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Cross sections were measured for elastic and inelastic scattering of 40.1-MeV n particles
from ONi over the range B=153-189'. The 180' cross section for inelastic scattering from
the 2' excited state at 2.16 MeV was found to be more than an order of magnitude larger than
that for the first excited 2 state at 1.33 MeV and nearly an order of magnitude larger than
that for the elastic scattering. The phase of the angular distribution for the 2.16-MeV level
is opposite to that of the 1.33-MeV level, but is the same as the elastic scattering. The data
are compared with predictions of compound nucleus and coupled-channel reaction theory.
While the compound nucleus reaction mechanism does not account qualitatively for these
data, the coupled-channel approach is much more successful and indicates that the absorp-
tion term in the optical model potential is determined in a very sensitive way by the back-
angle elastic and inelastic scattering.

NUCLEAR REACTIONS 6 Ni{&, ~'), F =40.1 MeV; measured absolute o{9), 6)

= 153—189, coupled-channel analysis.

l. 1NTRODUCT1ON

In a variety of recent measurements of back-
angle n scattering' ' it has been shown that un-
usually large 180' differential cross sections often
characterize the angular distributions. These mea-
surements have generally been made on rather
light nuclei Q ~ 40) or at rather low bombarding
energy (E ~30 MeV) in which the compound nucleus
formation or n-clustering effects are likely to be
important if not dominant features in the reaction
mechanism.

Recently Trombik et al."have extended these
back-angle n-scattering measurements to the nick-
el isotopes, finding no anomalous cross sections
in the elastic or inelastic channels for bombarding
energies 18-27 MeV. They account for this nega-
tive result by the much higher level density in the
compound sys tern for these higher mas s targets.

However, back-angle scattering measurements
offer a sensitive probe for investigating any nu-
clear reaction model or mechanism. This can be
seen in a simple way by presenting the differential
cross section in the usual partial wave expansion

v(g) ~ g (2l +1)exp(j6, ) sin5, P, (cos8)

where each partial wave l contributes coherently
to the total cross section. For forward angles
coso-1 and P, -1 for all l, whereas for angles
near 180', cos8- —1 and P, - {-1)'. The latter con-
dition may result in a severe cancellation of am-
plitudes depending on the precise value of the phase
shift 5, . Even small defects or omissions in the
theoretical description of the reaction may give
rise to large discrepancies when compared with
back-angle data.

Extreme back-angle n-particle scattering is a
particularly attractive test case because it is re-
lated to forward-angle heavy ion scattering through
comparable momentum transfer, while having
important absorptive terms in the optical potential
as in the case of heavy ion scattering. In the pres-
ent work we show that unusual back-angle e scat-
tering does in fact characterize the "Ni{n, o.')
reaction at F =40 MeV, and that this kind of data
can be used to probe the details of nuclear reac-
tion mechanisms.

11. EXPER1MENT

Data were obtained with a beam from the Oak
Ridge Isochronous Cyclotron {ORIC) as part of a.

survey of back-angle n scattering at 40 MeV. The

10 2441



2442 M. B. LEWIS e t al. 10

back-angle scattering facility" consists of a mag-
net and scattering chamber arranged such that the
incoming beam is deflected by the magnetic field
onto the target foil and back-scattered particles
are then deflected by the magnetic field in the op-
posite direction, away from the beam and toward
a detector. The detector is mounted on a movable
arm to permit angles from about 150' through and

past 180' to be measured.
A position-sensitive detector was used for simul-

taneous data accumulation over a range of angles.
This increased efficiency is needed because the
particles are scattered in a. reflection mode from
the target, which necessitates the use of rather
thin target foils, and because the cross sections
being measured are small —~ 1 gb/sr in some re-
gions. A seven-aperature collimator in front of
the position-sensitive detector defined counting
geometries at intervals of 1'. The ORIC data
handling system" was used to accumulate energy
spectra. The symmetry of the angular distribu-
tions about 180' was used to check the positioning
of the detector.

The present "Ni data were obtained principally
with a target foil 3.0 mg/cm' thick and 800 gC of
beam at each detector angle. In the energy spectra
the 2.51-MeV level was poorly resolved from the
unresolved doublet of 2.16-MeV 2' and 2.29-MeV
0' levels. Subsequently a target foil 18'l-gg/cm'
thick was used to resolve the doublet at and near
180' where the composite cross section is relative-
ly large. An energy spectrum obtained with the
thinner target is shown in Fig. 1. For these data

3800 p.C of beam was needed and consequently data
with the thinner target do not; cover a wide angular
range.

The 180' spectrum shown in Fig. 1 has the Larg-
est intensity for the 2.16-MeV 2' level with much
lower intensities for the levels at 2.29 and 2.51.
This is in contrast to the 34-MeV forward angle
data of Inoue" where scattering to the 2.16- and
2.29-MeV levels is of equal intensity and scattering
to the 2.51-MeV level is an order of magnitude
larger. We note the absence of cross section to
the 3' state as expected for the excitation of an un-
natural parity state by a particles in 180' scattering.

Figure 2 shows angular distributions measured
with the 3-mg/cm' ~Ni target. At 180' inelastic
scattering to the unresolved doublet is more than
an order of magnitude larger than the elastic scat-
tering. The data with the thinner target show the
doublet to consist of -8(P~ scattering to the 2.16-
MeV level at 180'. The limited amount of higher
resolution data show the angular distribution of
the 2.29-MeV 0' line to be flat near 180'. It may
be that a large part of the cross section for the
doublet in the minimum at 172' is due to the 2.29-
MeV level. Another unusual result of the measure-
ments is the angular distribution minimum at 180'
for the first excited state of "Ni.

Figure 3 compares some of the angular distribu-
tions from the present work with forward-angle
43-MeV data of Broek et al. '4 The back-angle
cross section for inelastic scattering to the two-
phonon doublet is as large as at forward angles in
the data of Refs. 14 and 13.
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III. ANALYSIS

A. Compound nucleus approach

In order to illustrate the qualitative features
which one expects from a compound nucleus ap-
proach to the back-angle inelastic scattering prob-
lem we have made use of the code DEFspp. " In
these calculations the total transmission is para-
metrized in the manner suggested by Eberhard
e]g&"

P T, =2~ . (28+1)exp&
r') -Z(v+1)

20'
C

where D' and (1"') stand for the mean spacing and
mean width of levels with the lowest possible spin
in the compound nucleus, and o is the average spin
cutoff parameter of the nuclei predominantly

formed in the decay of the compound system. This
leads to a predicted cross section of the form

T,,T,(1+5...) J(2+1)

where

p =2~(r'&/D

and the J values are meant to be those character-
istic of the compound system. In DEFspo the
transmission coefficients T, are calculated from
the optical model; the optical model parameters
used here are those reported in Ref. 9 and given
in Table I. The value used for the spin cutoff
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distributions labeled "2.2" are for the 2 level at
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ward-angle data are from Ref. 14.
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parameter, 0' =25, is based upon a study by Lu,
Vaz, and Huizenga" and upon energy dependent
relations of Gilbert and Cameron. " The level
density parameter, p =106, was chosen to normal-
ize the calculated elastic scattering to agree with
the measured value at 0 =180'

The calculated cross sections are given in Fig.
4, and were found to be qualitatively insensitive
to variations in a and p. The curves are shown
for the elastic and the first three levels of Ni.
The results show that (a) all curves peak at
8 =l80', (b) the curves for the first and second ex-
cited states are nearly identical, (c) the elastic
curve has the largest cross section at 6I =180'.
We find that each of these qualitative properties
predicted by the statistical compound nucleus mod-
el is basically inconsistent with the experimental
findings.

B. Coupled-channel approach

It was shown by Tamura" that the first excited
state in "Ni can be characterized as a one-phonon
level while the next three levels resemble a two-
phonon triplet with spins 2', 0', and 4', respec-
tively. For this reason we have utilized the code
ZUPITOR" (Karlsruhe version) in order to calculate
angular distributions for the elastic, one-phonon,
and two-phonon levels in ~Ni.

A two-phonon level cannot be treated by the usual
distorted wave Born approximation (DWBA) meth-
od, but can be handled in a natural way with a cou-
pled-channel Born approximation treatment
(CCBA). In addition, the elastic and one-phonon
levels are treated self-consistently in CCBA, but
not in DWBA. This consistency results from the
use of the procedure that the total wave function is
expanded in terms of the excited states 4, of the

target as

Q Ifz.i.g. ~&)ty'i„g„+~r„)~~
J n&n~n

where R is the radial wave function and Y the
spherical harmonic with quantum numbers in the
usual notation. Solution of the resulting SchrMing-
er equation yields the simultaneous solutions for
all the nuclear levels in the above expansion. This
method is particularly important for back-angle
scattering because the elastic scattering wave
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functions do not necessarily dominate the inelastic
wave functions and, as we show below, all the
channels are comparably affected by the coupling
proc edur e.

The initial CCBA calculations used the optical
model parameters given in Table I. The reduced
matrix element or P =0.20 was taken" as the cou-
pling parameter, and the first two excited levels
of "Ni were coupled to the ground state. The re-
sults of these distorted wave calculations indicated
that the forward-angle predictions depend most on
the real part of the optical model potential while
the back-angle predictions are much more sensitive
to the absorption part. Thus the search routine
in the code JUPITOR was found to be useful for de-
termining the preferred shape and magnitude of the
imaginary part of the optical model potential which
could be used in the coupled-channel calculations.

To illustrate the sensitivity of the back-angle
scattering to the one-phonon level of ~Ni when
coupled to the zero-phonon (elastic) and two-phonon
levels, we have plotted in Fig. 5 the 180' cross
section as a function of the imaginary surface
term of the potential. It is of interest to note that
either an enhancement or hindrance of the back-
angle cross section may result from various
choices of absorptive potential.

In general one would like to include as many re-

p (Me+) g D {Me+) 8 (fm) +s (fm) aA ar

TABLE I. Optical model parameters for the n+ Ni

system for E~= 50 MeV from Ref. 9. 10-'
140 160

8 (deg)

97.0 45.3 1.48 1.39 0.586 0.402 FIG. 4. Calculated angular distributions based on a
compound nucleus reaction model (see text).
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action channels as possible in a calculation of this
kind. However, we found that with the present
code, 0,'-2', -2,'-0,' coupling was the maximum al-
lowed with 40-MeV n particles on ' Ni in which a
minimum of about 40 partial waves were needed
for convergence" at 8 =180'. The above coupling
notation refers to J" subscripted by the phonon
number. Since we showed that large cross sec-
tions are due mostly to 2,', and since the computer
time increases rapidly with the number of chan-
nels, most searches were made with only 0,'-2', -
2,' coupling. Comparisons of 0,'-2,'-2,'-0,' cases
with 00 2y 2 usually showed that the additional
0,' coupling had small effects upon the 0,', 2', , and
2,' channels.

In the calculations other parameters were held
fixed even though their values are not well known.
Uncertainties in these parameters do not alter the
conclusions in this paper except as noted in c.

(a) Coupling (deformation) parameters P: The
deformation parameters P, for the excitation of the
one-phonon level (g' =2' 8 =I.S MeV) in ~Ni is
rather well established P, = 0.20." However, the

TABLE II. Parameters for the absorptive part of the
potential without volume absorption used in the coupled-
channel calculations for 6 Ni. Parameters for the real
well are given in Table I.

WD (MeV) r, I,'fm) al

Initial value
Final value

45
36

1.39
1.35

0.40
0.39

reduced matrix element (2,'([Qi( 2', ) which charac-
terizes the two-phonon purity of the second quad-
rupole level in ' Ni is not known. We have taken
the 2,' level as 50%%u~ two-phonon. Following the
procedure suggested by Tamura, " P(2, -2, )

P2 Qppp 0 14 where A»„ is the two-phonon ampli-
tude. In addition P (0,-2, ) = [PP(2, -2,)]"'=0.17.

(b) Channel potential "adjustment" factors W, (n):
The coupled equation for each channel n contains
an imaginary potential written as a product W„
= WW, (n) so that the potential in each channel can
be varied by varying 8', (n). Tamura" suggested
that W, (n) should be slightly larger than unity for
the inelastic channels in order to compensate for
the neglect of including all other inelastic channels
in the calculation. We have assumed that W, (n)
=1.2 and 1.4, respectively, for the 2', and 2,' chan-
nels.

(c) The one-phonon amplitude in the two-phonon
wave function was taken to be zero since the B(E2)
2,' - 0, is known experimentally to be very small. -'-

If this small experimental value is not mostly due
to the multiple-phonon character of the 2.2-MeV
level in "Ni, our use of the JUPITOR code is not
appropriate. In other words we assume that the
2.2-MeV peak can be characterized as a sum of
two-phonon and higher-order phonon levels, and

to a, first approximation the inelastic scattering
cross section is determined by the two-phonon
component.

A number of searches for optimum fits to the
back-angle data were performed with and without
the for ward-angle scat ter ing data'4 included.
Starting with the parameters given above the
searches consistently resulted in smaller magni-
tude and extent for the imaginary well. This result

TABLE III. Volume and surface well depths of the
potential obtained in coupled-channel fits for Ni data.
The values of the geometry terms and real well depth
in Table I were held constant.

20 30
(MeV j

40
8' (5IeV) (MeV)

FIG. 5. Coupled-channel predictions of 40-MeV o;

inelastic scattering to the first excited state of Ni as
a function of absorption well depth of the potential.

Initial value
Final value

20
40

20
-10
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FIG. 6. Coupled-channel fits for forward-angle and
back-angle 6 Ni elastic scattering data. The forward-
angle data are from Ref. 14. Parameters are listed in
Table I for the dashed curves; for the solid curves this
potential was modified by using the final value absorption
well depths listed in Table III.

is consistent with that found by Tamura. " Typical
results are listed in Table II. %hen we generalized
the potential to include both volume and surface
potential shapes, the preferred combination was a
"depleted surface" potential, i.e., a negative sign
for the derivative term as shown in Table III.

Both the trends in Table II and Table III are con-
sistent in that they show the need for reducing the
"surface" reaction contribution to the imaginary
potential.

The "depleted surface" potential is interesting
not only because it fits the data better than conven-
tional potentials without changing r, and g„but
also because it shows more directly the physical
origin of the imaginary potentials. Since the one-
phonon 2,' excitation takes place at the nuclear sur-
face, it contributes to the surface imaginary opti-
cal model term in the potential. When the 0'-2,'

coupling is explicitly included in a coupled-channel
calculation, this surface potential must, conse-
quently, be decreased relative to the remainder of
the imaginary potential.

Fits to the data with the final values in Table III
and assumptions (a), (b), and (c) are shown as
solid curves in Figs. 6 and 7. In general, the theo-
retical predictions reproduce the measured cross
sections much better in the forward than in the
backward hemisphere. The dashed curve repre-
sents the coupled-channel prediction when the
original parameters from Table I are used. The
forward-angle predictions for the ground and one-
phonon levels are not seriously affected by changes
in the imaginary potential. On the other hand the
back-angle predictions as shown in Figs. 6 and 7

are very sensitive to the choice of absorptive po-
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FIG. 7. Coupled-channel fits for back-angle 6 Ni inelastic scattering data. Parameters are listed in Table I for the

dashed curves; for the solid curves this potential was modified by using the final value absorption well depths listed in

Table III.
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tential ~

While the new parameters improve significantly
the fits to the inelastic scattering data, particular-
ly near 180', discrepancies remain. A contribu-
tion of a few gb jsr from compound nucleus cross
sections would be consistent with the present data
and could account for the absence of very deep
minima in the measured back-angle cross section.
More extensive searches on the other parameters
rz, az, P's, W, (n) were not found to substantially
improve the fits.

IV. CONCLUSIONS

We have attempted to approach back-angle scat-
tering in a more general way by suggesting that
the differential cross sections observed are relat-
ed to details of the nuclear reaction mechanism.
With this in mind, one should expect that strange
back-angle differential cross sections might be
observed in various scattering and reaction experi-
ments: light ion, heavy ion, low energy, and high

energy. Whereas the low energy-light target com-
bination is likely to be influenced by the formation
of intermediat;e compound nuclear states, the high-
er energy-heavier target combination should mani-
fest a characteristic back-angle structure due to
the exact manner in which the incident flux is ab-
sorbed near the nuclear surface.

The theoretical method of coupled channels is
particularly appropriate for the latter case since
it is the open reaction channels which determine
the absorptive part in the optical model potential.
In the "Ni(o., a') reaction at F. =40 MeV we found

that small variations in the absorptive potential
had only a small effect upon the compound nucleus
predictions for back-angle scattering. However,
the direct or two-step elastic and inelastic scat-
tering predictions were quite sensitve to the choic
of absorbing potential, particularly when the reac-
tion channels are coupled. The 5'D = —10 MeV cor-
rection to the volume absorption given in Table III
affects the absorption at the nuclear surface as
does, say, an /-dependent absorptive potential. It
is not entirely a substitute, however, for f', depen-
dency for the following reasons: The l or J de-
pendency" suppresses all of the high angular mo-
mentum components in the partial wave expansion.
This has the effect of increasing the back-angle
cross sections for almost all levels without sig-

nificant changes in the oscillatory structure. In
contrast, the "depleted surface" potential intro-
duced here has the effect of slightly suppressing
only those partial waves near the value l-kR, and
this affects the angular distributions in a unique
way as we have shown. Unless the coupled-channel
calculations are complete, there remains a physi-
cal justification for l- or J-dependent absorption
as discussed in Ref. 23. Complex or heavy ions,
which are expected to be strongly absorbed, would

be good candidates for back-angle studies.
An important consideration in the compound nu-

cleus coupled-channels problem is the energy re-
gion where the transition between predominantly
compound and direct reaction is supposed to occur.
A "Ni(o., a') excitation function for 180' scattering
from =15-30 MeV has been measured by Sewell
et a/. ' These data could not be fitted with the opti-
cal model (using parameters which fit the scatter-
ing data forward of 140'), but the data showed no
large compound nucleus resonances. We found in
the present coupled-channel calculations using
parameters in Table III that we were likewise not
able to fit the low energy data, underestimating it
similarly as in the calculations in Ref. 9. It would
therefore be important to measure the back-angle
excitation function between 30-40 MeV for the
e+Ni system and determine what optical potential
form is necessary to fit this kind of data.

Since the back-angle inelastic scattering is very
sensitive to the absorptive potential in CCBA, it
is not surprising that we have not been able to fit
the relative cross sections to the 2,' (2.16-MeV)
and 0;(2.29-MeV) levels (see Fig. 7). The calcula-
tions are incomplete in at least two ways: (a) We
have not coupled the two-phonon levels to the three-
phonon levels. Ib) There is no correction for l
dependence of the absorptive potentials. It is hoped
that we have presented support for future theoreti-
cal work in this area,
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