 54S, '"Ca.

The deviations at higher energies can be attributed to contribu-
tions from direct reactions, uncertainties of level densities and neu-
tron capture cross sections.

The numerical results of our calculation for the sum of contri-
butions from (n,n*} and (n,2n) reactions are included in Tables
1-6. Tables S—él contain the numerical spectra for 25Mg, 548 and
44Ca target nuclei. Also examples with somewhat changed level density
parameters as tests for the sensitivity of the results for the income
parameters are included.

The shapes of the spectra of neutrons from (n,n*) and (n,2n)
reactions, respectively, are determined by the values of neutron binding
and pairing energies. The relative positions of these two spectra and
that of spectra from different isotopes cause in some cases remarkable
deviations from a single smooth deepless composed spectrum.

The advantage of the method is that it avoids the use of dif-
ferent evaporation formulas with one or two "nuclear temperatures”, the
physical interpretation of which is always ambiguous.

as compar with the detailed Hauser-Feshbach method [7] the
computational process is more simple and therefore it can be extended
with a reasonable time consumption to energy spectra of cascades with
several terms and to a large number of nuclei as required e.g. for
fission neutron spectrum calculations [8].
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Table 1

N(E) < !

K Ti In
.2464 0.2653 0.3823
2631 0.3470 0.4977
.2306 0.3821 0.5292
.1882 0.3876 0.5129
1817 0.3770 0.4717
.1916 0.3518 0.4198
1973 0.3182 0.3653
1994 0.2809 0.3127
.1986 0.2438 0.2645
.1958 0.2101 0.2215
.1910 0.1822 0.1841
.1849 0.1630 0.1520
1777 0.1508 0.1248
.1698 0.1386 0.1019
1614 0.1269 0.0828
.1528 0.1157 0.0670
.144-0 0.1050 0.0539
.1353 0.0949 0.0433
.1268 0.0853 0.0345
.1186 0.0764 0.0274
.1106 0.0681 0.0217
.1029 0.0605 0.0171
.0954 0.0536 - 0.0136
.0882 0.0473 0.0107
.0813 0.0417 0.0085
.0748 0.0367 0.0068
.0686 0.0322 0.0054
.0628 0.0284 0.0043
.0573 0.0249 0.0034
.0523 0.0219 0.0026
.0476 0.0192 0.0021
.0430 0.0168 0.0016
.0391 0.0137 0.0012
.0355 0.0115 0.0010
.0322 0.0101 0.0007
.0292 0.0088 0.0006
.0265 0.0076 0.0004
.0240 0.0067 0.0003
0217 0.0058 0.0002
.0197 0.0050 0.0002
.0178 0.0044 0.0001
.0161 0.0038 0.0001
.0145 0.0033
.0131 0.0029
.0118 0.0025
.0107 0.0022
.0096 0.0019
.0087 0.0016
.0078 0.0014
.0070 0.0012
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Table 2.

Ce

Sb
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Table 3

N(E TL

En
MeV

Cr

HK

Ta
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Table 4

NIiE )
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MeV
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Pb

Sr

Zn
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Table 5
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Table 6

W Ca

N(E )
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FIGURE CAPTIONS

Fig. 1 Logarithmic plot of N (E) /E for neutron emissions
following bombardment Na, Mg, S, K, Ca and Ti with 14 MV
neutrons. The experimental values from refs. C3»™ 1 indi-
cated by . The solid curves give the calculated values
for targets of natural isotopic abundance, while the dashed
lines show those only for targets without components not
giving (n,2n) reactions.

Fig. 2 Logarithmic plot of N (E) /E~11 for neutron emissions
following bombardment In, Sb, I, Cs, Ce, Ta and Hg with
14 MeV neutrons. The experimental values from ref. [4]
indicated by . The solid curves give the calculated val-
ues for targets of natural isotopic abundance.

Fig. 3 Logarithmic plot of N (E) /E for neutron emission fol-
lowing bombardment Cr, Mn, Zn, Sr, Pb and Bi with 14 MV
neutrone. The experimental values from ref. [3,4] indi-

cated by . The solid curves give the calculated values
for targets of natural isotopic abundance.
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