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An (n, n'y) coincidence method was used to determine the neutron spin-flip probability in
inelastic scattering. The experimental method consists of neutron time-of-flight and neutron-
s coincidence techniques with the deexcitation y ray detected perpendicular to the neutron
scattering plane. The angular distribution of the spin-flip probability for the first J =2 ex-
citation in carbon has been determined at an energy of 7.48 MeV. The neutron spin-flip re-
sults were found to be similar to the proton spin-flip results in this energy region. The ex-
perimental results were compared to the predictions of an antisymmetrized distorted-wave
calculation which did not provide good fits to the spin-flip data. The spin-flip predictions
were sensitive to the optical-model parameters and were dominated by spin-orbit distortion
in the elastic channels. The mechanism of core polarization dominated the inelastic ampli-
tudes, masking the effects of the effective interaction on the extracore nucleons.

I. INTRODUCTION

The study of spin-dependent forces in the inelas-
tic scattering of nucleons by nuclei has been made
difficult because of the insensitivity of the mea-
sured angular distributions to these forces. To
obtain data more sensitive to the spin-dependent
interaction many experimenters have made mea-
surements of the spin-flip probability for proton
inelastic scattering. ' ' These experiments have
been possible in part because of the availability of
high-resolution proton spectrometers which pro-
vide good separation of the excited states of inter-
est. There have been few measurements of the
neutron spin-flip probability'' because of the ex-
perimental difficulties involved. These measure-
ments have not been made with the high degree of
resolution exhibited in the proton experiments.

A method fc}r determining the spin-flip probabil-
ity in neutron inelastic scattering with a time res-
olution of less than 3 nsec was described in an
earlier report from this laboratory. " In the pres-
ent paper an improved high-resolution method is
described. The method employs time-of-flight
techniques and involves measuring the correlation
between the inelastically scattered neutron and the
deexcitation y which is emitted normal to the re-
action plane. This (n, n'y) method is similar to the
(p, p'y) method described by Schmidt et al. ' The
out-of-plane correlation identifies scattering from
the M =~1 substates of the J"=2' state. By apply-
ing a theorem due to Bohr" it may be shown
that scattering from the M = +1 substates can occur
only for nucleons which flip their spins in the scat-
tering process.

The present paper presents the spin-flip results

obtained for 7.48-MeV incident neutrons scattered
from the first excited state (4.43 MeV) of "C.
Preliminary results have been presented earlier. "

II. EXPERIMENTAL APPARATUS

AND TECHNIQUES

A. Neutron Source

Neutrons of 7.48-MeV mean energy were pro-
duced in a deuterium gas cell bombarded with
4.45-MeV deuterons from the University of Geor-
gia 5-MV Van de Graaff accelerator. The target
assembly consisted of a collimator, a suppressor,
and a cylindrical gas cell 1.9 cm long. The cell
walls were lined with tantalum, and a tantalum
disc served as a beam stop. Another tantalum
disc with a 0.476-cm-diameter hole was located
at the entrance to the gas cell and served as a
support for a 2.54x 10 4-cm Havar foil. The gas
pressure in the cell was 1.95 atm. The colli-
mator ensured that the beam passed into the cell,
and the suppressor provided for accurate charge
collection. The deuteron energy loss in the foil
was 170 keV. The target gas was 120 keV thick
for the incident deuterons.

The accelerator beam was pulsed and bunched
in the terminal at a 0.5-MHz rate. The beam
pulses at the target were less than 1.5 nsec full
width at half maximum (FWHM) and provided an
over-all time resolution of less than 3 nsec FWHM
for the experiment.

B. Scatterer, Detectors, and Shielding

The experimental apparatus is shown in Fig. 1.
The scatterer was a sample of naturally occurring
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FIG. 1. Experimental apparatus consisting of carbon
scatterer, detectors, and shielding. The dashed line
represents the flight path of the neutrons scattered elas-
tically and inelastically from the carbon scatterer. The
broken line denotes the flight path of the direct neutrons
from the gas cell. The path of the deexcitation y rays
is shown as the dot-dash line.

carbon (98.89% "C) in the form of a graphite cyl-
inder 5.04 cm in diameter and 15.33 cm long. This
large sample was chosen to compensate for the
low detection efficiency of the apparatus for spin-
flip events. The center-to-center distance from
the gas cell to the carbon scatterer was 24.7 cm.
The large size of the scatterer introduced rela-
tively large multiple-scattering effects and also
contributed to the energy width of the neutrons.
The maximum neutron energy width due to scatter-
er size and gas-target thickness was 300 keV. The
diameter of the carbon scatterer was approximate-
ly one mean free path for the incident neutrons.

The neutron detector, which was chosen because
of its neutron-y pulse-shape discrimination and
fast timing capabilities, was an NE213 scintillator
12 ~ 7 cm in diameter and 5.08 em thick. The de-
tector was mounted so that it could be rotated in
the reaction plane about the vertical axis of the
carbon scatterer. The flight path was maintained
at1m.

The flux of direct neutrons from the gas target
to the neutron detector was attenuated approximate-
ly 75% by a shield consisting of iron and borated
paraffin. The iron shield was the frustrum of a.

right circular cone 20 cm long with a mass of 5.7
kg. The borated paraffin shield was the frustrum
of a. right circular cone 32 cm long with a mass

—~AMP TSCA
n-y
DI SC
TAC

TSCA
GATE

DE LAY

—DELAY— GATE

DELAY

n GATE

n FAST
OET O~SC DELAY TOF

TAC

n TOF
ANALYZER

l) y
CORRELATED
n GATE

BPO
FAST
OiSC

- DELAY—

—DELAY—

Y

OET
CFTO SHAPER TOF

TAC
TSCA— COiNC

GATE
DELAY

BPO = Beam-pickoff unit
CFTD= Constant-fraction timing discriminator
TSCA = Timing single-channel analyzer

FIG. 2. Block diagram of the time-of-flight electronics.
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of 3.6 kg. This shield was made by mixing equal
weights of boric acid granules and hot paraffin.
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C. Electronics

A block diagram of the electronic components
used in this experiment is shown in Fig. 2. The
function of the electronics processing the signals
from the neutron detector was to establish a bias,
distinguish between neutron and y events, and gen-
erate a neutron time-of-flight spectrum. A fast
signal from the y detector initiated collection of a
y-ray time-of-flight spectrum. A typical spectrum
is shown in Fig. 3. Events occurring within a nar-
row time range in this spectrum served to gate
the multichannel analyzer and separate the neu-
tron time-of-flight spectrum into a y-correlated
spectrum and a non-y-correlated spectrum. Neu-
trons which experienced a spin-flip in inelastic
scattering were contained in the y-correlated
spec trum.

W
Z
Z+ 2000I

cc
LLJ

CL

I 000'
D

END OF TAC R

100 200 300
CHANNEL NUMBER

400 500

FIG. 3. y-ray detector time-of-flight spectrum. In-
creasing time is to the left. The peaks labeled y and n

represent 4.43-MeV p-ray events and elastically scat-
tered neutron events, respectively. The long tail asso-
ciated with the neutron peak is produced by multiple-
scattering effects and by different flight times for neu-
trons scattered from the extremities of the sample. A
time window was positioned across the y-ray peak.

D. Accumulation of Experimental Data

Neutron time-of-flight spectra were obtained at
10'intervals for neutron detector angles between
30' and 150 in the laboratory system. y-correlated
and non-y-correlated spectra were obtained and
stored in separate sections of a Nuclear Data 4096
channel analyzer. The time required for data
collection at each angle ranged from 6 to 24 h.
At each angle alternate scatterer-in and scatterer-
out runs, each of duration less than one hour, were
were made for equal amounts of charge collected

at the target.
A typical set of data is shown in Fig. 4. The

elastic and inelastic (4.43-MeV) groups are well
resolved in the subtracted spectra except for the
low-energy tails which were caused by multiple
scattering in the large carbon sample. The back-
ground was typically 60-70 /g of the foreground
for the non-y-correlated spectra and 30% for the
y-correlated spectra. Contributions to the spec-
tra from target contaminants were minimized by
periodically cleaning the gas target and collirnator
assembly and by changing the entrance foil. The
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FIG. 4. Typical neutron time-of-flight spectra. Increasing time is to the left in each spectrum. I', B, and 8 denote
foreground, background, and subtracted spectra, respectively. The factor f is defined in the text. The tails to the left
of the time-of-flight peaks represent multiple-scattered neutron events. The peak resolution obtained in the subtracted
time-of-flight spectra was typically 3 nsec (FWHM).
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target cell was evacuated during the experiment
and data were collected to measure the effects
of target contamination. The gas-out contributions
were found to be less than 1% of the subtracted
spectra.

III. DATA ANALYSIS AND RESULTS

A. Corrections to Time-of-Flight Spectra

A correction to the time-of-flight spectra was
necessary because of a change in the density of
the atoms in the target gas due to a local heating
of the gas by the incident beam. The correction,
which has been discussed by Coon, "amounted to
+1% in this work.

Other corrections were made for dead-time
counting losses in the timing circuits and the mul-
tichannel analyzer. All of these corrections were
made before the data were reduced further.

B. Separation of Elastic and Inelastic Groups

The elastic and inelastic neutron time-of-flight
groups, as seen in the subtracted spectrum of
Fig. 4, were not completely resolved because of
low-energy tails in the time-of-flight spectra.
Calculations verified that the events located in the
tails were neutrons multiple-scattered in the car-
bon sample.

A distinction was made between the multiple-
scattered neutrons located in the tails of the time-
of-flight peaks and the neutrons multiple-scattered
away from the neutron detector. The low-energy
tails following the time-of-flight peaks were pro-
duced primarily by neutrons that were scattered
at some original (0, P) not necessarily toward the
neutron detector and then because of multiple scat-
tering were scattered into the neutron detector.
These events will be labeled multiple scattering of
the first kind. The second type of multiple scatter-
ing consisted of neutrons scattered originally in
the direction of the neutron detector and then, be-
cause of multiple scattering, were scattered away
from the neutron detector, and hence did not ap-
pear in the time-of-flight spectrum. These events
will be labeled multiple scattering of the second
kind. The tails were included in the determination
of elastic and inelastic yields and corrections were
made for both kinds of multiple scattering.

The spin-flip probability is independent of mul-
tiple scattering of the second kind because it is a
ratio of the y-correlated events to the total num-
ber of events. The spin-flip probability is not in-
dependent of multiple scattering of the first kind
because these neutrons were originally inelasti-
cally scattered at some (0, P) such that the L = 2,
M =+1 quadrupole radiation had a much smaller

probability of being detected by the y-ray detector.
For this reason, multiple-scattered events in the
tails of the time-of-flight peaks were not included
in the computation of the spin-flip probability.

The first step in extracting yields from a spec-
trum was to establish the flat background level
based on the regions to the left of the inelastic
peak and to the right of the elastic peak. The tail
of the elastic peak was then extrapolated linearly
down to the flat background level. The contribu-
tion to a peak due to its tail was deduced by re-
moving the shielding between the gas target and
the detector and looking directly at the neutrons
from the D(d, n)'He reaction. These direct neu-
trons produced a peak without a tail, and compari-
son to the elastic and inelastic scattering peaks
allowed separation of the peaks from their tails.

I1 = I1I' —I1B (la. )

and

E1 = E1I —E1B, (lb)

I1 and E1 are the numbers of counts in the sub-
tracted non-y-correlated inelastic and elastic
peaks, respectively. The y-correlated background
was multiplied by a count-rate correction factor f
before subtraction from the y-correlated fore-
ground. Thus

and

I2 = 12F f I2B— (2a)

E2 = E2F fE2B, - (2b)

where

A„z An,
R„~ R~'

R„and R are the neutron and y count rates at the
input of the coincidence circuit which identifies
the y-correlated events. The foreground and back-
ground rates are identified by F and B, respec-
tively.

An additional correction to the y -correlated
spectrum was made because of scatterer-asso-
ciated accidental events. For example, a neutron
could have been scattered inelastically into the
neutron detector, while a y ray produced by an un-
related event could have been detected in the y-ray
detector. The yield under the apparently y-corre-

C. Calculation of the Spin-Flip Probability

The spin-flip probability computation was begun
by subtracting the integrated peak areas in the
background spectra from the integrated peak areas
in the foreground spectra. For the non-y-corre-
lated events,
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lated elastic peak was used to estimate the num-
ber of accidentals under the y-correlated inelastic
peak following a method proposed by Schmidt et
al. ' The yield under the apparently y-correlated
elastic peak consists of 100%%uo accidentals. The
number of accidentals in I2 should be in the same
ratio to the total number of inelastic events as the
number of accidentals in E2 is to the total number
of elastic events:

I2A E2
I1+I2 E1+E2 (4)

Hence, the number of accidentals in I2 may be
written

I2A = (Il +I2) .E2
E1+E2 (5)

The spin-flip probability can then be defined as

(I2 r2A.)/e, —
Il +I2

where c is the total electronic efficiency of the
y-ray detector. The efficiency for I.=2, M =+1
quadrupole radiation was calculated to be c&
= 0.0089 + 0.0009. The details of this calculation
are given in the Appendix.

The finite size of the scatterer and y detector
made necessary a final correction to the spin-flip
probability because inelastically scattered neutron
events could be routed into the y-correlated spec-
trum by y radiation from the M =0, +2 substates of
the J'= 2' excited state of "C. This correction
was made to the experimentally determined spin-

flip probability according to a prescription given
by Kolasinski et al.' '4 in which equal populations
of the M =0, +2 substates were assumed. The cor-
rection reduced the spin-flip probability at all an-
gles. The reduction was &4% at the angles where
the spin-flip probability was 15%%up or less and &1/p

at the angles where the spin-flip experienced its
maximum values of 30-40%%uo. This is physically
what one would expect, since if the spin-flip prob-
ability is small the contributions from the other
substates (M =0, s2) will be relatively larger.

The corrected angular distribution of the spin-
flip probability is shown in Fig. 5. The error bars
on the data are purely statistical counting errors.
The negative value of the spin-flip probability at
30 is not physically possible. This error was at-
tributed to inadequate resolution of the elastic and
inelastic time-of-flight groups at forward angles.
The angle of 30' was the worst case.

The spin-flip probability angular distribution is
similar in shape to that found by Schmidt et aL'
for 10-10.5-MeV protons on "C. These proton
energies are similar to the neutron energy in this
experiment when the Coulomb barrier is consid-
ered. The spin-flip probability results of Schmidt
et al. ' show a characteristic backward rise for all
energies for which data were taken. This back-
ward rise is also evident in the neutron spin-flip
probability for "C. To illustrate the similarity,
the proton spin-flip results of Schmidt gt al,.' for
an incident proton energy of 10.07 MeV are also
shown in Fig. 5. No quantitative conclusions can
be drawn from the comparison because of the
known energy dependence of the proton spin-flip
probability.
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FIG. 5. Angular distributions of the spin-lip proba-
bility for C. The solid squares represent the spin-
flip probability for 7.48-MeV neutrons, while the open
circles represent the proton spin-flip results of Schmidt
et al. (Ref. 1).

The angular distributions of the relative elastic
and inelastic experimental yields uncorrected for
multiple scattering are shown in Fig. 6. The mul-
tiple-scattering correction used in this work for
the elastic scattering data has been described by
Cox" and is a combination of analytical and Monte
Carlo methods. The fractions of neutrons scat-
tered once, twice, and three or more times were
determined by Cox using a Monte Carlo random
walk technique. These fractional intensities were
related to the dimensions and the total macro-
scopic cross section of the carbon scatterer. The
variation of the cross section with energy was in-
cluded analytically. The angular distributions of
the neutrons scattered once, twice, and three or
more times were calculated by an analytical meth-
od. The contributions of first-, second-, and
third- and higher-order scattering to the experi-
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mentally measured angular distribution were
found to be 68.2, 21.0, and 10.8%, respectively.

The elastic yield corrected for multiple scatter-
ing and flux attenuation was numerically integrated
and normalized to the total elastic cross section of
1304 mb reported by Percy and Kinney' at 7.54
MeV. The elastic scattering cross section in
mb/sr is compared to the 7.54-MeV data of Percy
and Kinney" in Fig. 7.

The corrected inelastic yield was normalized to
mb/sr using the same conversion factor found for
the elastic normalization. An analytical correc-
tion for multiple scattering and flux attenuation
was applied to the cross section for inelastic scat-
tering. This purely analytical correction for the
inelastic scattering from cylindrical targets has
been described by Engelbrecht" and assumes iso-
tropy of the inelastic angular distribution. Its cal-
culation depends on both the dimensions and the
total macroscopic cross section of the scatterer.
Energy variations of the cross sections were in-
cluded analytically. Figure 8 shows the uncorrect-
ed and corrected results as well as the 7.54-MeV
data of Percy and Kinney. "The multiple scatter-
ing and flux attenuation correction increased the
value of the cross section at each point by approxi-
mately 20%%up.

IV. THEORETICAL ANALYSIS

applicable to "C, but some investigators have ap-
plied the approximation to the analysis of "C data
with some degree of success. In the present work
the problem of analysis is further complicated be-
cause of the uncertainty in the relative importance
of direct interaction processes as compared to the
formation of a compound nucleus. At the mean in-
cident neutron energy of 7.48 MeV there is reso-
nance behavior in the total neutron cross section.
This energy region has been examined by Davis
and Noda" with an energy resolution of 25 keV.
Their results indicate that in the region 7.48
+0.150 MeV the cross section is nearly constant,
indicating that no single level is dominating the
cross section. In the present work a DWBA analy-
sis was performed with the expectation that some
of the general features of the experimental data
could be reproduced by the calculation. An esti-
mate of the validity of the calculation is given in
Sec. V. This study of 7.48-MeV neutrons on "C
was made preliminary to further studies with
16-20-MeV neutrons on "C, ' Sj, "S, and ~'A,
where the direct interaction mechanism may be
expected to dominate the scattering.

At energies where the direct interaction theories
may be expected to apply the DWBA methods have

1000

A. Introduction

Many of the reported spin-flip probability mea-
surements have been analyzed in the distorted-
wave Born approximation (DWBA) using either a
collective model or a model which employs both
core polarization and a microscopic treatment of
the extracore nucleons. The DWBA is not strictly

IOO

ELASTIC ~ ~ ~

INELASTIC o o o

D

LIJ

IQ

IO
I I I I I I

20 40 60 80 100 120 I 40 160e„g
FIG. 6. Angular distributions of the relative elastic

and inelastic experimental yields. The statistical count-
ing errors are smaller than the size of the data points.
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FIG. 7. Elastic differential cross section in mb/sr.
The angular distribution of elastic scattering is com-
pared with the 7.54-MeV data of Percy and Kinney
(Ref. 16).
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500— C(n, n'); E„= 7.48 MeV

DATA CORRECTED FOR MULTIPLE SCATTERING----- UNCORRECTED DATA—~—754-MeV DATA OF PEREY AND KINNEY

had some success in describing the inelastic scat-
tering of protons from several different nuclei. ' '
The extended-optical- model or collective-model
approach has had considerable success in predict-
ing the differential cross sections but only a limit-
ed success in predicting spin-flip probabilities.
The microscopic approach including core polariza-
tion has also had little success in predicting spin-
flip probabilities. These results are assumed to
be a consequence primarily of inadequate know-
ledge of the nuclear spectroscopy of the target nu-
cleus and uncertainty as to the character of the
nuclear-reaction mechanism. In addition, these
calculations have generally excluded exchange ef-
fects, which have been found" to be very impor-
tant. At lower energies the compound-nucleus
mechanism has been shown' to dominate the reac-
tion. The extent of compound-nucleus effects in
the present work is difficult to estimate. No at-
tempt was made to include these effects in the cal-
culations.

The measurements of the inelastic differential
cross section and spin-flip probability were ana-
lyzed using the code MEPHISTO, which has been
described in detail by Qeramb and Amos. ~ This
direct reaction calculation employs a transition
operator which includes a microscopic two-nu-
cleon component with exchange effects and a mac-
roscopic core polarization component. " The core
polarization interaction component indirectly al-

lows for interactions between the projectile and

the remaining target nucleons by means of virtual
excitations of the core nucleons.

The inelastic differential cross section and the
spin-flip probability are determined from the cal-
culated partial cross section o;~, where i and f
denote the initial- and final-state spin projections
of the incident nucleon with the axis of quantiza-
tion normal to the scattering plane. Thus

0' + 0'

do/dQ

The partial cross sections 0, and 0, can re-
ceive contributions from (l) spin-flip induced by
spin-orbit effects in the optical-model potential in
both the initial and final elastic scattering states, "
and from (2) spin-flip induced by the nucleon-nu-
cleon interaction.

B. Parameter Specification

The distorted-wave functions describing the elas-
tic scattering states are solutions of Schrodinger's
equation for the optical-model potential that best
describes the elastic scattering data. The optical-
model program JIB3-WS was used to perform an
extensive parameter search. The initial set of pa-
rameters used were those determined by Haglund
et al.~ for proton elastic scattering from "C in
the 7-10-MeV region.

Because elastic polarization data were not avail-
able, no unique set of parameters was determined.
Instead, two sets of parameters were chosen, both
of which provided fairly good fits to the elastic
scattering angular distribution. The two fits are
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FIG. 8. Inelastic differential cross sections in mb/sr.
The angular distribution, corrected and uncorrected for
multiple scattering, is compared with the 7.54-MeV
results obtained by Percy and Kinney {Ref. 16).
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FIG. 9. Optical-model predictions for the elastic dif-
ferential cross sections. The two sets of parameters
are given in Table I.
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C. Model Shortcomings

(1) The strongly excited 2' state in "C is evi-
dence that the elastic scattering is coupled to the
scattering from the first 2' state, which makes
the DWBA questionable. A semiquantitative esti-
mate of the correctness of DWBA is given in the
following section on results.

(2) Compound-nucleus effects were neglected.
Justification for this assumption can come only
from the results presented in the next section.
For example, the forward peaking of the elastic
cross section is an indication of a sizable direct
interac tion contribution.

TABLE I. Optical —model parameters.

Parameters Set 1 Set 2

Vo
J f
Qg

4%'D

r3
Q3

V30
+'30

t4
a4

49.6
1.117
0.3
4.0
1.0
0.4

-6.091
0.0
1.1
0.4

51.0
1.12
0.2036
4.8
1.05
0.45

-6.35
0.0
1.15
0.3

compared to the experimental data in Fig. 9.
The noticeable differences between these two fits
will be utilized later in the discussion of the re-
sults. The two sets of parameters are given in
Table I. The potential strengths are in MeV and
the radii and diffuseness parameters are in F.

The core polarization contribution was deter-
mined from a collective model representation. "
The core polarization strength is related to the
value of the stiffness parameter, C~. The core
polarization interaction accounts for the numerous
small amplitude configurations that are missing
because of an incomplete description of the nuclear
states. That part of the nucleon-nucleon interac-
tion not ascribed to core polarization was taken to
be the long-range part of the Hamada-Johnston po-
tential' obtained by truncating at a distance of
1.05 F.

The single-particle bound-state wave functions
were chosen to be harmonic-oscillator states. The
oscillator frequency, co„, was taken to be"

ADO 4 1A 17 9 MeV

The target spectroscopy for the J"=0' ground
state of "C was assumed to be 100/~ of a closed
1p3/2 shell. The first excited state of "C has been
represented in terms of particle-hole states by
Qillet and Vinh Mau. "

(3) The target spectroscopy which was assumed
is incomplete. The particle-hole description of
"C was taken as a first approximation only.

(4) The antisymmetrized DW computer code
MEPHISTOof Geramb and Amos" allows one to
make simplifying assumptions. The two-body in-
teraction used in the model calculations neglected
spin-orbit and tensor terms. Also, the core in-
teraction was taken to be spin-independent, and
the spin-orbit term in the core was not deformed.
These assumptions seemed reasonable in the light
of large uncertainties resulting from shortcomings
(1) and (3) given above.

V. RESULTS

Using Set 1 of the optical model parameters giv-
en in Table I the inelastic differential cross sec-
tion and the spin-flip probability (2' state) were
calculated. Two alternative final-state configura-
tions were assumed for the 2' state of 4.43 MeV:

I
2'), = l(lp;,'., lp„.), 2'),

~

2'), = 0.91((1P,,'„1p,,„2')
+0.3)(1P,,'„ lf„„2')—0.29((1s,,'„ ld„„2') .

The results were very insensitive to the configura-
tion(s) of the excited state. The calculated cross
section for the single configuration is shown in
Fig. 10, where it is compared to the data. The
stiffness parameter C~ was 61 MeV and the core
amplitude was about 5 times the effective interac-
tion amplitude. Thus, while the effective interac-
tion contribution to the cross section was only
about 4% of the measured cross section, the effect
of interference terms in the coherent sum was to
fix the core contribution at about 60% of the mea-
sured cross section. This large contribution by
the core is consistent with the known collective
nature of "C, which is believed to be permanently
deformed with P, =0.6." The value of the stiffness
parameter which gives a fit to the cross section
may be used to estimate the validity of the DWBA
assumption. Using an average interaction strength
represented by choosing" (k) = 50 MeV and assum-
ing a p, /2 p3/2 transition including core polariza-
tion, we estimate P,', the deformation parameter
associated with the core, to be roughly 0.7 for C~
=61 MeV. Thus the core contribution alone is
(P", /P, )'= 1.4 times the cross section predicted
by the collective model if P, is taken to be 0.6.
While this indicates that the DWBA is not valid in
detail, it suggests that it may have some general
validity. For example, the shape of the differen-
tial cross section is reproduced in a general way
although the detail in the cross section is not re-
produced. The calculated spin-flip probability re-
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ical fits to the data were dominated by the core po-
larization. Thus, although the fits to the inelastic
differential cross section were reasonably good,
the predictions were found to be not very sensitive
to the number of single-particle transitions which
were assumed in the calculations. The spin-flip
probability predictions were only slightly more
dependent on the assumed spectroscopy of the ex-
tracore nucleons, but these effects were negligi-
ble in comparison to the contributions from the
core. It is clear, therefore, that for the simple
spectroscopy assumed in this work the Hamada-
Johnston contribution to either the differential
cross section or the spin-flip probability cannot
be used as a sensitive test for the spectroscopy
of the nuclear states.

The observation that the predicted spin-flip prob-
ability showed a dependence on the choice of opti-
cal-model parameters supports the conclusion of
Kolata and Galonsky' that meaningful information
regarding the spin dependence of the reaction
mechanism producing the excited state can be ob-
tained from spin-flip measurements only for nu-
clei having well-defined optical-model parameters.
This is a consequence of the large spin-flip contri-
bution produced in the elastic channels by the spin-
orbit potential. This elastic scattering spin-flip is
the only source of spin-flip for the dominant core
polarization amplitudes, since the core polariza-
tion was restricted to have no reaction spin-flip
component. The simplifying assumptions referred
to in Sec. IV C (4) appear to be justified by this re-
sult in view of the probable errors of experiment
and theory. For heavier nuclei and for higher in-

produced only the most general features of the
data. Core polarization effects dominated the cal-
culations, and the number of configurations in the
2' state did not have a large effect on the result.
This effect persisted even when all seven configu-
rations given by Gillet eI, al. '6 were included.

The results for the calculated spin-flip probabil-
ity were found to be sensitive to the optical-model
parameters. Set 2 of Table I predicted more struc-
ture in the spin-flip probability and gave the best
fit to the data. The calculation was performed us-
ing the second of the configurations given previous-
ly for the 2' state. The calculated inelastic cross
section could not be distinguished from that shown
in Fig. 10. The calculated spin-flip probability is
compared to the data in Fig. 11. The minimum
near 90' and the backward-angle peak near 140' are
reproduced in a general way. The predicted for-
ward-angle peak is not seen in the data, and the
over-all fit to the data must be called poor. It
should be remembered, however, that the errors
indicated for the data points are statistical only
and do not reflect the probable errors resulting
from the method used to separate the elastic and
inelastic peaks of the time-of-flight spectra.
These errors are believed to be greatest at the
forward angles.

VI. CONCLUSION

In the preceding section measurements of the in-
elastic differential cross section and the spin-flip
probability for 7.48-MeV neutrons scattered from
the first 2' state in "C have been compared to pre-
dictions of a DNBA calculation. All of the theoret-
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FIG. 11. Predictions of the Hamada-Johnston inter-
action and core polarization are compared to the spin-
flip probability using the optical-model parameters of
Set 2 (see Table I).

FIG. 10. Predictions of the Hamada-Johnston inter-
action and core polarization for a single transition are
compared to the inelastic differential cross section.
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cident neutron energies, spin-dependent terms in
the effective interaction and the core might reason-
ably be expected to lead to better agreement with
the data.
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APPENDIX

The energy-dependent efficiency of the neutron
detector e„was calculated using the relation

e„=(I —B/E„)e„o,

where c„, is the detection efficiency with zero
electronic bias, E„ is the neutron energy, and 8
is the electronic bias level expressed as a neutron
energy. In this work the bias was 0.56 MeV and
was set using a radioactive "'Cs source. The ef-
ficiency at zero bias was computed according to
the method of Elwyn et al.~ The total neutron
cross-section data for carbon used in the calcula-
tion were taken from Kunz and Schintlmeister. '
The total neutron cross section for hydrogen was
computed using an expression given by Marion
and Young. "

In the calculation of the y-detector efficiency e

the scatterer was divided into a large number of
stacked disc elements and the contribution of each
to the efficiency was computed. A description of
the computations can be given in terms of the fol-
lowing parameters:

(I) the weighting factor R which is the ratio of
the D(d, n)'He cross section averaged over the disc
to the value of the cross section averaged over the
entire scatterer,

(2) the probability T that a y ray produced in the
disc is transmitted through the scatterer material
between the disc and the detector,

(3) the solid angle D subtended at the face of the
detector by the scatterer disc,

(4) the fraction F„of the M =+1 substate quadru-
pole radiation which is emitted into the solid angle
subtended by the detector,

(5) the intrinsic detection efficiency ce; of the Nai

detector for deexcitation y radiation, and

(6) the fraction Fe of events in the y detector
which yielded signals above the electronic bias.

The first three factors were used to calculate
the effective solid angle of the disc subtended at
the detector according to the equation

0 ff +~+ e

The value of R was determined using a functional
representation of the D(d, n)'He cross section given
by Dickens and Percy. " The value of T was taken
to be unity for this work for two reasons. First
the mean free path for the y radiation was com-
parable to the length of the scatterer. Second, the
Compton-scattering cross section was orders of
magnitude greater than either the photoelectric or
the pair-production cross section for photons of
this energy, and the associated scattered radiation
was strongly forward peaked. The value of D was
determined by using a Monte Carlo code described
by Williams" in which the solid angle of one disc
subtended at the face of the NaI detector was com-
puted.

After the effective solid angle was calculated,
the fraction F„ofM =+1 quadrupole radiation
reaching the detector was determined by integrat-
ing the appropriate spherical harmonic over Q, ff .
The radiating disc was then approximated by a
point source, and the intrinsic efficiency of the
detector e, was computed. Based on estimates in
the literature, " the error in the point-source ap-
proximation was approximately 5% at the bottom
of the scatterer and 1/~ at the top.

The product of F„and ~t„ is the efficiency for the
detection of a y radiation emitted by a single disc.
When averaged over the total number of discs mak-
ing up the scatterer, the over-all efficiency of the
apparatus at zero electronic bias, ~&, results:

1 N

g F„e,„.
n=l

The zero-bias efficiency must be multiplied by
the fraction of detected events above the electronic
bias in order to obtain the total detection efficiency

for the complete experimental system used,

Cy = E'~Fg ~

The value of e which resulted from the computa-
tion was 0.0089+ 0.0009. The effect of the shield-
ing in the vicinity of the detector on c was esti-

V

mated to be negligible compared to the errors in-
herent in the calculation.
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