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The energy spectra of neutrons emitted from 14.1-MeV-neutron-induced reactions on Ag, Cd, In,
Sn, Sb, and Te were measured at 70° in order to investigate the shell and odd-even effects in the
preequilibrium (n,n’) process. The cross sections integrated over the outgoing energies of 7-10
MeV, where the preequilibrium process is dominant, increased monotonically with increasing atom-
ic numbers of all scatterers except Te. The results of calculations based on the exciton model
showed an underestimation in 7-10 MeV only for Te. This underestimation could be explained by
taking into account the contribution from the collective excitations of the low energy octupole reso-
nance by the direct process. As a result, it was found that there were no appreciable shell and odd-
even effects in the preequilibrium (n,n’) process that leaves the residual nucleus into the continuum

region.

I. INTRODUCTION

Recently, we have measured 18 MeV (p,p’) spectra for
nuclei around neutron number 50, with special attention
focused on the shell and odd-even effects in the preequi-
librium (p,p’) process.! There were no appreciable shell
and odd-even effects in the preequilibrium components
derived from the experimental (p,p’) spectra correspond-
ing to excitations above 4 MeV. To see whether such ex-
perimental results from the (p,p’) scattering are appli-
cable to the case of the (n,n’) scattering or not, is of in-
terest for not only enhancing our understanding of the re-
action mechanism but also fusion energy applications.

In the present work, we measured systematically the
energy spectra of neutrons emitted from the reactions in-
duced by 14.1-MeV neutrons. Six elements around the
atomic number 50 (Ag, Cd, In, Sn, Sb, and Te) were
chosen as the target nuclei to investigate the shell and
odd-even effects. The energy spectra of inelastically scat-
tered neutrons have been measured by several groups.2~’
However, there are scarcely enough data to allow de-
tailed and systematic arguments on the preequilibrium
(n,n’) process.

We will summarize the experimental results in Sec. III
after describing experimental procedures in Sec. II. In
Sec. IV, the results will be discussed by taking into ac-
count the contribution from the direct process. Finally,
our conclusion will be summarized in Sec. V.

II. EXPERIMENTAL PROCEDURES
AND DATA REDUCTION

The experiment was performed with an 85° time-of-
flight (TOF) spectrometer using a 14.1-MeV pulsed neu-
tron beam at the OKTAVIAN facility at Osaka Universi-
ty. The experimental equipment used in the present mea-
surement has been described in detail elsewhere.*> Only
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the experimental procedure, therefore, is briefly summa-
rized here.

The scatterers used in the experiment were the cylin-
drical solid samples (3 cmdiam X 3.7 cm for Ag, 2.6 cm
diam X 5 cm for Cd, and 3 cm diam X 5 cm for In, Sn, Sb,
and Te). The scattered neutrons were detected with a
25.4 cmdiam X 10 cm NE213 scintillator, optically con-
nected with an RCA 1250 photomultiplier tube. The
neutron detector was set inside a 5 cm thick lead shell
with 10 cm inner polyethylene layer, and was heavily
shielded by ordinary concrete. The distance between the
scatterer and the detector changed slightly around 8.25 m
with the change of the sample position.

Conventional electronics were employed in the neutron
TOF measuring system.® For the suppression of y-ray
backgrounds in a wide dynamic range, two parallel pulse
shape discrimination circuits were adopted with two de-
lay line amplifiers that allow a “low” and ‘“high” gain
setting, respectively. Sufficient n-y separability was
achieved over a dynamic range of 0.3-14 MeV neutron
energy.

The efficiency of the neutron detector was determined
by two methods: TOF experiments using both a 252Cf
neutron source for the energy range of 0.3—-9 MeV and a
cylindrical polyethylene sample (1 cmdiam X 5 cm) for
5-14 MeV.

A typical TOF spectrum of emitted neutrons from In is
shown in Fig. 1, together with a background spectrum
which was taken without the scatterer. The TOF spectra
of neutrons emitted from In were measured at nine angle
points between 20° and 160°. However, the TOF spectra
for the remaining scatterers were taken only at 70°. The
data accumulation time was about 3 h for all the mea-
surements at 70°, and about 2 h for the measurements at
the other angles. An additional 3 h were spent on back-
ground runs for sample-out.

After subtraction of backgrounds, the TOF spectra
were converted into energy spectra using the detector
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FIG. 1. Time-of-flight spectrum of 70° for the In(n,xn) reac-
tion at 14.1 MeV and the associated background spectrum.

efficiency, monitor counts, and 'H(n,n) cross sections as
standard. The details of the data-reduction procedures
are provided elsewhere®. Finally, the differential cross
sections were averaged over 0.2 MeV energy bins corre-
sponding to the energy resolution of the TOF spectrome-
ter used. The correction for neutron attenuation and
multiple scattering was performed using a computer pro-
gram MUsCC3.®

The main systematic uncertainties arise from the neu-
tron detector efficiency (~5%), the intensity of source
neutrons (~3%), the subtraction of backgrounds
(~3%), and the multiple scattering correction ( ~10%).
After addition of the statistical errors, the overall uncer-
tainties were estimated to be 8-17 % for the double
differential cross sections at 70°; the energy spectra at the
other angles for the In sample have rather large uncer-
tainties because of poorer counting statistics.

III. EXPERIMENTAL RESULTS

Figure 2 shows double differential neutron emission
cross sections measured at 70° for Ag, Cd, In, Sn, Sb, and
Te, together with the calculated results. Each peak
around 14 MeV corresponds to elastic scattering. Broad
peaks, which may be due mainly to collective excitations
by the direct process, are observed in the outgoing neu-
tron energies of 10~13 MeV for all the measured spectra.
Their shape and magnitude change obviously with atomic
number. On the other hand, continuum spectra below 10
MeV have almost similar shape, regardless of variation of
the atomic number and the mass number. In the energy
spectrum for Te, however, structures with overlapping of
small peaks are observed in the energy region of 6-10
MeV, and the magnitude is somewhat larger than those
of the other spectra.

In Fig. 3, the experimental cross sections integrated
over 7-10 MeV are plotted with respect to the atomic
weight of the scatterer by solid circles. While the cross
sections increase monotonically with increasing atomic
number from Ag to Sb, the cross section for Te shows a
discontinuous increase. In a similar way, we also com-
pared the cross sections of 14 MeV (n,n’) scattering mea-
sured by Hermsdorf et al.? for the same elements as

chosen in the present work, except for Ag and Te for
which the cross sections were not measured by them. It
was found that the cross sections changed smoothly with
variation of the atomic and mass numbers as well as the
present experimental results.

IV. ANALYSES AND DISCUSSION

First we compared the angle-integrated energy spec-
trum and 47 times the energy spectrum at 70° for
In(n,n’) in Fig. 4. The integration with respect to angles
was carried out by fitting the angular distributions for
each 0.2 MeV bin with a series of Legendre polynomials
up to / =4. Both spectra are identical in the whole ener-
gy region except for the elastic peak around 14 MeV.
Moreover, it has been reported that the angular distribu-
tions do not depend strongly on target mass in the outgo-
ing energy region where the preequilibrium emission is
dominant.’ In Fig. 2, therefore, the experimental spectra
were compared with 1/4m of the angle-integrated spectra
calculated for all target nuclei.

The calculated energy spectra were obtained on the
basis of the evaporation'® and the exciton models.!! In
the present calculation, the isotope with the mass number
almost equal to the atomic weight was assumed to be the
target nucleus (i.e., l°7Ag, 112cq, 51, U8gh, 1219h, and
128T¢), although measurements were performed with nat-
ural elements. A formulation of the exciton model is the
same as that used in the previous (p,p’) calculation!. The
only difference is that it is not necessary to take into ac-
count the decay from states with higher isospin T _ in the
composite nucleus, because such states are not excited by
neutron induced reactions. The parameter K value in the
exciton model calculation was chosen to be 550 MeV?>.
The single particle level density g was equal to 4 /13,
where A is the mass number. The standard pairing shift
proposed by Blann and Vonach!? was employed as the
pairing correction for the exciton model calculation. On
the other hand, the level density expression by Gilbert
and Cameron'3 was used in the evaporation model calcu-
lation. The reaction cross sections and the inverse cross
sections were obtained using the optical potential param-
eters by Wilmore and Hodgson,'* Mani et al.,'* and
Huizenga and Igo'® for neutrons, protons, and alpha par-
ticles, respectively.

As shown in Fig. 2, the calculated spectra except for
Te were in good agreement with the experimental ones in
the continuum region of 1-10 MeV, while the result for
Te showed underestimation in the region of 7-10 MeV.
This underestimation could not be explained well by the
difference of contribution from the compound process,
because the calculated compound cross sections were
very small in the 7—-10 MeV region.

Here we pay attention to spectral structures with over-
lapping of small peaks observed in the 7-10 MeV region
for Te, and explore the possibility of the strong excitation
of the low energy octupole resonance (LEOR) by the
direct reaction process. Results of systematic investiga-
tions show the following features for E 3 transitions and
the LEOR.!"=%0 (i) The strength of the 1#iw transition ex-
hausts about 30% of the energy weighted sum rule
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FIG. 2. Comparisons of the experimental and calculated double differential neutron emission cross sections for Ag, Cd, In, Sn, Sb,
and Te at 70°. Dashed curves are the calculated preequilibrium spectra using the exciton model. Dot-dashed curves and dotted
curves show the calculated evaporation spectra for emissions of one neutron and two neutrons, respectively. Solid curves are the sum
of them.
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FIG. 3. Dependence of integrated cross sections over 7-10
MeV on the atomic weight of scatterers. Solid circles represent
the measured cross sections at 70°. Open circles are the results
after subtraction of the predicted LEOR cross sections. Error
bars represent only the statistical errors.

(EWSR) for the nuclei in a wide range of a Periodic
Table. (ii) This strength is divided mainly into two
groups: one is the first 37, and the other is the LEOR.
(iii) The excitation of the LEOR is not appreciably ob-
served if the first 3~ transition occurs strongly (e.g., *Ca
and 2°%Pb in Ref. 18).

Table I provides comparisons of the experimental
values of the deformation parameter B; for the first 3~
states;?!"?? the square of B, is proportional to the E3 tran-
sition rate B (E3). In the case of an odd- 4 nucleus, cou-
pling of an unpaired nucleon and vibrational mode
(L =3) gives rise to multiplet states. Since the sum of the
E3 transition probabilities to the multiplet states is equal
to B(E3) for the neighboring even-even nucleus under
the weak coupling assumption,?* the excitation energies
and the values B; for odd-4 nuclei ('’Ag, "In, and
1218b) were compared using those for the neighboring
even-even nuclei (1°°Pd, *Cd, and !?°Sn, respectively). It
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FIG. 4. Comparison of the angle-integrated energy spectrum
(histogram) and 4 times the energy spectrum at 70° (solid cir-
cles) measured for the In(n,xn) reaction.

should be noted that the values B; for '**!3°Te are consid-
erably smaller than those for the others. This fact sug-
gests the possibility of strong excitation of the LEOR for
Te, considering the features of the LEOR mentioned
above.

Next we estimated the deformation parameters B gor
for the LEOR under the assumption that the sum of the
EWSR fraction of the first 3~ and that of the LEOR is
30% and the excitation energy of the LEOR is 314 ~!/3,
where A is the mass number. The results are listed in
Table 1.

TABLE 1. Comparisons of experimental values of the deformation parameters f8; for the first 3~ state, estimated B gor, and cross

sections for the excitation of the LEOR by the direct process.

First 372 LEOR

Opw O LEOR
Nuclei Energy (MeV) B (expt.) EWSR (%)° B EWSR (%) (mb/sr) (mb/sr)
07 g 2.07 0.15 8.7 0.124 21.3 147.1 2.3
2cd 1.97 0.164 10.9 0.114 19.1 166.7 2.2
51 1.95 0.160 10.6 0.113 19.4 177.8 2.3
118gn 2.32 0.168 14.7 0.098, 15.3 187.8 1.8
121gp 2.39 0.159 14.0 0.099 16.0 196.4 1.9
128Te 2.50 0.110 7.8 0.111 222 213.9 2.7
130Te 2.77 0.10 7.3 0.112 22.7 218.9 2.7

*The excitation energies and 8; for odd nuclei ('°’Ag, '"*In, and '*!Sb) were those for the neighboring even-even nuclei ('*Pd, ''*Cd,
and '2°Sn, respectively). Experimental data for excitation energies and B; were taken from Ref. 21 for '%Pd and Ref. 22 for the other

isotopes.
*The EWSR fractions were obtained from the formula in Ref. 23,
3 Mc? (BLR)
= E, ,
St=%n (Fic? T LQL+1)"*

under the assumption of the uniform mass distribution, where M is the nucleon mass, ¢ the velocity of the light, 4 the mass number,
R the nuclear radius (R =1.274'7%), L the multipolarity (L =3), and E, the excitation energy.
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On the basis of the direct reaction theory for inelastic
scattering, the cross section for excitations of LEOR is
predicted from the following expression:

_m
0 Leor =B LEORT DW > (1)

where opyw is the distorted-wave Born approximation

(DWBA) cross section for the (n,n’) scattering with the
transferred angular momentum L =3. In the present
analysis, it was calculated with the code DWUCK?® using
the optical potential parameter by Wilmore and
Hodgson'* and the conventional collective form factor.
The calculated oy at 70° are also listed in Table I. The
predicted LEOR cross section for Te is 17-50 % larger
than those for the other nuclei.

In the excitation region under consideration, the tran-
sitions to the other multipolarities by the direct process
are expected to have smaller contributions than the tran-
sitions of L =3 for the following reasons. Since the giant
monopole resonance (GMR) and the §iant dipole reso-
nance (GDR) are located at ~804 ~'/° and ~784 173,
respectively26 (i.e., 15.9 and 15.5 MeV for '2%Te), there
would be negligible contribution in the region of 4-7
MeV. For the transitions of L =2, there must also be
very small contribution, because their strengths concen-
trate strongly on the lowest 2% and the giant quadrupole
resonance (GQR).2® In the case of the transitions of
L >4, there has been no direct experimental evidence for
giant resonances.?® The strengths would fragment in the
continuum region rather than concentrate as in the case
of the LEOR. Moreover, the opyw for 14.1 MeV (n,n’)
scattering decreases rapidly as the transferred angular
momentum increases. Thus the predicted o gog is con-
sidered as a major component by the direct process in ex-
citation energies of 4—-7 MeV.

The direct inelastic process excites strongly collective
states such as the first 2%, 3~ and the giant resonances.
On the other hand, such collective excitations cannot be
treated in the framework of the preequilibrium model
(e.g., the exciton model), in which the reaction is assumed
to proceed through sequential two-body interactions after
the formation of the composite system.2’” Application of
the preequilibrium model, therefore, requires subtraction
of components of the direct collective excitation in inelas-
tic scattering. As mentioned above, the excitation of the
LEOR is a major direct component in the excitation re-
gion of 4-7 MeV in 14.1 MeV (n,n’) scattering. Conse-
quently, we subtracted the LEOR cross sections calculat-
ed from Eq. (1). The resultant cross sections are shown
by open circles in Fig. 3; these will be referred to as the
preequilibrium cross sections. Compared with experi-
mental cross sections (solid circle), the preequilibrium
cross sections increase monotonically over the whole
mass region including Te, and show no appreciable shell
and odd-even effects.

As discussed in Ref. 1, preequilibrium energy spectra
are closely related to the state density of the residual nu-
cleus. No appreciable shell and odd-even effects in the
preequilibrium (p,p’) spectra were interpreted on the
basis of the particle-hole state densities generated from
the Nilsson model; it was shown that the influence of a
shell gap on the calculated one-particle and one-hole state

densities for the neutron shell was reduced significantly in
the excitation energies above 4 MeV. A similar con-
sideration for the proton shell can provide a qualitative
explanation on 4 or Z dependence of the preequilibrium
(n,n’) cross sections in Fig. 3.

In the previous (p,p’) study,' the experimental results
were interpreted using the preequilibrium model without
taking into account excitations of the LEOR. The com-
ponents of direct process are probably included in the
continuum region of the (p,p’) spectra as well as the
(n,n’) spectra. If such components vary smoothly as the
target mass does, they may not be as noticeably observed
as in Te(n,n’) scattering. In the above-mentioned way,
we calculated the o gog for the (p,p’) scattering on nu-
clei in the Mo region, and obtained the preequilibrium
cross sections from subtraction of the calculated o ggg.
The result also indicated that there were no appreciable
shell and odd-even effects in the preequilibrium cross sec-
tions of (p,p’) scattering corresponding to excitations
above 4 MeV of the residual nucleus as well as in those of
(n,n’) scattering.

We mentioned in Ref. 1 that the shell and odd-even
effects are not appreciably observed above 4 MeV in exci-
tation energy in (p,n) spectra®® as well as in (p,p’) spectra.
On the other hand, Scobel et al.?’ have shown that the
shell effect appears in a high outgoing energy portion of
the 25 MeV (p,n) sgectra for the near-closed shell nuclei.
Mordhorst et al.*® have reported that °>~!'“Mo(p,n)
spectra show a pronounced odd-even effect. The
difference between (p,p’) and (n,n’) scatterings and (p,n)
reactions is that the (p,p’) and (n,n’) spectra have struc-
tures with several peaks due to strong collective excita-
tions in the region below 4 MeV, but the (p,n) spectra
have structureless continuum except for isobaric-analog-
state (IAS) peaks and small peaks due to the transitions
to low lying states. Thus, the present (n,n’) results do
not contradict the (p,n) results,?”3° but confirm the con-
clusion reached in Ref. 1 that the difference is due to the
excitation energy region examined.

V. CONCLUSION

We measured the energy spectra of neutrons emitted
from 14.1 MeV (n,n’) scattering by Ag, Cd, Sn, Sb, and
Te at the emission angle of 70° and those by In at several
angles including 70°. The cross sections integrated over
the outgoing neutron energies of 7-10 MeV increased
montonically as the atomic weight increased from Ag to
Sb, while the cross sections for Te showed a discontinu-
ous increase. The results of the exciton model calcula-
tions also showed an underestimation by 7-10 MeV only
for Te.

To interpret these observations, we estimated the con-
tribution of the collective excitation of the LEOR due to
the direct process under the rather rough assumption us-
ing experimental values of deformation parameters [3; for
the first 3~ state and systematics for the E3 transitions.
The predicted LEOR cross section was subtracted from
the experimental cross section as a major component of
the direct process in the continuum region of 7-10 MeV,
because direct collective excitations cannot be explained
by the preequilibrium model. The resulting preequilibri-
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um cross sections showed a monotonic increase over the
whole mass region including Te. Consequently, no ap-
pearance of the shell and odd-even effects was observed in
the preequilibrium (n,n’) cross section.

Finally, from the present (n,n’) and the previous (p,p’)
studies,! we can draw the conclusion that there were no
appreciable shell and odd-even effects, as far as the pre-
equilibrium component in continuum (n,n’) and (p,p’)

spectra corresponding to excitations above 4 MeV is con-
cerned.
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