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The angular correlation between inelastically scattered e particles and the subsequent de-
excitation y ray has been measured at an u energy of 42 MeV. Measurements have been car-
ried out in the reaction plane for y rays resulting from the decay of the first excited (Z') state
of C, '4Mg, ' Ni, and ' Sn. The results are reported in terms of the y-ray symmetry angle,
0&, and the ratio A /B. Qualitatively the behavior of the symmetry angle is found to be the
same for all four isotopes, rotating continuously at forward e-scattering angles and oscilla-
ting about the plane-wave and adiabatic predictions at larger n-scattering angles. For the
three isotopes for which A/B measurements were possible, the ratio was clearly not identi-
cally zero. Both the angular-correlation and cross-section data are compared with the re-
sults of distorted-wave-Born-approximation calculations using a wide range of optical-model
parameters. The optical-model ambiguities encountered here are similar to those found in
fitting cross-section data alone.

I. INTRODUCTION

The measurement of differential cross sections
for the inelastic scattering of medium-energy a
particles has been extensively investigated. ''
Such measurements, however, yield only a lim-
ited amount of information, since the cross sec-
tion depends only on the sum of the squares of the
absolute magnitudes of magnetic-substate transi-
tion amplitudes. To completely describe the scat-
tering to a 2' state, however, 10 numbers are re-
quired (either the magnitudes and phases of the
five substate transition amplitudes or, equivalent-
ly, the magnitudes and phases of the five compo-
nents of the nuclear-polarization tensor following
the scattering). In reality, the symmetries of the
problem' reduce the number of required parame-
ters to only five plus an over-all phase angle. In
principle all of these may be determined by mea-
suring the a-y correlation both in and out of the
reaction plane. ' For measurements in the reac-
tion plane, the form of the correlation function
permits determination of only two of the five pos-
sible parameters (unless absolute y-ray count
rates are measured). The physical significance
of the measured parameters (A/8 and 8,) is most
easily expressed in the notation of Cramer and
Eidson. '

A/8 = (1 —a,)'/4a, ,

00=-:~2 (2)

where a, and 5, are the relative magnitude and
phase of the m= 2 component of the polarization
tensor as expressed in the coordinate system of
Ref. 4. Earlier measurements have already estab-
lished that the simpler theories' ' of e scattering

are inadequate for the description of the angular
correlation, even though both of these models are
fairly accurate in their prediction of scattering
cross sections. This earlier experimental work
was carried out at lower energies (22.5 MeV) over
a wide angular range, ' ' and at 42 MeV over a
rather limited angular range. ""The present
work was undertaken for two purposes. The first
was to determine whether the additional informa-
tion obtained from in-plane correlations would be
helpful in resolving the optical-potential ambigu-
ities" "normally encountered in studies of +-
scattering cross sections. The second objective
was the further study of some of the simpler mod-
els of e scattering. In particular, additional data
would help to determine whether there exist any
cases in which the adiabatic and plane-wave Born
approximations can correctly predict the in-plane
correlation pattern. Also, there are several mod-
els"" which give reasonable descriptions of exist-
ing angular-correlation data. The present study
will further test those descriptions at higher ener-
gies, at larger angles, and on heavier nuclei.

II. EXPERIMENTAL ARRANGEMENT

For the experiments reported here the external
42-MeV a-particle beam of the National Aeronau-
tics and Space Administration Lewis Research
Center 1.5-m cyclotron was used. Two slightly
different beam-handling systems, one of which is
shown in Fig. 1, were used in the course of the ex-
periment. In both arrangements, reduction of y-
ray background in the room was of primary con-
cern, therefore the last slit defining the incident
beam direction was 327 cm from the target and
shielded from the y detector by approximately 90
cm of lead and concrete. The beam stopper was
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FIG. 1. Schematic diagram of scattering system.
(All dimensions are in cm. )
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located 137 cm within the rear wall of the room
and was 440 cm from the target. The other beam-
handling system differed from the one shown in
Fig. 1 only in that the beam was stopped at the cen-
ter of a 76-cm-diam by 152-cm-long tank of boron-
loaded water. This tank was located approximate-
ly 213 cm from the target and was shielded from
the y detector by 30 cm of lead and concrete. Both
systems utilized a 1.5-m-diam scattering chamber,
which was large enough to contain the y detector.

For all the work reported here the same type of
detectors was used. The a detectors were lithium-
drifted silicon, used in an array with a 4' spac-
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ing between detectors. The full angular resolu-
tion of each detector was usually 1', although

some forward-angle runs on nickel and tin were
done with an angular resolution of 4'. The y detec-
tor used was a 7.62 by 7.62-cm sodium iodide
crystal integrally mounted on an RCA 8054 photo-
multiplier tube and encased in a 0.64-cm-thick
lead shield. The y detector was placed 122 cm
from the target so that it subtended a full angle of
35 and covered about 2.2% of the total sphere.
All of the targets were self-supporting, about 1
mg/cm' thick, and except for "C were isotopically
enriched.

Two different sets of electronics were employed.
In one arrangement only three n detectors were
used with separate amplifiers and coincidence cir-
cuits for each, the u-energy signals being com-
bined just before entering a 1024-channel pulse-
height analyser (PHA). In the other arrangement,
16 e-particle detectors were used and the signals
from their preamplifiers were added, with all six-
teen utilizing a common linear amplifier, biased
amplifier, and coincidence circuit. This is shown
schematically in Fig. 2. In both arrangements the

Base line
Delay

cfosso/tef

Single
channel
analyzer

3 by 3 in.
(7.6 by 7. 6 cml
Mar

Double delay
line amplifier

II

I

High voltage

supply

FIG. 2. Multidetector coincidence arrangement
using 16-channel router.
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FIG. 3. Typical correlation patterns with least-squares
fits to the function 8'{0 ) =A+A sin 2(0 —00). Ratios of

Y 0 '
the isotropic to anisotropic component as presented were
not corrected for finite geometry.
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TABLE I. Experimental results of C(e, n' y 4.433
Me V) angular correlation.

e -particle c.m.
scattering
angle, 8

(deg)

y-ray
symmetry
angle, 00

(deg)

Ratio of
isotropic to
anisotropic

component, A /B

26.55
29.18
31.80
34.41
37.01

39.60
42.18
44.75
47.31
49.85

52.38
54.90
57.40
59.88
62.35

64.80
67.24
69.66
72.05
74.43

7.81 + 2.43
23.60 + 1.90
47.06+2.42
60.47 + 1.74
66.27+ 5.33

71.53 + 1.02
78.60 +2.17
85.71 + 1.60
3.38 + 1.72

15.20 + 1.87

35.02 + 5.20
51.48 +4.48
63.86 + 3.40
64.12+3.30
61.21 + 7.90

31.97 + 3.48
38.99+2.34
41.57 + 2.42
51.16 + 1.21
54.52 + 1.84

0.13
0.26
0.25
0.12
0.00

0.00
0.024
0.00
0.00
0.13

0.31
0.22
0.097
0.35
2.0

0.41
0.079
0.14
0.061
0.13

+0.07
+0.07
+0.07
+0.05
+0.03

+0.03
+0.058
+0.03
+0.03
+0.06

+0.18
+ 0.14
+ 0.098
+0.13
+1.2
+0.14
+0.069
~0.07
+0.035
+0.05

76.79
79.13
81.45
83.74
86.01

60.75 + 2.86
51.57 ~ 3.01
57.25 + 2.89
55.47 + 2.17
57.23+ 5.44

0.083
0.60
0.24
0.34
0.41

+ 0.081
+0.14
+ 0.09
+0.08
+0.22

88.27
90.50
94.88

56.56 + 2.56
53.69+ 1.14
60.73 + 1.27

0.093 +0.072
0.059 +0.032
0.00 +0.03

coincidence circuit was a standard parallel fast-
slow arrangement with fast input signals being de-
rived from cross-over timing and the slow inputs
being derived from single-channel analyzers which
guaranteed that both the a and y signals fell within
the energy range of interest. The resolving time
of the fast-coincidence circuit was 50 nsee. In
both cases if all the coincidence requirements
were satisfied the PHA then analyzed the a-parti-
cle energy pulse, storing it in a proper segment
of the 4096-channel memory. By comparing the
n-particle spectra thus obtained with those ob-
tained without any coincidence requirement, it was
possible to correct for random coincidences and
determine the true coincidence rate.

Data were obtained by fixing the angles of all
the n detectors employed and varying the position
of the y detector in 10 steps between 45 and 135 .
The coincidence data obtained were normalized
relative to a monitor e detector fixed at a scatter-
ing angle of approximately 35' below the incident

beam in the forward direction.
More detailed descriptions of the experimental

arrangements used for individual isotopes have
been given elsewhere. " '

III. EXPERIMENTAL RESULTS

A. Correlation Measurements

For the sequence of spins investigated here (0'
-2'-0') the form of the correlation function in
the scattering plane for a fixed value of the a-scat-
tering angle is known to be"

W(8y) =A+B sin 2(8~ —80) .

In this expression and elsewhere in this report,
the data are defined relative to a spherical-coor-
dinate system with the polar axis along the inci-
dent beam direction and the a-particle scattering
defined as being at the azimuthal angle (t) =0 .
Relative to this coordinate system, all of the mea-
surements reported here are at an azimuthal y-
angle P =7t. Using the method of least squares
the experimental data were fit with the function (3).
Typical results for each isotope are shown in Fig.
3. The resulting values of A/B and 8, were then
corrected for the effect of the finite size of the y
detector, using the method described by Rose"
and Eidson et al.' Geometrical corrections leave
the symmetry angle 8, unchanged but result in a
decrease of the ratio A/B. The results for all
four isotopes (after geometrical corrections) are
listed in Tables I-IV. At angles where there ex-
isted overlap with earlier data'~" good agreement
was obtained. All four of the isotopes studied ex-
hibit a qualitatively similar behavior. At forward
n-scattering angles, the symmetry angle rotates
continuously, crossing the adiabatic prediction at
angles corresponding to maxima in the inelastic
cross section and showing maximum departure
from the adiabatic prediction where the inelastic
cross section is a minimum. At larger scattering
angles the continuous rotation is replaced by an
oscillation about the adiabatic prediction, although
the maximum deviation still seems to occur at the
minima in the scattering cross section. It is
more difficult to generalize in describing the be-
havior of the ratio A/B. This is due in part at
least to the relatively large errors involved in the
measurement of this parameter. It is clear, how-
ever, that at least for "C, "Mg, and MNi the mea-
sured ratio is sometimes larger than zero, the
value predicted by both the plane-wave Born ap-
proximation and the adiabatic approximation. This
indicates that for all three isotopes there exists
some polarization of the residual nucleus in a di-
rection perpendicular to the reaction plane. Be-
cause of the large errors associated with the mea-
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sured values of this parameter and the generally
poor quality of fits to them, no comparison be-
tween calculations and A/B ratios will be shown.
Unfortunately, experimental difficulties prevented
measurement of the A/B ratio for "OSn. Data for
this isotope were more difficult to obtain, princi-
pally because of the large y background produced

TABLE II. Experimental results of 24Mg(n, n' y 1.37
MeV) angular correlation.

by the target. y rays from competing a-induced
reactions were so intense that it was impossible
to observe the 1.17-MeV photopeak in the y-ray
singles spectrum.

All of the present data are shown, together with

the adiabatic prediction, the plane-wave Born pre-
diction, and the data of Refs. 10 and 11 in Figs.
4-7.

B. Cross-Section Measurements

e -particle c.m.
scattering
angle, 0„

{deg)

18.70
21.03
23.35
25.67
27.98

29.14
32.60
34.90
37.19
39.48

41.76
44.04
46.30
48.56
49.35

50.81
53.06
53.84
55.29
57.52

58.30
59.73
61.94
62,71
64.14

66.33
67.09
68.51
70.67
72.83

74.98
75.74

77.11
79.24
79.98

81.35
83.45
84.19
85.54
88.34

89.68
92.45
93.78

y-ray
symmetry
angle, 90

(deg)

84.4 + 1.7
17.8+4.4
68.0 + 2.2
72.1+0.8
69.3 + 2.8

72.3 + 0.9
73.0 + 2.5
66.3+3.0
68.2 + 1.8
63.2 + 1.8
65.0 + 2.2
68.0 ~ 2.3
67.0 ~ 3.0
54.3+2.0
61.4 + 8.3
57.6+ 1.0
56.0 + 1.0
54.9 ~3.5
57.4+ 2.5
56.4+ 3.2
56.3+2.4
60.0+ 1.0
60.1 + 1.6
62.2+ 3.3
51.3 + 1.2
45.9 + 2.9
48.3 + 2.8
48.0 ~ 2.2
41.5 + 2.9
48.1~2.6
61.9 + 1.3
50.7 + 7.7
48.1 + 3.0
61.7 ~ 3.5
60.7 + 6.6
34.4+ 6.4
43.3 + 8.6
34.7 ~ 23.1
50.6+ 5.5
31.3+ 12.4

53.5+4.7
49.9+ 5.0
71.6 + 18.8

0.30 +0.06
0.79 +0.29
0.28 + 0.08
0.14 +0.02
0.16 +0.07

0.081 +0.027
0.11 + 0.05
0.070 + 0.05
0.097 + 0,06
0.083 + 0,04

0.13
0.11
0.068
0.04
1.6
0.045
0.19
0.12
0.027
0

0.059
0.011
0.19
0.31
0.13

+ 0.05
+ 0.05
+0.05
~0.05
~1.00

+ 0.05
+0.11
+ 0.10
+ 0.040
+ 0.10

+ 0.07
+ 0.065
~0.13
+ 0.12
+0.04

0
0.16
0.059
0
0.29

0
0.27
0.026
0.48
0.56

+ 0.09
+ 0.08
~0.05
~0.13
+ 0.10

+0.06
+ 0.24
+ 0.081
+0.16
+0.33

0.097
0.35
0.79
0.093
0.79

+0.070
+ 0.04
+ 1.40
+0.12
+0.80

0 + 0.12
0 +0.16
0.21 +0.53

Ratio of
isotropic to
anisotropic

component, A /B

TABLE III. Experimental results of 5 Ni(n, a'y 1,452
Me V) angular correlation.

n -particle c.m.
scattering
angle, 0~

(deg)

y-ray
symmetry
angle, 00

(deg)

Ratio of
isotropic to
anisotropic

component, A/B

12.82
14.96
16.02
18.16
19.22

76.4 ~ 5.2
83.9 + 3.7
81.9~4.3
60.7+ 3.5
80.9 + 4.1

0.52 + 0.25
0.16 +0.10
0.12 + 0.12
0.038 + 0.098
0.29 +0.13

20.29
21.35
22.42
23.48
24.55

72.8 + 2.2
76.4+ 2.8
77.6 + 3.3
76.3 + 2.0
82.1 + 3.1

0.19
0.11
0.10
0.042
0.079

+0.07
~0.08
+0.09
+ 0.059
+0.085

25.61
26.67
27.73
29.86
31.98

34.10
36.21
40.44
42.54
44.65

46.75
48.85
50.94
53.03
55.12

79.5 + 4.2
5.3+ 7.7

11.1+6.0
69.8 + 2.7
75.2 + 2.9

76.2 + 1.5
66.1 + 7.5
57.4+ 7.9
68.1+2.3
76.6+ 6.0

64.5 + 6.7
68.1 + 56.4
61.3 + 10.2
57.3+ 9.1
60.7+ 7.7

0.11
0.088
0.76
0.022
0.16

0.052
0.23
0.34
0.0
0.021

0.0
1.4
0.24
0.27
0.0

+0.09
~0.21
~ 0.75
+0.074
~0.06

+ 0.043
+ 0.12
+0.29
+0.17
+0.17

+0.23
+ 6.2
+0.34
~0.30
+0.22

For each of the isotopes it was necessary to
have cross-section measurements with which to
compare the results of any calculations which
might be performed. For carbon and nickel, mea-
surements were available, " "but not at exactly
the energy at which the correlation experiments
were done. For this reason the cross sections for
elastic scattering and inelastic scattering to the
first excited state were measured for these two
isotopes. The experimental arrangement for these
measurements is essentially that which has been
described previously. " For "C, the cross-sec-
tion data obtained" are in reasonable agreement
with those which have previously been measured,
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although the maximum in the inelastic scattering
observed near 55' by Naqib" is not as pronounced.
This difference may be attributed to the small dif-
ference in the incident a-particle energy. At back-
ward angles the data are reasonably similar to
those of Yavin and Farwell. '4 A similar result is
found when comparing the present "Ni data" with

that of Ref. 25. For scattering from magnesium"
and tin" the cross sections had previously been
measured with the Lewis Research Center cyclo-
tron.

r -r„A~'
f(r, r„a,) = 1+exp aX

(5)

The original DRC program has been modified to
allow the calculation of angular correlations as
well as inelastic cross sections. For all of the
DWBA calculations, the nucleus was treated in

terms of a macroscopic collective model.

sphere of radius 1.25A'r' F, and f(r, r„a,) denotes
the Woods-Saxon radial form factor and has the
form

IV. DWBA CALCULATIONS WITH COLLECTIVE
FORM FACTORS

U(r) = Vc(r) —Vf (r, ro, ao) —i VVf(r, r&, a, ), (4)

where Vc (r) is the Coulomb potential between the
incident a particle and the scattering nucleus,
which is assumed to be a uniformly charged

TABLE IV. Experimental results of Sn(n, n'y
1.176 MeV) angular correlation.

For each of the isotopes studied optical-model
distorted-wave Born-approximation (DWBA) calcu-
lations were performed using the computer codes
SCAT4 and DRC." The optical potential used is
given by

A. Carbon 12

Previous calculations on "C yielded fairly good
agreement with experimental data at forward scat-
tering angles. " It was found, however, that the
optical potential of Ref. 11 (listed as A in Table V)
could not adequately describe any of the experi-
mental quantities at n-scattering angles larger
than 65'. This is shown in Figs. 8-10. For this
reason a new four-parameter potential was sought
which would describe all of the data. For this pur-
pose the parameters of Ref. 11 were used as start-
ing values and the computer was asked to optimize
the four parameters of a Woods-Saxon potential so
as to minimize the quantity y', defined by

a -particle c.m.
scattering
angle, 0

(deg)

y-ray
symmetry
angle, 80

(deg)

la .(8;) —a, h(g;) I',
/is. a p(e, )f'

i=l

15.49
16.53
17.56
19.26
20.65

21.68
23.75
24.78
25.81
26,84

79.2 + 32.6
55.1+6.7
61.1 + 7.2
75.5+ 3.5
72.7 + 6.0
78.2+ 5.5
16.0 + 28.7
55.0+ 6.4
60.8+ 7.0
63.1 + 3.1

100—

4 80

60

40

I 20

&Adiabatic apprmlmation

Plane wave

Sorn appraxlmation~

I I I I

28.90
30.96
33.01
35.07
37.12

39.18
41.23
43.28
45.33
47.37

49.42
51.46
53.51
55.55
59.62

67.5 + 2.0
64.4+ 3.2
67.3+ 5.2
58.2 + 5.0
62.0 + 2.4

67.8+ 2.9
67.4+ 3.6
68.9 + 7.9
44.8 + 11.4
66.5+ 7.2

15.7+ 65.7
51.7+ 36.6
60.1+8.6
67.8 + 8.6
62.1+7.0

0.50

0.40

+ 0.30-

& 0.20—
J

0. 10 —
~ ~

I

p I 'J LN~KI I I I

10 20 30 40 50 60 70 80 90 100

Center-rdmass scattering angle, dh (deg )

FIG. 4. Experimental results of carbon-12 (e, n' y)
angular correlation. Solid points are the data of Hendrie
(Refs. 10 and 11).
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where &r(8;) is the elastic cross section at scatter-
ing angle 8, . This process yielded the set of opti-
cal-model parameters listed as B in Table V. The
fit which these parameters gave for the elastic and
inelastic scattering and the angular correlation is
also shown in Figs. 8-10. It is clear that although
some improvement has been obtained in the de-
scription of the elastic and inelastic scattering,
that a considerable loss has been suffered in the
description of the angular correlation. Because
of this, a search was conducted for a new potential
unrelated to that proposed for the description of
the forward-angle data. This was achieved by fix-
ing the value of the nuclear-radius parameter at a
series of discrete values between 1.2 and 2.0 F,
and allowing the computer to optimize the three
remaining variables. The results of the best of
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calculations

these three-parameter problems were then used
as starting values for four-parameter searches.
The best of these, listed as C in Table V, is vir-
tually identical to potential B.

In addition a number of searches were conducted
in which the real well depth was fixed at 150 and
200 MeV, while the nuclear radius was varied in
steps of 0.2 F between 1.2 and 2.0 F and the dif-
fuseness and imaginary strength were optimized.
The two best of these results were then used as
starting values for searches on all four parame-
ters. One such result is listed in Table V as po-
tential D. The results using this deep potential,
also shown in Figs. 8-10, were not a significant
improvement over the shallower potentials.

Three attempts were made to improve the qual-
ity of the fits obtained and still stay within the op-
tical-model DWBA framework. The first involved
allowing the optical model to contain six indepen-
dent parameters; i.e., the radius and diffuseness
of the imaginary part of the Woods-Saxon potential
were allowed to differ from those of the real part.
The best six-parameter potential is listed in Table
V as potential E and resulted from starting from
the best four-parameter potential. Secondly, in
view of the rather large excitation energy (4.433
MeV) of the first excited state of carbon, it seems
reasonable to assume that the potential describing
the outgoing n particle might differ considerably

c
CLa
L
CV

C5

O. l =

0.01
0 20 40 60 80 100 120 140

Center-of-mass scattering angle, ett (cm. ) ( deg )

FIG. 11. Experimental and theoretical cross sections
for elastic scattering of 42-MeV o particles from Mg.

from that required to describe the elastic scatter-
ing in the incident channel. In fact, examination
of the measured cross section" at 35.5 MeV, the
energy which corresponds to the velocity of sepa-
ration of the a particle and the carbon nucleus af-
ter an inelastic scattering, would indicate that
such is the case. Third, complex coupling was
used in the DVfBA calculations, with both the real
and imaginary parts of the optical potential being
deformed.

The results of these three types of calculations
were not a great improvement. No matter which
device was used the fact seemed to remain that it
was impossible to fit both the entire range of
cross-section data and the correlation data simul-
taneously. In general, if one chose a real well
depth near 24 MeV (the depth suggested in Ref. 11)
then a fairly good fit was obtained to the correla-

TABLE VI. Results of optical-model calculations for 42-MeV n particles scattered by magnesium 24.

Set

Nuclear-
radius

constant, r 0

(F)

Real
potential

strength, V
(Mev)

Imaginary
potential

strength, 8'
(Me V)

Diffuseness
parameter, ao

(F)

Goodness of
fit per

data point,
y~/N

Total
reaction

cross
section, Oz

(mb)

Nuclear-
deformation
parameter,

P2

A

B
C

1.635
1.49
1.38

47.05
93.64

185.7

21.11
31.12
42.50

0.5613
0.6190
0.5753

31.8
55.9
24.1

1179
1231
1176

0.58
0.56
0.59
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tion data while the cross-section data, particularly
at backward angles, was extremely poor. On the
other hand if the real well depth were chosen so
as to improve the over-all fit to the cross-section
data (as with potentials B or C), the fit to the cor-
relation data was poor.

B. Magnesium 24

10—

ONBA calculations

Potential A

Potential B
Potential C

Optical-model parameters for the description of
scattering from "Mg were obtained by fitting the
cross-section data of Vincent, Boschitz, and
Priest. "Aprocess similar to that describedin fit-
ting the carbon-12 data was followed. A series of
fixed values was used for one of the parameters (the
optical-model radius) and the other three param-
eters of a four-parameter potential were varied
so as to minimize X', which was calculated as in
Eq. (6), using only elastic cross-section data. The
best of the three-parameter searches then served
as a starting potential for a four-parameter search.
Three of the potentials obtained are listed in Table
VI. The results of cross-section and symmetry-
angle calculations are shown with the data in Figs.

11-13. For the inelastic calculations the normal-
ization of theoretical to experimental data was per-
formed at 8 =40 and resulted in equivalent defor-
mation parameters for all of the potentials. These
are listed in Table VI and are in agreement with
the value previously reported. " It is clear that
none of the potentials differs significantly from the
others in its ability to fit the elastic and inelastic
cross sections. This is also true for most of the
symmetry-angle calculations. The only real dif-
ference is that potential A, with a real well depth
of 47.05 MeV predicts a rapid reverse rotation of
the symmetry angle at an e-scattering angle of 20,
in agreement with the data. None of the other po-
tentials predicts this rotation. Coincidentally,
this potential is quite similar to that selected by
Hendrie" which in turn was based upon fits to the
cross- section data alone. '~ "

C. Nickel 58

A number of four-parameter optical-model
searches were performed, using the results of
Broek et al." The results are listed in Table VII
as potentials A, B, and C. The elastic cross sec-
tion calculated using potential C is shown together
with the elastic data in Fig. 14. Potentials A and
B yielded results which were qualitatively similar.
The fits are good at forward angles but begin to
slip out of phase with the data at angles greater
than 90 . The inelastic cross section, calculated
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FIG. 12. Experimental and theoretical cross sections
for inelastic (E*=1.37-MeV) scattering of 42-MeV n
particles from 24Mg.
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FIG. 13. Experimental and theoretical y-ray
symmetry angles for 24Mg.
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using potential C and deforming only the real part
to generate a form factor, is shown in Fig. 15.
Like the elastic cross section, the fit is good for
scattering angles less than approximately 90' but
differs in phase from the experimental data at
larger angles. Calculations of the inelastic cross
section using the other four-parameter potentials
yielded similar results although the magnitudes
differed slightly at angles larger than 70'. Defor-
mation parameters P, were determined by normal-
izing the calculated angular distribution to the ex-
perimental data at 32'. The values obtained are
listed in Table VII and are in good agreement with
the value of 0.214 +0.021 obtained from Coulomb-
excitation measurements. ""The angular-corre-
lation symmetry angles calculated using potential
C are shown wit:h the experimental data in Fig. 16.
It is clear that the symmetry angles are reason-
ably well described, with rapid reverse rotations
being predicted near 17 and 27.5, as was observed.
Unfortunately, all three of the four-parameter po-
tentials predict nearly equivalent symmetry angles,
except at scattering angles larger than 45 where
the experimental data are too poor to permit a de-
termination of which calculation is better.

In an attempt to improve the fits, calculations
were performed using a six-parameter optical po-
tential. In order to determine a six-parameter po-
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tential a series of calcul. ations was performed in
which the real and imaginary radii were varied in
steps of 0.04 F over the range

1.31 &~, &1.75 F,
1.43 &~,- &1.79 F.

For each pair of radii the other four parameters
were optimized. Three of the potentials which re-
sulted from this procedure are listed in Table VII
as D, E, and F. Each of these has an imaginary
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radius greater than the real radius and an imagi-
nary diffuseness smaller than the real diffuseness
in agreement with the findings of Broek et al."
The elastic cross sections calculated using D and
E are shown in Fig. 14. All three of the six-param-
eter potentials yield similar values and are sig-
nificantly better than the four-parameter poten-
tials. In addition, the two deeper six-parameter
potentials appear to give a better fit to the large-
angle elastic scattering than does the shallow one.
The inelastic cross section was calculated using
the six-parameter potentials and deforming both
the real and imaginary parts to generate the form
factor. The results for potentials D and E are
shown in Fig. 15. Of the six-parameter potentials,
D agrees best with the data although its phase dif-
fers slightly from the data at angles larger than
110'. The results of angular-correlation calcula-
tions using potentials D and E are shown in Fig. 16.
These are virtually identical to the predictions of
the four-parameter potentials except at scattering
angles beyond 45 where the data are poor.

tions are compared with the experimental values.
The DWBA calculations agree with the data over
the whole range of potentials, in no way helping to
remove the optical-model ambiguities. In Fig. 19
the calculated symmetry angles for the two optical
potentials used in Figs. 17 and 18 are compared
with the data. All eight of the four-parameter po-
tentials predict nearly identical symmetry angles
for n scattering angles larger than 10 . Three of
the potentials (V=87.7, 103, and 117 MeV) predict
a reverse rotation of the symmetry angle near 8

50
a

, while the others predict a rapid forward ro-
tation in that region. Beyond 10', in the region ac-
cessible for measurement, all of the potentials
tested predicted that the symmetry angle should
stay relatively close to the adiabatic prediction.
There are small excursions, with the calculation
crossing the adiabatic line with a small positive
slope at angles that correspond to maxima in the
inelastic angular distribution, and with a large
negative slope at angles that correspond to minima
in the inelastic 2' cross section. None of the po-

D. Tin 120 10—
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A number of four-parameter optical-model po-
tentials were previously obtained by fitting the

Sn elastic scattering data. Eight equally good
four-parameter potentials were obtained and are
listed in Table VIII. Calculations using two of
these potentials are compared with the elastic data
in Fig. 17. In Fig. 18 the calculated 2' cross sec- C:
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V. COUPLED-CHANNELS CALCULATIONS

Coupled-channels calculations were performed
only for the "C data. This seemed reasonable in
view of the exceptionally large strength of the first
excited (4.433-MeV, 2') state of "C. The pro
gram used for the calculations was the extended
optical-model (EOM) code of Wills. " The calcu-
lations treated the 4.433-MeV state as either the
first member of a rotational or vibrational spec-
trum. In the case of a vibration, some calcula-
tions were done which coupled the 7.65-MeV state
as well, treating it as the 0' member of a two-
phonon group. Calculations which coupled in a

DW BA calculations

Potential 8 (6 parameter)
Potential K (4 parameter)
Potential 0 (4 parameter)

4P

E F

I
EQ

100 ~
00- ,~~ ~& ii.
40

, fI 20 30 40 50

Center-of-mass scattering angle, Q (deg }

FIG. 19. Experimental and theoretical p-ray symmetry
angles for ~2oSn.

tentials were able to predict the rapid rotations in
the symmetry angle which are seen experimentally
near 16 and 24'.

In an attempt to better fit the correlation data, a
six-parameter optical potential was used. The
six-parameter potentials were found by using the
four-parameter potentials as starting points and

allowing the optical-model program to optimize
all six parameters. The potentials which resulted
from this procedure are listed in Table VIII, and
one calculation is compared with the data in Fig.
17. As in the calculations for "Ni, the optimum
imaginary radii were larger than the real radii,
while the imaginary diffusenesses were smaller
than the real diffusenesses. The results of using
one of the six-parameter potentials in complex-
coupling DWBA calculations are shown in Figs. 18
and 19. The fits to the inelastic data show a slight
improvement. In particular, at large angles the
peaks in the cross section have been shifted to
slightly larger angles resulting in better agree-
ment. The calculated symmetry angles, however,
are essentially identical in every case to those ob-
tained using a four-parameter potential to describe
the scattering.

third member of a rotational band were not per-
formed, since for the most likely candidate"
(14.08 MeV, 4') no a-scattering data were avail-
able. It was found that the coupled-channels cal-
culations did not differ significantly from the
DNA results. This is similar to Satchler's re-
sults" for 46-MeV protons scattered from "C.
Also, as found by Satchler, it makes little differ-
ence in the 2' cross section whether one assumes
a vibrational or rotational excitation.

VI. DISCUSSION

TABLE IX. Comparison of rotations in symmetry-
angle data. Values of the nuclear radius used in this
table are obtained by fitting Blair's expression (Ref. 7)
to the experimentally measured elastic cross section.

Nucleus

Last
rotation in
symmetry

angle, 6m~
(deg)

Scattering-
angle

argument,
kR 0 sing 0~~

i2C

'4Mg
58Ni

i20g

47
20
28
24

8.6
5.0
8.7
9.0

One of the purposes of this study was to deter-
mine whether it would be possible to remove the
optical-potential ambiguities ordinarily found
when fitting 42-MeV n-scattering data. For the
angular-correlation data over the range of n-scat-
tering angles which we have studied, the answer
seems to be no. However, examination of the in-
dividual isotopes seems to be worthwhile.

The difficulties encountered in fitting e scatter-
ing from carbon and magnesium are of a different
nature from those found in nickel and tin. In the
lighter nuclei it was not possible to find any poten-
tial which gave a satisfactory description of the
elastic and inelastic scattering cross sections.
The reasons for the failure of optical-model de-
scriptions have been discussed elsewhere. " The
result of the failure, in any case, is that for car-
bon and magnesium the "resolution of ambiguities"
can be no more than the selection of one poorly fit-
ting potential rather than another.

For "C it appears that the optical potentials may
be divided into two sets. One set, derived to fit
the forward-angle cross-section data, yields a
fair description of the angular-correlation data.
The second set, derived to fit cross-section data
over a wide angular range, gives extremely poor
fits to the correlation data.

"Mg was the only nucleus of the four studied for
which one optical potential yielded a better descrip-
tion of the angular-correlation data than did the
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others tested. Of the numerous potentials which

gave equivalent fits to the elastic and inelastic
scattering cross sections, only one potential, V
=47.05 MeV, was able to predict the existence of
the experimentally observed rapid reverse rota-
tion of the correlation pattern near 8 =20'. At all
other a-scattering angles all of the potentials gave
nearly identical results.

For the two heavier nuclei, real ambiguities ex-
ist. For each nucleus a variety of optical poten-
tials can be found which describe both the elastic
and inelastic cross-section data fairly well. Un-

fortunately, virtually all such potentials predict
identical correlation patterns. Consequently, one
must conclude that the measurement of in-plane
angular correlations, at least over the angular
range studied here, is of little use in resolving
such ambiguities. Although variations in the pre-
dicted correlation patterns do occur at large scat-
tering angles and at extreme forward angles, ex-
perimental difficulties preclude data collection at
these angles. This inability to eliminate ambigu-
ities is probably an indication that, as for the
cross section, the correlation function is sensitive
only to the gross features of the nuclear potential,
as was suggested by Verbaar and Tolsma (Ref. 16),
who were able to reproduce the general behavior
of the symmetry angle merely by allowing the ring
locus of a diffraction model to have finite width.

The correlation data obtained, however, do indi-
cate that at least at large angles a more detailed
explanation is required than that of Verhaar and
Tolsma or any of the other simplified models pro-
posed for the purpose of explaining correlation
data. In particular, both Verhaar and Tolsma"
and Wills and Cramer" predict a symmetry angle

which will continue to rotate indefinitely; while ex-
perimentally, in every case, the rotation was
found to cease beyond some e-scattering angle
8(max). In fact, in three of the four isotopes the
angle at which the last rotation occurred corre-
sponded to nearly the same value of the scattering
argument' kA, sin-,'8. This is shown in Table IX.

One other conclusion may be drawn from the
present work. The behavior of the symmetry angle
appears to be completely independent of any de-
tails of the nuclear structure. For the four cases
studied here, two (~Ni and "'Sn) are generally
considered to be spherical nuclei with the first ex-
cited state represented as a vibrational excitation.
For magnesium, on the other hand, the first 2'
state is generally thought of as the first member
of a rotational band, while the structure of the
first excited state of "C is not very well under-
stood, although it has been suggested" that it may
also be the 2' member of a rotational band. At
any rate, the four nuclei studied certainly exhibit
a variety of structures, and yet the nature of the
angular-correlation data is virtually identical for
all four. This is experimentally equivalent to the
findings of Wold, "who found that calculated sym-
metry angles are quite insensitive to variations in
microscopic nuclear wave functions.
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Cross sections of (n, 2n), (n, p), and (n, o.') reactions of medium-Z nuclei at 14.4 MeV, calcu-
lated from the statistical model with the constant-nuclear-temperature approximation for lev-
el densities, are compared with experiment. Using effective thresholds for second- and third-
emitted neutrons, obtained by adding 0.5 and 1 MeV to the ground-state thresholds, respec-
tively, the agreement with experiment is about +15, +20, and +30@ for (n, 2n), (n,P), and
(n, n) reactions, respectively. For (n, o.'} reactions, it is necessary to add 1 MeV to the
pairing energy for the shell closures at N = 50 and 82 to get satisfactory agreement. An aver-
age nuclear temperature of 1.5 MeV is used for all types of reactions and for all nuclei inves-
tigated. The exponential dependence on (N-Z)/A for (n,p) cross sections in Levkovskii's em-
pirical formula is derived from the statistical model and a semiempirical mass equation.
Empirical equations are obtained which depend only on A and Z for quick estimation of 14.4-
MeV (n, 2n) cross sections from Z =28 to 82 and of [(n,np)+(n, pn)+ (n, d)] cross sections of the
lightest stable isotope of even-Z elements in the region of Z =28 to 50.

I. INTRODUCTION

In previous papers' 4 we have reported (n, 2n},
(n, p), and (n, a) cross sections of medium-Z nu-
clei at 14.4 MeV which are compared with the
predictions of Pearlstein' and of Levkovskii' for
(n, 2n) and (n, P) reactions, respectively. In both
cases, the agreement between prediction and ex-
periment is satisfactory. However, in Pearlstein's
method a normalization function is used to obtain
absolute (n, 2n) cross sections, while Levkovskii's
formula for (n, p) cross sections is entirely empir-
ical. The normalization function used by Pearl-
stein depends on the value of the experimental
cross sections and on the form of the function as-

sumed. The physrcal significance of the normali-
zation function is not clear. '

In the present work, the applicability of the con-
stant-nuclear -temperature approximation in statis-
tical-model calculations of neutron cross sections
at 14.4 MeV for medium-Z nuclei is demonstrated.
It is shown that the exponential dependence on
(N-Z)/A for (n, p) cross sections in Levkovskii's
empirical formula may be derived from the statis-
tical model with a constant-nuclear-temperature
approximation for level densities and a semiem-
pirical mass formula. In addition, some empiri-
cal equations which are functions of A and Z only
are obtained which are useful for quick estimation
of 14.4-MeV (n, 2n} cross sections in the region of




