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SYSTEMATICS OF (n, 2n) REACTIONS AT 14 MeV!

ELIZABETA HOLUB*, Zagreb

There exist a large number of experimental data for the (n, 2n) cross sections at
a neutron energy of 14—15MeV [1]. Several authors [2—5] have plotted the systema-
tics of (n, 2n) cross sections as a function of (N —2Z)/A or (N—Z) parameters. The con-
clusions drawn from these systematic studies during the last ten years have, however,
been rather different. There was a controversy regarding the existence of structural effects
in (n, 2n) cross sections.

All previous results confirm two main trends in (n, 2n) cross sections plotted against
(N—Z) or (N—Z)/A: a) & structureless gross trend, and b) the so-called Csikai—Petd
trend [6] (positive slope of isotonic and isotopic lines).

Bormann [2] and S. Chatterjee and A. Chatterjee {4] found distinct minima
in the mass dependence of (n, 2n) cross sections in the region of closed neutron and pro-
ton shells. In Ref. [2] the author made a systematic study at an approximately constant
value of the incident neutron energy Es ~ 14.5 MeV. On the other hand, 8. Chatterjee
and A. Chatterjee [4], as well as Csikai and Petd [6], pointed out the importance
of Q-value effects and made a systematic study at & constant value of the maximal re-
sidual excitation energy. The structural effects which were observed in Refs. [2] and [4]
appeared to be due to the fact that partial (n, 2n) cross sections were taken in those
cases where the total cross section was not experimentally known. Another reason for
the minima was that many experimental results were rather old and inaccurate.

In recent years a number of new results, obtained with the high-resolution y-ray de-
tection technique, has become available. Thus, it is now possible to reinvestigate the
earlier systematics and reexamine their conclusions. ; .

The experimental results of this work were obtained in the region where strong minima
were reported in Ref. [4]. These are the data for the nuclei 84Sr, 88r, 88Sr, 93Nb, 13¢Ba
and 136Ba. In all these cases, except 8Sr and %8r, only the partial cross section could
be measured by the activation technique, and therefore the theoretical prediction for
isomeric cross section ratios, based on the statistical theory, was used to estimate the
total cross sections.

The systematics presented in this work is based on new experimental data in literature
[1] and experimental data obtained in this work. B plot of (n, 2n) cross sections versus
residual neutron excess (N Z)p at a constant value of the residual excitation energy
is in good agreement with the gross trend without pronounced minima, even in the region
of closed neutron and proton shells.

Neutrons were obtained from the 3H(d, n) “He reaction produced in the 200 kV

1 Contribution delivered at the International Symposium on Neutron Induced Re-
actions, September 2—6, 1974 at SMOLENICE, Czechoslovakia.
* Tnstitute Rudjer Boskovié, P.0.B. 1016, 41001 ZAGREB, Jugoslavia.
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Cockeroft-Walton accelerator of the “Rudjer Boikovié* Institute in Zagreb. The energy
of neutrons was 14.6 4 0.3 MeV. ) L

To determine the (n, 2n) cross sections, the standard activation method .-was used.
(Glamma rays were measured with a 20 em3 Ge(Li) detector with a resolution of about
4keV at 1332 keV. The mixed powder and sandwich methods ‘wére used to mdnitor
the neutron flux. The choice of the monitor reaction for mmnmq:m:m,um the neutron flux
depended on the half-life and gamma-ray energy of the product nucleus in the (n, 2n)
reaction. The following monitor reactions were employed to aﬁm._apm_om the neutron flux:

2Al(n, p) TMg (tya = 9.46m, o = T3 & 5mb [7]), ©

27Al(n, @) 2Na ({2 = 14.96h, ¢ = 114 & 6 mb 8y
and ' ; :
s6Fe(n, p) ¥Mn (fy2 = 2.576h, 0 = 100 £ 6 mb [9]).

The calculation of the isomeric cross-section ratio was wmumoib& using the statistical
model formalism described by Huizenga and Vandenbosch, [10]. According to
the evaporation theory it was assumed that neutrons in each neutron-emission step
were emitted with the same average energy & = 27 (i = 1, 2 for the (n, 2n) reaction).
The nuclear temperatures Ty were derived from the residual excitation energies, cor-
rected for the pairing 4. » 4

The calculation of the excitation energy U, the level density g ..mBQ. the spin cut-off
factor ¢ was performed using two different models. In most cases' the best fits to the
experimental isomeric ratios were obtained with the shifted Fermi-gas model for even-
mass residual nuclei, and with the superconductor model for odd-mass residual nuclei.
The level density in the shifted Fermi-gas model was taken from Ref. [11]. The super-
conductor level-density formula was proposed by Lang [12] and applied by several
authors {13—17].

The programme of Hafner et al. [18] was used for the calculation of isomerie cross-
section ratios. Neutron transmission coefficients were taken from Mani et al. [19].
The level density parameter a was taken from Gilbert and Cameron [11], and the
pairing energies were taken from Nemirovsky and Adamchuk [20]. The calculations
were carried out on the CAT 90-40 computer of the Computing Centre in Zagreb.

The experimental results obtained in this work are shown in Table 1. In some cases
the (n, 2n) cross-section was measured for the ground as well as for the metastable states,
and the total (m -+ g) cross-sections were obtained. For #8Sr, 93Nb, 1#4Ba and 13¢Ba,
only partial cross sections could be measured by the activation method, since one isomeric
state was long-lived or stable. The total cross sections were then calculated using the
theoretical om/oy ratios.

The results of the present work and other recent total cross-section values were classified
in three different residual excitation-energy rangesof Ur = 2 + 1, 44 land 6 + 1 MeV.
These results are compared with the data used in Ref. [4] and with the statistical theory
results calculated using the Pearlstein semiempirical formula [21] (Table 1).

Fig. 1 shows the present results and the new experimental data for Ur = 4 + 1 MeV
in the region around (N—Z)r ~ 10, where a pronounced minimum was found in Ref. {4]
and explained in terms of a shell-clossure effect. One can see from this figure that the
new experimental data fit the gross trend rather well, without structure effects.

Fig. 2 shows the results of this work and other new experimental data for Ur =
= 6 4 1 MeV in a wide region of (N —2Z)r, together with the results used in Ref. [4]-
Contrary to the old experimental data, the new results agree with the gross trend rather
well.
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The agreement with the Csikai—Petd trend was also generally observed. A small
deviation, however, appeared in some cases. The isotonic lines N = 49 and 77, and the
isotopic lines Z = 48 and 52 (Figs. 1 and 2) show a slightly negative slope. At present
it is not possible to explain these deviations. They can be due to experimental uncertain.
ties, but if this is not the case, they could be treated as a small shell-closure effect and
& second-order correction to the cross sections.

As a conclusion we stress the following: (4) (n, 2n) cross sections have to be considered
and compared at a constant residual excitation energy Ur in order to eliminate the
Q-value effects on the cross sections; (#) total (n, 2n) cross sections plotted versus (N —Z)g
or (N—Z)/A at a constant value of Ur follow a smooth, structureless curve, known
as the gross trend, and are also in & rather good agreement with the Csikai—Petd trend;
(#43) structures effects, if any, are not pronounced.
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