
NEUTRON SCATTERING: TECHNOLOGICAL ACHIEVEMENTS AND ILLUSTRATIVE RESULTS

S . C h i b a a , A. T a k a h a s h i b , H. K l e i n c a n d A. S m i t h d [,; .,.•'

ANL/CP--73216

DE91 015255

ABSTRACT

Contemporary neutron scattering endeavors (energies < = 25 MeV), using monoenergetic
sources and' the time-of-flight techniqae, are reviewed. Facilities and techniques are
described, with attention to the optimization of measurement systems. Discrete scattering
results are illustrated in fundamental and applied contexts. Techniques for and results
from continuum neutron emission studies are discussed, with the implications on physical
models and on neutron applications in energy systems.
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PREFACE

Good knowledge of fast-neutron scattering is
essential for a diversity of nuclear
applications, and the fast neutron remains a
unique hadronic probe for fundamental studies.

TECHNIQUES AND METHODS

Neutron scattering experiments are a complex
combination of: 1) the production of
monoenergetic neutrons, 2) the scattering
process, and 3) the detection of scattered
neutrons, and spectral fluence is a concern.
Many fast-neutron spectrometers suffer from poor
resolution and/or efficiency. These shortcomings
are mitigated with the time-of-flight technique,
as powerful neutron sources are available, good
velocity resolutions are realized, and organic
scintillators provide efficient neutron detection
from s 0.1 - 25 HeV.

The optimization of the experiments requires
consideration of the effect of geometrical and
material characteristics on the scattered-neutron
response-rate, R, and on the angular and energy
resolution. R may be estimated by

where N is the number of projectiles/sec, n. the
specific particle densities/cm**3, I. sizes in
cm, F^ areas in cm**2, D- distances in cm, and
dc^/dn differential cross sections; and the index
"i" refers to the target (t), scatterer (s) and
detector (d). Obviously, R increases with the
dimension l^, and the volume [f^L] and particle
densities (n.) of the scatterer and detector. On
the other hand, the energy spread of the primary
neutrons increases with the energy loss of the
projectiles and hence with areal density n.-I. .
The resolution of the spectrometer improves with
the length of the flight path (D,) and decreasing

linear dimensions (^). Finally, the angular

resolution improves with the smaller solid angles
(Fi/Di**2) subtended by the scatterer and
detector. A compromise between these factors
must be found, consistent with the energy and
angular resolution goals, and with intensities
requisite for sufficient statistical accuracies.
In addition, technical (e.g., shielding) and
methodological (e.g., corrections) considerations
influence the optimization procedure.
Nevertheless, scattering experiments can be
designed to provide reasonable energy (« 17.) and
angular (e.g, < 2 deg.) resolutions, and
multiple-detector systems greatly increase
efficiency.

Neutron Sources:- Reactions commonly used to
produce raonoenergetic neutrons are outlined in
Fig. 1. Elemental metallic lithium is evaporated
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Fig. 1. Energy dependence of the O-deg. yields of
common neutron sources (1), Arrows indicate the
upper and lower limits of monoenergetic neutrons.
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onto thin backings and hydrogen gas contained in
cells (1,2). The 0 deg. yield is optimal, and
the neutrons are not polarized if unpolarized
projectiles are used. Energy gaps are
encountered (particularly from 10 - 13 MeV), and
attention must be given to corrections for the
contributions from secondary source-neutron
groups (e.g., Li-7(p,n)Be-7* and D(d,np)D). The
region above = 15 MeV is practically accessible
only with tritium targets. •_ Additional
"innovative" source reactions have recently been
examined. For example, the fl-l(B-ll,n)C-ll
reaction produces kinematically collimated
monoenergetic neutrons over the range 7 - 1 2 MeV
(filling the 11 - 13 MeV "gap") (3). The
reaction has been used in activation (4) and
(n,n',7) (5) measurements, and may have a wider
potential if problems of intensity and moderate
energy resolution can be overcome. The li-l(t,n)
reaction is, in principle, attractive but it
requires the acceleration of relatively high
energy tritium beams, and thus will probably
remain of very limited use (6).

It is obvious that the peak pulsed current (N)
should be as high as possible as it only enhances
the response rate and improves the
signal/background ratio. Proper ion bunching and
effective cooling of the entrance foil and/or
backing of the target are essential.
Alternatively, a heavy-metal grid can be used to
support the gas-cell window (7), concurrently
providing physical support of the thin metal foil
and efficient heat conduction at high currents
(e.g., < 20 fik).

Scattering Samples and Irradiation Geometry:-
Scattering samples should be as compact as
possible (e.g., spheres or solid cylinders).
Vith these the angular resolution will not
significantly change over the experimental
angular range (a 10 - 170 deg.). Hollow samples
of equivalent mass somewhat reduce multiple-event
effects but at the expense of incident-neutron
and angular resolution (see Fig. 2-b and -c).
Sample-size effects (e.g". flux attenuation and
multiple scattering) should be addressed by means
of Monte-Carlo simulations (8). Corrections of
> 107, can be reliably handled using an iterative
cross section determination. Special care has to
be taken with light elements as large energy
ranges are involved and resonance structure can
be a serious concern.

The target-sample distance cannot be too short as
the detectors must be shielded from the primary
source, and that becomes increasingly difficult
as the scattering angle decreases. A small
offset of the source centroid from the reference
axis can cause a large shift in the scattering
angle (e.g., 40 a 0.5 deg. for a 1 mm source
shift 12 cm from the sample). In order to detect
and correct for such angular shifts, measurements
must be made symmetrical with respect to the
reference axis, or alternatively, advantage can
be taken of the kinematics of the C(n,n) cr
H(n,n) scattering (9) to determine the true
scattering angles to < 0.2 deg.

Neutron Time-of-Flight Detectors:- Organic
scintillators are used as fast and efficient
detectors with the thickness selected for the
flight paths and energy resolution goals. The
efficiencies are as 10% - 507., depending on
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Fig. 2. Simulated TOF spectra for scattering of
10 MeV neutrons from carbon (a) and polyethylene
(b) solid samples, and from a hollo;; polyethylene
sample (c) of the same mass as (b).

neutron energy and detector thresholds.
Constant-fraction timing of the phototube signals
provides sub-nsec resolutions with a large
dynamic range. Valk corrections can be made if
multi-parameter data acquisition is used,
including pulse-height information (10). The
time resolution is determined not only by the
thickness of the detector (neutron transit time)
but also by its volume. Monte-Carlo calculations
show that multiple scattering from the carbon of
the scintillator, before the interaction with the
hydrogen producing sufficient light for
detection, can significantly increase the neutron
time within the scintillator. Thus it is
suggested that several detector sizes be used
concurrently (11). For energies above s 300 keV,
pulse-shape analysis can be applied to several
types of scintillators in order to discriminate
against photon induced events, and in practice
reduce backgrounds by orders of magnitude.

Multi-Detector Collimation:- Multi-detector
arrangements require a compact collimator-shield
system. The shape of the entrance throats must
be carefully designed (see Fig. 3), and the
materials, particularly the liners of the
channels, well selected considering energy range
and geometries. Monte-Carlo simulations are
employed for optimization (12). Long flight



paths ( > 5 m) can be obtained with a variable
collimator (10) or a movable accelerator (11).
Consideration must be given to resonance
outscattering from air when flight paths of > 10
m are used.

Fig. 4. Calculated neutron detection efficiencies
of a NE213 detector (15).

Fig. 3. Design of a multi-detector collimator
system for the scattering of 10 MeV neutrons
(12).

Neuiron Detection Efficiency and Normalization:-
The energy dependence of the detection efficiency
must be well known. Several common methods
determine this efficiency to better than ± 27..
Vith appropriate targets and a versatile
accelerator, the angular distributions of various
neutron-producing reactions can be used,
providing the respective reaction cross sections
are well known (1). A quasi-absolute
calibration, independent of the cross section
data, can be established if the target and
projectile can be interchanged so that the
kinematic conditions are the same in the CM
system (13). Nevertheless, consideration must be
given to the effective emission angle and to
target scattering effects if uncertainties of
< 21. are to be obtained. The use of the time
correlated associated particle method over a wide
energy range involves a much larger effort (14).
However, this method determines the efficiency on
an absolute scale independent of evaluated
reference data. Below 20 MeV, response functions
can be reliably calculated from evaluated data
and light output functions of the particular
system (15). It has been shown that the
calculated neutron fluence can agree with
response functions measured with a proton-recoil
telescope to ± 1.5X (9). Calculated afficiencies
(11) display pronounced structure for low
thresholds (see Fig. 4), which is supported by
experimental observation (16) and can be
attributed to resonances in tne neutron reactions
with carbon, particularly the (n,a) reaction (see
Fig. 5).

It is common to use H(n,n) scattering for
detector calibration, and polyethylene samples
are well suited for monoenergetic work. However,
the C(n,n) contribution is not easily subtracted
using an "equivalent" carbon sample due to
background and multiple-event effects (see Fig.
2). Thus a complete simulation of the experiment
is needed to achieve the desired accuracy (8).
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Fig. 5. Experimentally determined detection
efficiencies of a NE213 scintillation detector
(16).

Detectors can also bu cal ibialcd by usinj; a
Cf-252 source within a fas! fission dotector
(171. A gas scintillator or ionization chamber
witn high fission rates (> 10**5/sec) can provide
time resolutions of « 1 nsec with a fission
detection efficiency of > 95%. Vith a careful
analysis of the TOF spectrum (18), the energy
dependent efficiency is obtained to « 10 MeV by
comparison with standard evaluations of the
Cf-252 fission-neutron spectrum.

Data Analysis and Uncertainties:- Differential
cross sections are commonly parameterized in
terms of Legendre polynomial expansions. The
spectral distribution of the scattered neutrons,
corrections for sample size effects and detector
efficiencies, and the density distribution of
scattering angles must be considered in such
parameterizations. Correlated uncertainties,
such as those due to a common angle offset and
the detector efficiency, must be addressed. The
energy distribution of the primary neutrons
should be provided for further evaluation. Many



of the relevant parameters can only be estimated,
bat a complex scattering experiment, including
source, sca t te rer and detector, can be completely
simulated using the cross sections extracted from
the i te ra t ive analysis . In addition to the
sample size correct ions, the mean values of the
associated moments of the energy dis tr ibut ions
and mean scat ter ing angles are ODtained from the
simulations.

Finally, uncertaint ies of > 27. and a 17. can be
achieved for d i f ferent ia l and angle integrated
cross sect ions, respectively. The major
contributors to these uncertaint ies are the
detection efficiency, the i t e r a t ive analysis
including correction procedures, and the f in i te
energy and angular resolution.

DISCRETE SCATTERING

Neutron e l a s t i c and inelas t ic scat ter ing from a
light mult ipl ier , Be-9, is i l l u s t r a t ed in Fig. 6.
The angle- integrated e las t ic- and inelast ic-
scattering cross sections are obtained to
accuracies of = 2.57. and < 107., respectively.
These scat ter ing results imply (n,2n) cross
sections that lead to major changes for
ENDF/B-VI. The Be-9 scat ter ing is due to
negative par i ty levels, while low-lying
positive-parity levels are not excited. This
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Fig. 6. Elastic- (left) and inelastic-
(Excitation = 2.429 HeV, right) scattering from
Be-9 (19).

suggests a possible "shape coexistence" in the
Be-9 nucleus, with two rotational bands based on
the g.s.(3/2-) and 1.69 MeV (1/2+) states (19).
In Fig. 6 an extensive sample of modest accuracy
was used to determine the overall result to good
precision. An alternative is a precise
"standard" measurement sequence involving fewer
measurements, each with much greater care.
Illustrative of such an approach is the
elastic-scattering cross section of oxygen of
ref. 20. In this case the differential values
are known to 3 - 87. and the angle integrated
cross section to B 2.57.. Uncommon attention was
given to identifying and quantifying the various
measurement uncertainties, and the correlation
matrix was obtained. Scattering of <s 20 MeV
neutrons from light nuclei is dominated by the
resonance behavior. The interpretation commonly

uses the R-Matrix formalism, with the parameters
of the matrix determined by fitting the
experimental data. These parameters reflect
nuclear structure information which can be
obtained from the shell model and subsequently
used in the R-Matrix calculations. The
procedure, pursued in an iterative manner, has
been successfully employed by the Ohio University
Group (21), as illustrated by the C-13 results of
Fig. 7. This correlated shell-model/R-Matrix
technique has been exploited by the Livermore
Group to predict a wide range of neutron-induced
reactions, as cited elsewhere in these
proceedings. Scattering from light targets at
energies >s 20 MeV has a relatively energy-smooth
behavior, as illustrated in ref. 22. One could
hope to describe such results with a conventional
optical model, but the success is qualified. The
shortcomings have been attributed to
inappropriate potential' forms, resonance
fluctuations, coupling with the giant resonances,
and/or £-dependent potentials. Some of these
alternatives have been examined without great
success.
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Fig. 7. Measured (symbols) anJ calculated
(curves) elastic- and inelastic-scattering (21)
from C-13.

Medium and heavy nuclei encompass,the majority of
the structural materials, fission products, and
actinides. Structural materials in the
A » 50 - 65 region are largely dynamic vibrators,
and an example of neutron scattering (23,24) from
them is Ni-58. Spectrometeric capability of the
measurements is approaching that of the best
charged-particle spectrometers as illustrated in
Fig. 8. Differential cross sections were
obtained for many of these neutron groups, and
the elastic scattering is the basis for
comprehensive vibrational-model interpretations
(23). The real and imaginary potential strengths
aisplay physically reasonable energy dependencies
(see Fig. 9), that could only be achieved with
the vibrational model. The geometries of the
model are energy dependent, a characteristic that
is only partially alleviated when the dispersion
relationship is considered. The model nicely
describes the elastic scattering over a large
energy range (see Fig. 10). Nearly as good
agreement is obtained for the excitation of the
yrast (2+) vibrational level (23). The important
factors are; i) the provision of a detailed data
base extending over a wide energy range makes
possible a rigorous interpretation, ii) the
requirement of a vibrational model, and iii) the
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Fig. 8. Velocity spectrum (23) obtained by
scattering 8 MeV neutrons from Ni-58 at 80 deg.
Excitation energies are noted numerically.
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Fig. 9. Strengths of the real (J ) and imaginary
(Jv) Ni-58 vibrational potential expressed as
volume integrals (23).
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Fig. 10. Measured (symbols) and calculated
(curves) elastic-scattering cross sections of
Si-58.

energy dependence of the model geometries.

Remaining structural materials are largely in the
A = 90 - 100 region, with changing scattering
properties as the target mass moves away from the
N = 50 closed shell and collective processes
become a consideration. Zirconium scattering is
illustrative of the results in this mass region.

The elastic scattering is reasonably known to
s 10 MeV, and at 24 MeV (25,26), but from 10 - 24
BeV there is nothing (an all too typical
situation). Near the shell closure neutron
scattering is described using the spherical
optical model, including the dispersion
relationship implying a coupling of real and
imaginary potentials, resulting in an energy
dependent surface term of the real potential and
a small contribution from volume absorption. The
energy dependencies of these two contributions
for zirconium are shown in Fig. 11. The
parameters of the dispersive optical model remain
energy dependent and can be projected to the
bound energy region using the method of moments,
where the neutron-based potential is equivalent
to the shell-model potential and should describe
the bound particle- and hole-states. The quality
of such an extrapolation varies with the target
but is particularly good near shell closures, as
illustrated by the Pb-208 results of ref. 27. A
characteristic of the dispersive model is the

+ 50

dj o

-50

: r

• \y Ep

dJv^/":

-25 0 +25

En(MeV)
Fig. 11. Volume (dJ ) and surface (dJ.)
dispersion contributions to the zirconium real
potential (25).

"Fermi Surface Anomaly", which is significant
only in the bound regime. The dispersion
relationship implies energy dependent strengths
and geometries of the real potential, but it is
not the only source of such dependencies. The
behavior of the imaginary potential is isotope
dependent, with minimum strengths near the shell
closures. Indeed, the isovector imaginary
strength near shell closures may have an opposite
sign from that commonly used in global models.

The sensitivity of the typical fast reactor to
fission-product inelastic scattering is « 257.
that for fast neutron capture. Provision of the
full scope of data will require a coordinated
measurement and calculational program using
theory to extrapolate a few precise measurements.
Near shell closures the knowledge of elastic and
inelastic fission-product scattering can be
similar to that outlined above for A » 100
structural materials. In the strong
fission-product vibrators recent measurements
confirm a large direct-reaction component of the
cross sections for the excitation of the yrast 2+
levels of the even isotopes (28). However, at
the lower energies of primary concern to the fast
reactor, the inelastic-scattering processes are
primarily of a compound-nucleus nature. Their
magnitudes are large (e.g., « 1 b at s 1 MeV),



and generally exceed those commonly encountered
in major evaluated file systems. Many of the
heavier fission products are ridged rotors with
large deformations, leading to low-lying excited
states expected to have large inelastic cross
sections at low incident-neutron energies. Even
the stable elements are generally raulti-isotopic
and the xi-^-i^ite measurement samples difficult
to obtain. Remarkably little is known of
scattering from these heavy rotors, and the
situation is not likely to change.

Most actinides are rotors with characteristic
low-level rotational band structure, and similar
bands based upon vibrational configurations at
higher energies. These structures remain
uncertain above = 1 MeV. Experimental knowledge
of scattering from the common odd actinides
(e.g., U-235 and Pu-239) is meager due to the
complexity of the low-lying level structure and
large fis'sion cross sections. There is little
technological hope of grossly improving this
shortfall in the foreseeable future. Low-energy
(<2 1 MeV) scattering from the common even
actinides (e.g., U-238 and Th-232) has been been
carefully studied for many years, and accuracy
goals of s 37. for the elastic- and
inelastic-scattering cross sections are being
approached. Above the maximum energy of
reasonably understood level structure there are
considerable uncertainties in both elastic- and
inelastic-scattering cross sections. The latter
can not be reasonably measured in the presence of
the large fission-neutron contribution, and
primary reliance must be placed upon the precise
determination of the elastic-scattering cross
sections which, together with the well known
total and fission cross sections, imply the
inelastic-scattering cross section until the
(n,2n) reaction becomes significant. It is now
possible to measure common even actinide
elastic-scattering cross sections with 2 - 37.
accuracies (see Fig. 12). These results include
inelastic contributions due to the first several
levels of the g.s. rotational band, but that is
of no applied concern as the relevant energy
transfer is far smaller than considered in
macroscopic engineering calculations at these
energies.

CONTINUUM NEUTRON EMISSION AND 14 UeV PROCESSES

Energy-angle double differential neutron emission

cross sections (DDX, d2ff/(dE-dfl)} induced by < 14
MeV neutrons are of special importance in
fusion-reactor neutronic design as they determine
neutron economy and energy loss, tritium
production, nuclear heating, radiation damage and
induced activities in the first wall, blanket and
surrounding structures. Moreover, they are a
challenge for contemporary reaction theories.

Experimental Techniques:- DDX measurements are
particularly demanding as a very large range of
neutron velocity spectra must be dealt with. A
severe source of background is the source itself
(particularly the T(d,n) reaction), thus the
shielding must be particularly effective. A
massive shadow bar consisting of copper,tungsten
and paraffin, several tens of cm in length, is
commonly used to protect the detector from the
primary neutron source. The optimum position,

6(deg)
180

Fig. 12. Differential "pseudo" elastic scattering
cross sections (29) of U-238. Symbols indicate
measured values, curves the results of Legendre
fitting, and numerical values incident energies.

shape and combination of materials varies with
incident energy and measurement angle.
Inscattering of the neutrons from the collimator
wall is significantly reduced with careful
collimator design (30). The shielding must also
carefully control room- and air-scattered
neutrons.

Vhen the D(d,n) source is used at deuteron
energies above a 5 MeV there is additional
background due to the D(d,np) break up and X(d,n)
reactions (X H C, 0, N, etc.). The latter
contributions are determined by making
measurements without the deuterium in the target
cell at considerable expense in experimental
time. The background from the D(d,np) breakup
reaction can not be exactly subtracted by any
means, thus the D(d,n) reaction is useful in DDX
measurements only below E. « 7 McV. The breakup

component can be simulated by the lie-3(d,np)
reaction (31), but in a detailed measurement the
difference between D(d,np) and ile-3(d,np) spectra
still presents a serious problem. Similarly, use
of the T(d,n) source will lead to addition
background neutrons from the D(d,n) reaction due
to the accumulation of deuterium in the target
assembly, which will vary with the target
history.

In DDX measurements the neutron detector bias is
set as low as possible in order to see the
"whole" velocity spectrum. As a result, the
detector system becomes sensitive to low-energy
neutrons with a deterioration of the
signal/background ratio, reduced effectiveness of
pulse-shape discrimination of neutron and 7-ray
signals, and poorer time resolution, in conflict
with the experimental objectives. In addition,
the detection system becomes more sensitive to
instabilities over the requisite long measurement
periods, placing demands on the stability of a



"fragile" system. Some of these problems can be
mitigated by using two or more detector biases
and a multi-parameter data-acquisition system. A
"clean" neutron pulse is important if the elastic
component is to be veil resolved and a formidable
background in the (n.n1) continuum region due to
the "tail" on the burst is to be avoided. A
pulsing system consisting of a 8 MHz
post-acceleration chopper and associated
components has been developed at Tohoku
University (32) to meet these stringent pulse
requirements. Vith it the experimental phase
space is enlarged, particularly at higher
energies and forward angles, and the background
in the continuum region significantly reduced.

Data Correction Methods:- In principle, the
correction of DDX data for multi-events and flux
attenuation is similar to that of a conventional
scattering experiment. The difficulty is that
the DDX result must be accurately known from the
incident to = zero energy, and thus the data base
for the correction procedures must be of a very
wide energy scope. The data in even the best
evaluated files is seldom well enough known for
good corrections, and thus iterative estimates
must be used. These are frequently based upon
model calculations such as multi-step
statistical, precompound, and direct-reaction
models, and on systematics such as suggested by
Kalbach and Mann (33,34). In this way the
accuracy associated with DDX corrections has
greatly improved.

Typical Results and Interpretations:- Light
Element DDX results are characterized by discrete
level structures that persist up to several KeV
excitations, and a wide continuum component due
to fev-body breakup reactions, as illustrated in
Fig. 13. a-cluster structure plays an important
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Fig. 13. DDX spectra of 3e-9 at 14.2 MeV.
Measured values are indicated by symbols, and the
JE.VDL-3 evaluation by the curves. Angles are
numerically noted.

role in understanding DDX in these cases. Except
for the D(n,2n)p reaction, where a rigorous
Faddeev calculation applies, the understanding of
the few-body breakup is largely phenomenological,
using a simple phase-space model or the theory of
the Final State Interaction (FSI) (35). For
example, the neutron spectrum from the
Li-6(n,n'd)a reaction at 18 MeV can be fairly
well understood by assuming a strong interaction

of d- and a-particles in the final state (36).
The neutron scattering to the 2.2 and 4.3 HeV
levels in Li-6 do not result in sharp peaks, but
rather broad continuum-like spectra due to the
fact that these levels are not bound, but the
resonance states between d and a and the
characteristics of the d-a scattering favors
broad spectra. This can be incorporated into the
calculations by taking into account the d-a phase
shift. In contrast, the spectra from the
C-12(p,p')3a can be explained by^the four-body
simultaneous breakup model (37). If the
transition matrix element is properly converted
from the proton to the neutron, the same model
can potentially explain the C-12(n,n')3a neutron
spectra (37). Knowledge of reaction mechanisms
through few-body breakup process in light
elements will have to proceed by accumulating the
experimental data by target and projectile unless
some innovative progress in few-body reaction
theory is forthcoming. Tlie Coupled-Discrctized
Continuum-Channels (CDCC) method, given attention
in the past few years (38), provides a
quantitative method to calculate light-mass
breakup cross sections with relatively few
paiameters.

DDX spectra of Li-7 and Be-9 are of special
importance in fusion applications. For the
JENDL-3 evaluation, Shibata calculated the DDX of
Be-9 using the sequential decay model, with the
intermediate states expressed by the
delta-function, plus the phase-space model for
simultaneous few-body breakup (39). This is an
approximation of FSI theory, but for Be-9 it
reproduces the measured DDX results quite well
(see Fig. 13). It is a practical approach for
calculating the breakup spectra that will be
employed in higher-energy (> 20 MeV) evaluations.

The reaction mechanisms in the medium-weight
elements leading to the continuum spectra are
thought to be fairly well understood (i,e.,
direct low-lying excitations via doorways, the
precompound process with a limited number of
degrees of freedom, and the compound process from
a system in equilibrium). Neutrons are emitted
at every stage of the reaction. In contemporary
calculations the DVBA, coupled-channels,
multi-step precompound, and compound theories arc
used to give a fairly good description of the
measured spectra. The principal issues in this
area now are; level density formulae, level
density parameters (energy dependent and
independent), Kalbach constants, and exit-channel
optical potentials. The capability is
illustrated by the Nb-93(n,n') spectrum of Fig.
14, measured by Takahashi et al (40). The
calculated results were obtained using the code
SINCROS-II (41) and Kalbach systematics. In this
case, theory (+ systematics) can reproduce the
data very well. The quantum mechanical approach
(42) may bring new understanding of reaction
mechanisms in this region.

In the actinide elements the situation is
complicated by fission-neutron emission. Fission
can be taken into account by statistical
calculations (e.g.,the double huaiped barrier
model), or phenomenologically as a competing
process. Baba et al. (43) have shown that the
DDXs of U-238 and Th-232 at 14 and 18 KeV are
explained by the statistical model and
Kalbach-Mann systematics, if it is assume that
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Fig. 14. Measured (symbols) (40) and calculated
(curves) (41) DDX spectra of Nb-93 at 14.2 MeV.

the angular distribution of the fission neutrons
is isotropic in the laboratory system. In
contrast to the medium weight region,
Kalbach-Mann systematics better describe the
(n,n') angular distributions than the Kalbach
systematics alone. This suggests that the
mechanisms determining precompound angular
distributions may be different in the medium- and
heavy-element regiv-ns, and thus the (n,n')
results can potentially contribute to the
understanding of nuclear reaction mechanisms in
ihe MeV region.
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