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The neutron-emission cross sections for an incident neutron energy of 14.8 MeV were measured at 90°
for Be, B, C, Mg, Si, Ti, V, Mn, Fe, Co, Ni, Cu, Se, Y, Mo, Cd, Sb, Ce, W, and Pb by means of a neutron
time-of-flight spectrometer. The experimental data were corrected for neutron multiple scattering. From
the experimental inelastic neutron distributions, the distributions for the emission of the first and second
neutrons, respectively, were calculated for the medium and heavy nuclei on the basis of the statistical-model
treatment of Lang and Le Couteur. The corresponding nuclear temperatures for the emission of the first and
second neutrons were also obtained. The calculated inelastic distributions for the emission of the first
neutrons were used to obtain the level-density parameters based on the Fermi-gas model.

I. INTRODUCTION

HE measurement of energy spectra of scattered
neutrons by complex nuclei gives insight into the
reaction mechanism and nuclear level densities. In the
region of medium and heavy nuclei, the level densities
may be considered as a continuous function of excita-
tion energy, for excitations of a few MeV and higher.
In such cases, the decay of the compound nucleus can
be described by statistical models, leading to a con-
tinuum of the emitted particles. The energy spectra
of the emitted particles provide information regarding
nuclear level densities. The statistical models have been
developed and reviewed comprehensively by a number
of authors.’™ Bodansky® has reviewed the interpreta-
tion of the various experimental results in the light of
the statistical models in compound-nuclear reactions.
In the present work, the neutron interaction of 14.8-
MeV neutrons with 20 elements, ranging in mass num-
bers from 9 to 208, was measured by means of the
neutron time-of-flight technique. The distributions of
inelastically scattered neutrons were obtained at 90°
for Be, B, C, Mg, Si, Ti, V, Mn, Fe, Co, Ni, Cu, Se,
Y, Mo, Cd, Sb, Ce, W, and Pb. Similar measurements
have been made by a number of workers®™® in the
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incident-neutron-energy regions of 3-12 and 14 MeV.
The present measurements supplement and augment
the inelastic neutron data available for the study of
reaction mechanisms and level densities.

For many medium and heavy nuclei, the observed
inelastically scattered spectra of 14.8-MeV neutrons
are complicated by the presence of secondary neutrons
emitted in the (%, 21) process. In all such cases, the
distributions of the “first” neutrons have been obtained
by means of the statistical-model formulation of Lang
and Le Couteur.”® The calculated inelastic distributions
for the emission of the first neutrons have been used
to obtain the level-density parameters based on a
Fermi-gas model. It will be seen in the following
sections that the level-density parameters obtained in
this work follow the expected shell-model effects, spe-
cifically for the element Pb. These shell-model effects
are justified on a theoretical basis by the consideration
of the effect of shell closure upon the densities of single-
particle orbits near the Fermi level in the nucleon gas.

The experimental procedures employed in the present
measurements are described in Sec. II. The analytic
procedures and the results are discussed in detail in
Sec. III.

II. EXPERIMENTAL PROCEDURES

The experimental equipment used in the present
measurements has been described in detail elsewhere.20
Therefore, only a brief description of the experimental
procedures is given here.

A source of 14.8-MeV neutrons was provided by

%3 L. Rosen and L. Stewart, Phys. Rev. 107, 824 (1957).

4P. Huber, R. Plattner, C. Poppelbaum, and R. Wagner,
Phys. Letters 5, 202 (1963).

1 K. K. Seth, R. M. Wilenzick, and T. A. Griffy, Phys. Letters
11, 308 (1964).

6 P. W. Martin, D. T. Stewart, and J. Martin, Nucl. Phys. 61,
524 (1965).

i R). M. Schectman and J. D. Anderson, Nucl. Phys. 77, 241
(1966) .

8 J. T. Prud’homme, I. L. Morgan, J. H. McCrary, J. B. Ashe,
and O. M. Hudson, Jr., Texas Nuclear Corporation Report No.
AFSWC-TR-60-30, 1960 (unpublished).

®J. M. B. Lang and K. J. Le Couteur, Proc. Phys. Soc.
(London) A67, 586 (1954).

2 S. C. Mathur, P. S. Buchanan, and I. L. Morgan, Texas
Nuclear Corporation Report No. NDL-TR-86, 1967 (un-
published).

1038



REACTIONS AT 14.8 MeV

1039

NEUTRON ENERGY (MeV

04 05 (x4 1 2 5

186 (n, n') AND (n, 2n)
30001
- Y
2400f
4
I}
S
F1c. 1. Time-of-flight spectra for 14.8- % 1800l
MeV neutrons at 90° to the incident beam O
direction. The solid circles represent the -
spectrum for neutrons scattered by W. [
The open circles represent the spectrum 5 1200
with the scatterer removed. 8
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Texas Nuclear Corp.’s 3.2-MeV Van de Graaff ac-
celerator by means of the 7T'(d, »)He? reaction. The
spectrum of scattered neutrons was recorded by a
pulsed-beam time-of-flight spectrometer. The pulsed
beam was obtained by sweeping the deuteron beam by
means of an rf voltage of 2.54 MHz applied to a pair
of electrostatic deflection plates located at the end of the
accelerating column. A pair of adjustable chopping slits
provided bursts of deuterons of 2- to 3-nsec duration.

The scattered neutrons were detected by means of
a plastic scintillator 5.1 cm in diam and 5.1 cm in
length, optically coupled to an RCA 6342 photomulti-
plier tube. The neutron detector was shielded by a
cylindrical lead shell, 5.1 cm in thickness, surrounded
by a mixture of lithium carbonate and paraffin. A
40-cm-long iron attenuator provided additional shield-
ing from the direct neutron beam.
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The scattering samples”in thisTexperiment were” in
the form of solid cylinders, 2.54 cm in diam and 5.1 cm
in length, with the exception of B, B, C, Si, and Ce.
The B and B¥ samples were powders tightly packed
into thin plastic containers, 4.0 cm in diam and 6.0 cm
in length. The C scatterer was in the form of a hollow
cylinder, with 2.54 cm o.d., 1.27 cm i.d., and 5.1 cm
in length. The Si scatterer was in the form of powder
tightly packed in a cylindrical plastic container, 2.54
cm in diam and 5.1 cm in length. The Ce scatterer
was in the form of a solid cylinder, 2.0 cm in diam
and 3.1 cm in length.

In the course of each data run, the neutron flux was
continuously monitored by means of a calibrated long
counter of the Hanson-McKibben* type. The long
counter was set at 90° with respect to the incident
deuteron beam direction and at a distance of 150 cm
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F16. 2. Energy distribution of in- =
elastic neutrons as a function of emitted- 3
neutron energy for W. The histogram 5300
represents the experimental cross sections. ud
The curves labelled o1 and o2 are the §

calculated distribution for the first and
second neutrons, respectively. The curve
labelled o102 is the composite theoreti-
cal distribution.
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TasrE I. Differential cross scctions for neutron emission at 90°
following neutron bombardment of several elements.

a(E',90°) (mb/sr) =209,

E' (MeV) 0-0.75= 0.75-7.0 Total
Element
Be 31.88 31.88
Bw 112.16 112.16
Bnast 28.51 28.51
C 31.18 31.18
Mg 6.60 40.71 47.31
Si 31.40 41.88 73.28
Ti 48.81 78.43 127.24
A% 54.31 97.56 151.87
Mn 56.41 97.84 154.25
Fe 44.77 76.01 120.78
Co 54.95 102.00 156.95
Ni 51.60 68.51 120.11
Cu 56.05 103.79 159.84
Se 119.03 108.50 227.53
Y 124.12 122.49 246.61
Mo 92.95 117.90 210.85
Cd 151.37 137.73 289.10
Sb 136.77 131.64 268.41
Ce 154.10 173.14 327.24
w 271.53 148.61 420.14
Pb 102.24 259.87 362.11

g @ The cross sections for the neutron energy range 0-0.75 MeV were not
accessible directly from the experimental data, but instead were derived
from theoretical calculations. See the discussion of this point in Sec. III A.

from the center of the tritium target to the front face
of the long counter. The charge collected at the target
cell was integrated simultaneously. All the data runs
were made for a constant integrated charge. The mean
energy of the incident neutrons was 14.8 MeV with
an energy spread of approximately 0.1 MeV. The
absolute flux calibration of the long counter was ob-
tained with a proton recoil telescope.

A typical time-of-flight spectrum of emitted neutrons
by W is shown in Fig. 1. A flight path of 150 cm was
used throughout in this experiment. The resolution
of the time-of-flight spectrometer was of the order of
7-10 nsec in the various runs.

In order to obtain the differential cross sections for
the neutron emission, the time-of-flight spectrum was
converted into an energy spectrum. The differential
cross section for inelastic scattering at 90°, o(E’, 90°),
was calculated as an average over groups of channels
commensurate with the resolution of the time-of-flight
spectrometer. The details of the analysis are provided
elsewhere.® The energy distributions of the emitted
neutrons have been plotted as histograms of ¢ ( E’, 90°),
in units of mb/sr MeV, as a function of emitted neutron
energy E'. Figure 2 shows the energy distribution of
emitted neutrons for W. The cross sections o(E’, 90°)
for other elements obtained in the present experiment
are presented in detail in graphical as well as tabular
form elsewhere.? The neutron-emission cross sections
at 90° for the elements investigated, summed over the
outgoing-neutron-energy range, are presented in Table I.

The various sources of experimental uncertainties
in obtaining and analyzing the spectral data are cumula-
tive. The cumulated errors in the magnitude of the
differential cross sections range from 17 to 259 in
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various energy regions.? A correction for neutron mul-
tiple scattering was applied in the analysis of the
present data by means of the computer program
MULTSCAT.?

III. RESULTS AND DISCUSSION

A. Energy Distribution of Emitted Neutrons

The energy distribution of emitted neutrons from
W at 90° is shown in Fig. 2 in the form of a histogram
of ¢(E', 90°) as a function of emitted-neutron energy
E’. From the spectral data obtained in this experiment,
similar energy distributions have been obtained for Be,
B, C, Mg, Si, Ti, V, Mn, Fe, Co, Ni, Cu, Se, Y, Mo,
Cd, Sb, Ce, and Pb at an angle of 90°. All of these dis-
tributions have been presented elsewhere.?

It can be seen from Fig. 2 that the cross-section
data below an emitted-neutron energy of 0.6 MeV
are unavailable. Because of the detector bias, the
analysis is not reliable below this energy. To obtain
the total cross sections for emitted neutrons over the
entire energy region, it is therefore necessary to resort
to theoretical calculations. The application of the com-
pound-nucleus statistical model for the analysis of the
present spectral data is described in the following.
Similar analyses were performed by Rosen and Stewart!
and by Huber et al.!* for their inelastic neutron-scatter-
ing data obtained in the region of 14 MeV. The dif-
ferential cross sections for neutron emission at 90° for
the elements investigated, summed over the entire
outgoing neutron-energy range, are presented in Table
I. In addition, this Table provides a breakdown of the
cross section into two energy regions, E'=0-0.75 MeV,
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F1c. 3. Semilog plot of ¢(E’, 90°)/(E')511 as a function of
emitted-neutron energy E’ for W. The straight-line portion of
the plot provides the nuclear temperature r; associated with the
emission of the first neutron.
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based on the theoretical considerations described below,
and E’'=0.75-7.0 MeV, obtained directly from the ex-
perimental data.

In the incident-neutron-energy region of 14.8 MeV,
the (7, 2n) process is energetically possible for most
of the elements measured in the present experiment
and competes effectively with the (#, #’) process. The
distribution obtained for W (Fig. 2) is typical of the
cases where the emission of two neutrons in succession
is an important process. In such cases, it is possible to
obtain the distributions for the (%, »’) and the (», 2n)
processes separately by the application of the statistical-
model formulation of Lang and Le Couteur.>*

According to the formulation of Lang and Le Couteur,
the nuclear temperature 7, associated with the emission
of the first neutron can be obtained from the relation

o(E)dEx E¥M exp(—12E/117)dE. (1)

For each spectrum, a semilog plot of o(E’, §) /(E)5/1t
as a function of scattered neutron energy £’ was plotted.
Figure 3 shows the plot for the W distribution. The
slope of the straight-line portion of this plot is equal to
—31%7, providing the value of the nuclear tempera-
ture 74.

The energy distribution of the first neutron was
then obtained by means of the statistical-model relation

o(EdE'=K,E exp(—E'/r)dE, (2)

where K; is the normalization constant.
The constant K; associated with the first neutron
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Fic. 4. Semilog plot of o2(E’, 90°)/E’ as a function of E'.
The straight-line portion of the plot provides the nuclear tem-
perature 7; associated with the emission of the second neutron.
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TasLE II. The nuclear temperatures 7, and 7, corresponding to
the emission of the first and second neutrons, respectively.*

Huber éf al.b Present work
O1ap =45° 012, =90°
Element 7 (MeV) 71 (MeV) 7, (MeV)

Mg 0.85

Ti 1.08 0.39
v 1.08 0.43
Mn 1.01 0.41
Fe 1.18 0.38
Co 1.06 0.40
Ni 1.30 0.29
Cu 1.26 0.41
Se 0.94 0.32
Y 0.93 0.32
Mo 0.90 1.02 0.37
Cd 0.85 0.85 0.32
Sb 0.89 0.84 0.33
Ce 0.90 0.85 0.35
w 0.72 0.29
Pb 1.28 1.04 0.58

8 The errors in the values of 71 and 72 obtained in this work have been
estimated to be of the order of +10%.
b See Ref. 14.

emission has been evaluated on the assumption that
neutron emission, where energetically possible, is the
predominant mode of decay, to the exclusion of v
emission. Hence, the first neutron distribution is as-
sumed to be normalized to one half the emission cross
section from zero to an energy

Ey= Ey— (B,+0.5) 3)

where E, is the incident neutron energy, and B, is
the neutron binding energy in MeV.

In the actual analysis of the spectral data, it was
noted that the experimental cross sections below the
outgoing neutron energy of about 0.75 MeV are not
reliable. In order to circumvent this difficulty, the
right-hand side of Eq. (2) was integrated from an
energy F;=0.75 MeV to E,, and the result equated
to one-half of the experimentally determined emission
cross section in this energy range. This procedure gives

%U(Eh Ez) = _KITII:(E1+TI)
X exp(— Ei/71) — (Eatmi) exp(—Ey/m)], (4)

where o ( Ey, E») represents the integrated cross section
between the energies E; and FE,. The normalization
constant K; has been evaluated from Eq. (4). The
neutron binding energies B, were obtained from
Seeger’s? tables.

The theoretical distribution ¢;(E’) for the emission
of the first neutron has been obtained by means of
Eq. (2) with the use of parameters K; and 7. This
distribution has been labelled o, in Fig. 2.

In order to obtain the nuclear temperature 7, for
the emission of the second neutron, the calculated dis-
tribution o;(E’) was subtracted from the experimental
composite spectrum. The resulting distribution o' ( E)
is assumed to correspond to the emission of the second
neutron. The nuclear temperature 7, corresponding to

2P, A. Seeger, Nucl. Phys. 25, 1 (1961).



1042

TasLE III. Calculated Fermi-gas level-density coefficients.

a (MeV1)
Present Huber Seth
Element experiment  ef al.® et al.b
Mg 11.4
Ti 8.0
\ 9.3
Mn 11.0
Fe 7.5 2.4
Co 9.8
Ni 6.2
Cu 6.7
Se 11.3
Y 13.3 10.9
Mo 10.2 13.5
Cd 14.8 14.9 15.9
Sb 16.6 14.8
Ce 15.5 14.2
w 21.7 23.8
Pb 10.7 6.6 11.0
a See Ref. 14.
b See Ref. 15.

the emission of the second neutron was obtained from
a semilog plot of o5/ (E’)/E' as a function of outgoing
neutron energy E’. The plot for the W distribution
is shown in Fig. 4. The slope of the straight-line portion
of this plot gives the nuclear temperature 7, and the
intercept of the ordinate, the normalization factor Ko.
A new distribution o3 (E’) for the emission of the second
neutron was then calculated’by means of Eq. (2),
using the parameters K, and 75. The calculated distri-
butions ¢1, o2, and o140 are’shown' infFig. 2.

The nuclear temperatures 7; and 7, obtained for
various elements in this experiment are presented in
Table II. This analysis has not been performed for
Be, B, C, and Si, since the statistical model is not ap-
plicable in the region of low-mass numbers.

In the case of the Mg spectrum, the contribution
due to the (#, 21) process is expected to be insignificant.
In obtaining the nuclear temperatures associated with
these distributions, it was assumed, therefore, that the
entire contribution was due to the (», n’) process.

Table II also lists the nuclear temperatures 7, ob-
tained by Huber et al.** for Mo, Cd, Sb, Ce, and Pb
for the distribution of inelastically scattered neutrons
at an angle of 45° with the incident neutron energies
equal to 14 MeV. The agreement between these results
and the present measurements is, in general, good.

It may be noted here that the present analysis has
been made under the assumption that the neutron
emission, where energetically possible, has essentially
unit probability in competition with the vy emission.
Recently, however, Cohen et /% have shown by coin-
cidence studies of (p, p'n) and (p, p"y) reactions on
Sn!® and Ni® that this assumption may not be uni-
versally valid. These departures from the basic assump-

# B. L. Cohen, E. C. May, T. M. O’Keefe, C. L. Fink, and
B. Rosner, Phys. Rev. Letters 21, 226 (1968).
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tion should be incorporated in the analyses of the
neutron energy spectra when quantitative estimates of
the relative probabilities for the emission of the neutron
and the vy ray are available in the future.

B. Level-Density Coefficients

In the nuclear reactions where the compound-nucleus
formation is the dominant mechanism, the spectra of
the emitted particles contain information regarding the
nuclear-level density. The shape of the evaporation
spectrum is given by an expression of the form

o(E)AE « ain™(E')p(U)dE/, (5)

where oinv* is the cross section for the formation of
the compound nucleus by the emitted particle incident
on the residual nucleus with an energy E’, and p(U)
is the level density at excitation U.

A variety of functional forms have been proposed
for the level density p(U), based on the description
of a nucleus as a Fermi gas. A simple expression which
fits the experimental data satisfactorily, in general, is
given by

p(U) =a exp(=E'/7), (6)

where @ is the Fermi-level density coefficient, and =
is the nuclear temperature. The Fermi-gas model pro-
vides the relation between ¢ and 7 as

a= Eq/7?, )
where
Eott= Ey— 27+ P(Z)+ P(N). (8)

The P(Z) and P(N) are the pairing energy correc-
tions.? The E, is the incident particle energy.

In the present experiment, the level-density coeffi-
cients have been calculated with the use of nuclear
temperatures 7; associated with the emission of the
first neutron. The pairing energy corrections P(N) for
neutrons were obtained by averaging over the various
isotopic contents of each of the natural elements used
as scatterers.

The calculated values of the level-density coefficients
are listed in Table ITI. The results of Seth et al.®
and of Huber et al.1 obtained in the incident-neutron-
energy regions of 6 and 14 MeV, respectively, are also
tabulated for comparison.

It can be seen from Table III that there is good
agreement between the three sets of level-density co-
efficients. There is a large discrepancy between the
present value of @ for Fe and the one obtained by Seth
et al.’» However, the agreement for Y, Cd, W, and Pb
is gratifying, particularly since at 14.8-MeV neutron
energy, there is the added complexity in the spectra
due to the emission of two neutrons in succession. The

2 A, G. W. Cameron, Can. J. Phys. 36, 1040 (1958).
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F1G. 5. Plot of calculated level-density

coefficients as a function of mass number. 20
The three sets of data points represent
the results of the present experiment,
and those of Huber et al. (Ref. 14) and
Seth et al. (Ref. 15). The solid curve re-
presents the shell-model calculations
based on the formulation of Newton as
modified by Lang. The straight line re-
presents an empirical fit to the data, with
a=A/8, where A is the mass number of
the element.

a in Mev™!

© PRESENT EXPERIMENT
¢ HUBER et al.
x SETH et al x

a = A/8

good agreement at two different incident energies may
be interpreted as a test of the self-consistency of level-
density coefficients.

The calculated level-density coefficients have also
been plotted in Fig. 5 as a function of mass number 4.
The curved line represents the theoretical calculations
of Newton? as modified by Lang.?® These calculations
take into account the effects of shell closure upon the
densities of single-particle orbits. The straight line
represents an empirical fit to the experimental results.
Such a fit is shown in the review article by Bodansky.

It may be pointed out that the present results agree
with the expected dip in the level-density coefficients
near the doubly-closed-shell structure of Pb?®. It can
be concluded from an examination of Fig. 5 that, in
general, the present results are in good agreement with
the predictions of the shell-model calculations.?:%

IV. SUMMARY

In the present work, the spectra of emitted scattered
neutrons have been measured for 20 elements by means
of the neutron time-of-flight technique. The spectral
data have been reduced to emission cross sections, and

2 T. D. Newton, Can. J. Phys. 34, 804 (1956).
26 D, W. Lang, Nucl. Phys. 26, 434 (1961).
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the spectral shapes have been fitted by the compound-
nuclear statistical model, except for the light elements.
The spectral data have been presented both in the
graphical as well as in the tabular form elsewhere.?
It has been found that for medium-weight and heavy
nuclei, the predominant reaction mechanism follows
the general predictions of the statistical model.

At an incident neutron energy of 14.8 MeV, the
emission of a successive neutron by the (%, 21) process
is quite significant. In the present analysis, the neutron
distributions for the emission of the first and second
neutrons have been obtained by the application of the
formulation of Lang and Le Couteur.® The nuclear
temperatures associated with the emission of the first
neutron have been used to obtain Fermi level-density
coefficients. The present results are, in general, in good
agreement with the predictions of the shell-model cal-
culations and the experimental results of other workers.
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