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MeV level of C2 found in the present work is slightly
higher than the branch of (1.340.4)9, determined by
Cook et al., although the errors overlap. If these separate
results are averaged the branch becomes (1.54-0.3)9.
The previously accepted® log ft value of 4.2 for this
branch would thus decrease by only 0.05 as a result of
the present work.
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Measurements in the deuteron energy range 5.5 < £¢<12 MeV have been made as follows on the reaction
C2(d,p)C18*: (a) differential cross sections for protons to C' ground state and C®¥* (3.09 MeV) as functions
of angle and energy, (b) proton polarization to C® ground state and C¥* (3.09 MeV) as function of energy
at 45° (lab system) and as functions of angle (10° to 120° lab) for protons to 3.09-MeV state at £;=8.3,
9, and 10 MeV, and (c) proton-gamma correlation measurements with the gamma-ray detector on the
normal to the reaction plane for reactions to C1** (3.68 MeV) and C3* (3.85 MeV). In (b) and (c) a double-
focusing magnetic spectrometer selected the proton group in question; the polarization of the selected
protons was measured by observing the “left-right” asymmetry from a carbon scatterer. Backgrounds were
made negligible in the polarization work by coincidence methods. All the data show fluctuations with
deuteron energy throughout the energy range studied; these fluctuations are attributed to compound-
nucleus effects which invalidate a distorted-wave Born approximation (DWBA) stripping interpretation of
results at isolated energies although direct interaction is the predominant mechanism. It is shown by taking
average values over a wide energy range (~4 MeV) that a DWBA stripping description of the direct-

interaction part of the reaction almost certainly will require the use of spin-dependent potentials.

A. INTRODUCTION

INCE the first theories of deuteron stripping in the

intermediate energy region over a decade ago'?
there have been many different attempts to improve
the agreement with experiment by taking account of
effects which were at first ignored. In the most successful
of these, the plane waves expressing the motion in rela-
tive coordinates of the deuteron and proton (in the
(d, p) reaction) are replaced by wave functions dis-
torted by the Coulomb and nuclear fields. The distorted
wave functions are calculated assuming that the
nucleus is represented by a complex potential well
whose parameters have been chosen to give agreement
with the results of elastic-scattering experiments. If
the scattering parameters have been determined in this
way, then the distorted-wave theory yields predictions
for the corresponding stripping reactions that can be
tested by experiment. One objective is to see whether
there exists a form of the distorted-wave theory that
gives a description of experimental stripping results
adequate for the extraction of spins of residual states

* Attached from Atomic Energy Research Establishment,
Harwell, Berkshire, England.

1S. T. Butler, Phys. Rev. 80 1095 (1950).

2 A. B. Bhatia, K. Huang, R. Huby, and H. C. Newns, Phil.
Mag. 43, 485 (1952).

and absolute values of reduced nucleon widths from ex-
perimental data even when distortions are large and
thus to provide a valuable tool in nuclear structure
studies. In addition, an understanding of the reaction
mechanism in itself is, of course, also of great interest.

The first and simplest form of distorted-wave Born-
approximation stripping calculation (henceforth re-
ferred to as DWBA stripping calculation) entirely
neglected effects of spin-orbit and spin-spin terms in the
scattering potentials of both the deuteron and the
proton. Under these conditions the polarization, P, of
protons emitted in a (d, ) stripping process has been
shown to be effectively a measure of the direction of the
neutron’s orbital angular momentum diminished by the
geometric factor § arising from the deuteron spin
coupling and by an additional factor which arises from
the coupling of the neutron’s spin 3, and its orbital mo-
mentum, /,, in the final nucleus to give a definite total
angular momentum j in the final state. The result is®*

P= +—<1n> for j=l,+3,
+

(1
=3/l ) for j=1,—%.

( 3§§>Huby M. Y. Refai, and G. R. Satchler, Nucl. Phys. 9, 94
19

*L. C. Biedenharn and G. R. Satchler, Suppl. Helv. Phys.
Acta. 6, 372 (1961).
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Here (/,,) is the mean value of I, in the direction in
which the polarization is measured. Two definite pre-
dictions follow which may be tested by experiment:
(a) the polarization can never exceed |%|, (b) if I, is
0 then the polarization is zero. There is already some
evidence®7 that equations (1) alone are not adequate
to describe polarization from stripping and that spin-
dependent terms in the distorting potentials must be
included. Even where /, is zero such terms will give rise
to polarization which then may be studied free from the
polarization effects which arise in connection with the
distortion mechanism that leads to Eq. (1).

The above discussion, of course, is no longer appli-
cable if some mechanism other than stripping is making
a significant contribution to the reaction yield and in
any experimental tests of stripping theory it is necessary
to find the extent to which compound nucleus formation
is affecting the measurements. In the present work an
attempt to do this was made by using the variable
energy facility of the tandem accelerator to study the
dependence of the polarization and differential cross
sections on the incident deuteron energy in the range 6
to 11 MeV.

In a stripping reaction the residual nucleus as well as
the protons may be polarized. In fact, alignment of the
residual nucleus can occur although the protons are un-
polarized. The magnitude but not the sign of the polar-
ization of the residual nucleus can be found from studies
of the angular correlation between the de-excitation
gamma radiation and the protons feeding the state.
Again DWBA stripping theory makes predictions which
for selected cases are unique and independent of the
details of the distorting potentials provided that these
are spin independent. A comparison with experiment,
therefore, provides a test of the theory and, without the
necessity of determining the optical potentials, can
show whether spin-dependent forces play an important
role. The special conditions which, in the absence of
spin-orbit forces, make the correlation predictable in-
dependently of the distortions are that the gamma-ray
detector is set along the normal to the reaction plane
through the target, that only a single value of /, is in-
volved and that the value of 7, is either O or 1. For these
conditions and taking the z axis along kaXk,, Satchler
and Tobocman?® showed that DWBA stripping theory
gives the proton angular distribution measured in co-
incidence with gamma rays as

We(¢)=L Zk g1k W5 (0) , 2)

51L. J. B. Goldfarb, in Proceedings of the Rutherford Jubilee Con-
ference, Manchester, 1961 (Heywood and Company Ltd., Lon-
don, 1961).

6 A. Isoya and M. J. Marrone, Phys. Rev. 128, 800 (1962);
A. Isoya, S. Micheletti and L. Reber, bid. 128, 806 (1962).

7 E. Boschitz, in Proceedings of the International Symposium on
Direct Interactions and Nuclear Reaction Mechanisms, Padua,
1962 (Gordon & Breach Science Publishers, Inc., New York, 1963).

8 G. R. Satchler and W. Tobocman, Phys. Rev. 118, 1566'(1960).
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where W ,(¢) is the directly measured proton angular
distribution. The dynamics of the stripping mechanism,
including distortion effects are described by the dxo
(these are essentially statistical tensors of the angular
momentum of the captured neutron) which, in general,
are functions of the proton angle ¢; however, when /,
is 1, then dyo has the constant value —3 provided that
spin-dependent potentials are negligible. The coefh-
cients g, are geometric factors, independent of ¢, which
contain the dependence on the total angular momentum
of the captured neutron, the nuclear spins and the
gamma-ray multipolarities. For the trivial case with
l,=zero only go and dgo, which are both defined to be
unity, appear in the sum and W.(¢)=WW »(¢); this, of
course, is only true if the stripping assumptions leading
to Eq. (2) apply. However, if the gamma-ray emitting
state has spin § or O then the coincidence angular dis-
tribution, W., must be identical to the direct angular
distribution, W ,, independently of the reaction mecha-
nism since, under these conditions the gamma-ray
angular distribution is isotropic. This fact was used to
calibrate the equipment and to check for systematic
errors.

Angular correlations in the C2(d,py)C® reaction
measured with the special detector geometry outlined
above are described and discussed in this paper. As in
the polarization experiments, the energy dependence of
the results was examined in a search for compound
nucleus effects. The energy levels of C® involved in
these studies are shown in Fig. 1. The coincident corre-
lation involving the 1-level at 3.09 MeV served to
calibrate the equipment and that involving the $—
state at 3.68 MeV (I,=1) is compared with the DWBA
stripping predictions. Measurements are also reported
involving the /,=2 transition to the $+4 state at 3.85
MeV.

Clearly, it is desirable initially to carry out experi-
ments in which as many as possible of the variables are
absent and for this reason it was decided to study in
greatest detail the proton polarization for a case [,=0
and p-y correlations with /,=1. The reactions C2(d,p)
C*(3.09 MeV) and C2(d,p)C*3(3.68 MeV), respectively,
were selected because earlier studies’ showed these to

9 G. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1 (1959).
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F16. 2. Schematic diagram of experimental arrangement
for polarization measurements.

have large stripping widths and previous polarization
studies® on the C2(d,p)C® ground-state reaction sug-
gested that here compound nucleus effects were small
(at least at forward angles). Because the work reported
herein showed marked compound nucleus effects, meas-
urements were also made on the polarization of the
ground-state protons to permit direct comparison with
earlier work. The results of earlier polarization measure-
ments on the protons from C2(d,p)C* have been sum-
marized by Goldfarb® in a review paper presented to
the Rutherford Conference in 1961. Additional recent
results are given in Refs. 6, 7, 17, 19, 20, and 21 which
are discussed below.

B. EXPERIMENTAL METHOD
1. General Arrangement

The experimental arrangement is illustrated in
Fig. 2. The deuteron beam from the tandem generator
was collimated through a 1.6-mm-diam aperture set 5
cm before the target. The undeflected beam was caught
and the current measured at the tantalum stop. Beam
intensities of 1 to 4 uA were used in the energy range
5.5 to 12 MeV. Self-supporting carbon-target foils of
thickness 1.5 mg/cm? were used. These foils as well as
the carbon scattering foils in the polarimeter were pre-
pared®® by spraying a suspension of colloidal graphite
onto a glass slide; after drying the films were removed
and mounted on suitable aluminum holders.

A magnetic spectrometer which could be rotated
about the scattering chamber in the angular range
—10°<¢,<125° was used to select protons from the
target and to focus them close to the entrance slit of
the polarimeter. Angular acceptance of the spectrometer
was limited by an aperture to #2.5° in both horizontal
and vertical planes. The solid angle was 7X 107 sr.

The use of a magnetic spectrometer between the
target and the polarimeter has three important ad-
vantages: (i) the high energy resolution of the spec-
trometer allows clear separation of closely spaced

10 J, E. Evans and M. A. Grace, Nucl. Phys. 15, 646 (1960).
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proton groups, (ii) scattered beam and unwanted
particle groups do not enter the polarimeter, (iii)
problems of background counts caused by neutrons and
gamma rays coming from the target and beam stop
are reduced by the large target to polarimeter separation
(~2 m) that is used with the spectrometer.

The spectrometer was mounted with its uniform de-
flecting field normal to the reaction plane to avoid pre-
cession of the polarization vector of the protons in the
magnetic field. Effects of the nonuniform quadrupole
field were computed to result in less than 19} de-
polarization. The absence of significant effects of the
magnetic fields on the polarization is demonstrated by
the agreement between experimental and calculated
calibration curves which are discussed below.

2. The Spectrometer

The theory of the spectrometer used in this work has
been given by Enge.!! The combination of magnetic
quadrupole lens and uniform magnetic field gives
focusing in both the vertical and horizontal planes. The
geometry was arranged to produce a stigmatic image
of the target spot at the polarimeter entrance slit for a
group of monokinetic particles emitted from the target.
The magnification in the spectrometer was expected"
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I'16. 3. Proton spectra observed with the spectrometer as set up
for the (d,py) correlation studies. “A,” “B,” and “C” indicate
the positions of proton groups corresponding to states in C®
at excitation energies of 3.85, 3.68, and 3.09 MeV at each of the
indicated angles. Recoil protons from hydrogenous contaminants
in the target have energies that lie in the region of the horizontal
bars labeled “H.” The base of the triangle in the upper figure
shows the resolution computed from the geometry with a 7-mm-
wide detector slit.

H. A. Enge, Rev. Sci. Instr. 29, 885 (1958).
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‘to be about 0.5 in the horizontal plane and about 10
in the vertical plane. This would result, then, in an
image 1.6 cm high X 0.08 cm wide. In fact, at the polar-
imeter slit (1.1 cmX0.20 cm), the image was apprecia-
bly wider than the slit because of energy spread caused
by finite target thickness (1.5 mg/cm?) and small
dE/d# effects.

In practice, the quadrupole lens was adjusted to give
maximum transmission through the polarimeter slits
which were fixed in place. This was more convenient
than using the correct procedure described by Enge
which is to move the image slits to the appropriate
position to get compensation for dE/df effects which
change somewhat with energy and angle. It should be
noted that any changes in the effective transmission of
the spectrometer resulting from adjusting the quad-
rupole lens do not affect the polarization measurement
which is self-monitoring in that a right-left ratio is ob-
served for those particles which enter the polarimeter;
such changes in transmission would of course be in-
tolerable if cross-section measurements were being
made. Some typical proton spectra obtained with the
spectrometer are shown in Fig. 3.

3. The Polarimeter

Protons entering the polarimeter slit passed first
through a plastic scintillator about 1 MeV thick for 7-
MeV protons (see Fig. 4) and then through a carbon
scattering foil (12 mg/cm?) placed 1.9 cm beyond the
slit. Undeflected protons were detected in a silicon
diffused junction. Protons scattered to the left and the
right at angles of 50°410° were detected also in silicon-
diffused junctions. These side counters, made from 3000
Q p-type Si, were each stopped to an area of 12 mmX24
mm.

The pulses from each Si-diffused side counter that
were coincident with pulses from the plastic scintillator

CARBON FOIL

LIGHT
12 mg/cm?

SLIT GUIDE

2mm x 12 mm

REMOVABLE i
ALUMINUM PLASTIC Jﬁké?r;gris
FOIL SCINTILLATOR
(.006") (2 mm x 24 mm

Fi16. 4. Details of the polarimeter assembly. The side counters
are at a mean angle of 50° to the particles incident on the carbon
foil.
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I16. 5. Spectra from side counters in polarimeter observing pro-
tons from the C2(d,p)C®* (3.09) reaction at the indicated angles
to the beam. The deuteron energy was 9.0 MeV. A comparison of
the lowest curve with that above it illustrates how the coincidence
arrangement discriminates against background pulses from
neutrons.

were recorded on a 100-channel pulse-height analyzer.
A coincidence resolving time, 27, of 2 usec was used.
This coincidence arrangement was necessary in order
to reduce the background of pulses from neutron inter-
actions in the counters to a negligible value. Repre-
sentative spectra with and without the coincidence
arrangement are shown in Fig. 5.

The observation from which the polarization was
deduced consisted of the right/left scattering ratios.
False asymmetries would arise if the mean direction of
the protons was not along the polarimeter axis, and
were sought using unpolarized protons for which the
right/left ratio is necessarily unity. Unpolarized protons
were obtained both by sending a proton beam directly
from the accelerator into the spectrometer set at 0° and
also by scattering from a high Z target. In the first
case (=0°) the right/left ratio was 0.9940.04. As 6
was varied in the range +2° this ratio changed in
agreement with the value calculated using the known
angle to the polarimeter axis. When protons scattered
from gold or tantalum (§=90°) were used, the right/
left ratio was 1.04:0.04. If the spectrometer field was
changed from the value corresponding to the center of
the particle peak to a value where the counting rate
was 509, of the peak then the resulting change in the



1636 EVANS,

POLARIMETER CALIBRATION
MEAN EFFECTIVE POLARIZATION <P2>

CALCULATED EFFECT
OF 35mg/em® AL
oot ON EXPERIMENTAL
CURVE

CALCULATED EFFECT

OF 70 mg/cm® AL

ON EXPERIMENTAL |
R

[-%13
RESULT OF NUMERICAL
80| INTEGRATION

\
PROTON ENERGY, (MevV)
60 70, 80 N 80 . 100

NEGATIVE POLARIZATION IN PERCENT

22 23, 24 25 26 27 28 25 0 3
PROTON RESONANCE FREQUENCY Mc/Sec
Fic. 6. Polarimeter calibrated curves. The dashed curve was
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analysis of the C2(d,p)C® polarization results. The effect of in-
serting aluminum foil in front of the polarimeter is indicated.

right/left ratio was close to £=109%,. This effect reflected
changes in the mean angle of the protons through the
polarimeter. In actual practice the spectrometer was
always set directly on the peak and it was established
by repeated checks that drifting was negligible. It was
also shown that the above results remained unchanged
when the polarimeter was inverted.

The mean polarization, (P,), of the polarimeter was
determined using protons of known polarization, P,
obtained by elastic scattering from a thin carbon target.
The value of the product, (P»)P;, was derived from the
measured right/left scattering ratio, R/L, through the
relation

(Pp)Pr= ((R/L)—1)/((R/L)+1).

The resulting values of (P,) are shown as a function of
the proton energy selected by the spectrometer in Fig. 6.
Also shown in the figure by a dashed curve is the result
of a computation of (P,) from published datal®:12.3 by
numerical integration over the spread in angles and
energies used in the polarimeter. The agreement
between the measured and computed values is con-
sidered satisfactory and shows that depolarization
effects in the magnetic fields are insignificant.

Examination of Fig. 6 shows that the efficiency of
the polarimeter decreased rapidly above 7.5-MeV
proton energy. Therefore, when protons of higher
energy were selected by the spectrometer their energy
was reduced to a suitable value by inserting aluminum
absorbers in front of the polarimeter slit. The calcu-
lated extensions of the usable energy range of the
polarimeter achieved by the insertion of 35 mg/cm?
and of 70 mg/cm? aluminum absorbers, respectively,
are also shown in Fig. 6.

21, E. Evans, Nucl. Phys. 27, 41 (1961); S. J. Moss, R. 1.
Brown, D. E. McDonald, and W. Haeberli, Bull. Am. Phys. Soc.
6, 226 (1961).

13T, A. Tombrello, R. Barloutaud, and G. C. Phillips, Phys.
Rev. 119, 761 (1960).
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The proton groups from C2(d,p)C® were identified
unambiguously by their measured energies which
agreed precisely with those computed from the known
Q values at all energies and angles. No impurity groups
except knock-on protons from hydrogen in the target
were observed. The polarization of the protons selected
by the spectrometer was deduced from the measured
right/left scattering in the calibrated polarimeter.
Asymmetries due to geometrical effects were estimated
and found to be insignificant in comparison with the
standard errors associated with the final results.

4. (d,py) Correlations

Angular correlations between protons and gamma
rays were measured in the special geometry discussed
in the Introduction. A cylindrical NaI(Tl) scintillation
detector 5 in. in diameter and 4 in. long was fixed with
its axis normal to the reaction plane and passing through
the target spot. The angular aperture was restricted to a
half angle of 24° at the target by a suitably machined
conical hole in a 2-in.-thick lead shield placed in front
of the scintillator. The protons were detected by a
CsI(T1) scintillation detector mounted immediately
behind the detector slit (7 mmX235 mm) of the mag-
netic spectrometer. The output pulses from both the
gamma ray and the proton detectors that were in co-
incidence (resolving time 27~50%X10~? sec) were re-
corded on 100-channel pulse-height analyzers using
conventional fast-slow coincidence circuitry. In addition
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F16. 7. Gamma-ray spectra observed in coincidence with proton
groups feeding levels at the indicated energies in C%. The “4”
points show the measured random background. The bottom spec-
trum contains both 3.85-MeV radiation from the ground-state
transition and 3.68-MeV radiation from the cascade branch
through the corresponding level.
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a scaler recorded the total number of protons detected.

Some typical coincidence y-ray spectra are shown in
Fig. 7. The random background to be subtracted was
found by introducing delay to the output pulses from
one counter so as to move them out of time coincidence
and never amounted to more than 109, of the total
area. The beam current was held to values <107 A
because greater currents led to an increase in the ratio
random/real coincidences and, in addition, caused the
loss of fast coincidences due to the high rate of gamma-
ray detection.

The significant quantities measured in the experiment
were values of the ratio,

Number of proton-gamma coincidences

Number of detected protons

as a function of proton angle and of deuteron energy.
The number of coincidence counts was always com-
puted by summing all pulses of greater than one half
the total absorption peak and subtracting the appro-
priate random background; this number was then
divided by the simultaneously recorded total proton
count. Referring to Eq. (2) (Sec. A) we get,

R/e=W o($)/W »($) =21 gsdro, 3)

where € is an efficiency factor that takes into account
the solid angles and detector efficiencies. The efficiency
factor e was determined by observing protons in coinci-
dence with the 3.09-MeV gamma radiation from the
14 first excited state, for which conservation of spin
and parity requires an isotropic angular correlation
(W./W »=1) independent of the reaction mechanism.
Corrections for small changes in the gamma-ray de-
tection efficiency in going from the 3.09 to the 3.68
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F1c. 9. The measured energy dependence of the differential
cross sections and polarizations at 45° in the laboratory for the
ground state and 3.09-MeV state reactions. The corresponding
center-of-mass angles are 49.1° and 49.7° (£0.3°), respectively,
throughout the energy range studied. The differential cross sec-
tions shown here should be multiplied by a factor of 1.6.

and 3.85-MeV states were estimated and appropriately
applied. The effect of the solid angle subtended by the
y-ray counter is discussed in the Appendix.

5. Angular Distributions and Yield Curves

The small scattering chamber at the Chalk River
Laboratories used for these measurements has already
been described.'* The proton groups were detected and
resolved in a silicon diffused junction fixed to a rotating
arm. A similar silicon diffused junction was set at 45°

" (lab) and used as a monitor for the angular distribu-

tions. The deuteron beam was caught in a Faraday cup
and the total charge collected was used to find the dif-
ferential cross section as a function both of energy and
angle.

C. RESULTS

1. Differential Cross Sections

Angular distributions for the C?(d,p)C* reaction to
the ground and 3.09-MeV states in C¥, measured at a
number of energies, are shown in Fig. 8. The energy

4D, A. Bromley, J. A. Kuehner, and E. Almqvist, Phys. Rev.,
123, 878 (1961).
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Results obtained in the present work are shown by solid dots and
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(Ref. 15). The solid curves are the result of a distorted-wave
stripping calculation [We are indebted to D. McPherson for com-
municating the results of this calculation to us. The parameters
used for deuterons were a Woods-Saxon potential with V=355
MeV, W=15MeV, R=3.43 F and ¢=0.65 F. For protons the real
potential was Woods-Saxon with V= (57—0.5 E,) MeV, R=2.94
F and ¢=0.65 and a Gaussian imaginary potential with
W=(4X0.5 E;) MeV and b=1.0 F]; integration of calculated
plane-wave Butler angular distributions (R=4.5 F) yielded an
energy dependence that was identical to the distorted-wave results
for the ground state but gave the dashed curve for the 3.09-MeV
state.

dependence of the differential cross section at 45° to
the beam is shown in more detail in the upper half of
Fig. 9. The absolute cross-section scale was determined
by normalization to data obtained earlier at Alder-
maston!® as described below.

The angular distributions were extrapolated smoothly
to 180° and integrated to yield the total cross sections
at a number of energies and are plotted in Fig. 10
together with results of studies made by Barbara
Adams!® at AWRE Aldermaston. The ground state

T T T 1T 1 T T T T 1

I C?(d.p) C""(3.09 Mev) ]

10.0 Mev 1

POLARIZATION (BASEL CONVENTION)
+ +
o SR
—5
!
o
(o]
=
2
Il

-—8.3 MeV A

1 | T S|
0 20 40 60 80 100 120 140

8, (C.M. ANGLE)

Fi6. 11. The angular distributions of the polarization of protons
from C2(d,p)C®B* (3.09 MeV) at three deuteron energies (labora-
tory system) as indicated.

15 Barbara Adams (private communication).
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cross-section at 10 MeV was normalized to the Alder-
maston value to get the absolute cross-section scale in
mb.

2. Polarization Results

Angular distributions of the polarization of the
protons to the 3.09-MeV state in C¥ are shown for three
energies in Fig. 11 and the energy dependence of the
polarization of protons emitted at 45° to the beam in the
laboratory system is shown in the lower half of Fig. 9
both to the ground state and to the 3.09-MeV state.
The sign of the polarization is always defined in ac-
cordance with the Basel convention to be positive along
kaXk, where the subscripts on the momentum vectors
k refer to deuterons and protons, respectively.
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F16. 12. Angular correlations of protons in coincidence with
gamma radiation using the indicated “90°” geometry. The dashed
curve (3.68-MeV state) and the cross-hatched area (3.85-MeV
state) show the values of W,/W, allowed by DWBA stripping
theory without spin-dependent distortions.

3. Proton-Gamma Correlation Results

The angular correlations of protons detected in co-
incidence with de-excitation gamma radiations from the
3.09-; 3.68-, and 3.85-MeV states of C¥ are shown in
Fig. 12 for a deuteron energy of 8.0 MeV. The coinci-
dence counting rate for a number of deuteron energies
are shown in Fig. 13 for the case of protons to the 3.68-
MeV state being detected at 60°. All these measure-
ments were made using the special geometry discussed
in the Introduction.



STUDY OF THE C!2(d,p)C1t3

D. DISCUSSION

The angular distributions shown in Fig. 8 exhibit
prominent forward peaking and a diffraction-like form
which does not change rapidly with deuteron energy.
These features strongly suggest a direct interaction
mechanism rather than a compound nucleus process.
Other evidence of a dominant direct interaction mecha-
nism is the fact that earlier measurements® of the po-
larization of the ground-state protons made at a number
of isolated energies did not reveal any strong depend-
ence of the polarization on bombarding energy. These
earlier data are summarized in Fig. 14. The above facts
led to the hope that further study of the C2(d,p)C™*
reactions might give a better understanding of the
direct interaction mechanism and in particular to reveal
something about the importance of spin-dependent
forces in DWBA stripping calculations.

The first measurements made were angular distribu-
tions of proton polarization at 9.0 MeV and of protons

C2(d, py) C"** (3.68)

F1c. 13. Compari-
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correlation with the
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in coincidence with gamma radiation at 90° to the re-
action plane at 8.0-MeV bombarding energy. As dis-
cussed in the Introduction (Sec. A), proton groups were
chosen for which the DWBA stripping theory without
spin-dependent forces makes unique predictions, namely
the protons to the 3.09-MeV state (/,=0, hence the
polarization is predicted to be zero) and proton-gamma
correlations to the 3.68-MeV state (/, =1, hence, corre-
lation is predicted to be isotropic). The initial results,
which are included in Figs. 11 and 12, are in strong con-
tradiction to these predictions.

The additional studies of the effect of varying the
bombarding energy presented in Figs. 9 and 13 show
rapid fluctuations in the reaction properties within
energy intervals of a few hundred keV. For example
(see Fig. 9) near 6.1 MeV both the ground-state cross
section and polarization show large excursions from
neighboring values and again near 9.0 MeV both the
ground-state and excited-state polarization as well as
the cross sections show smaller fluctuations. Such cor-
related and sharp fluctuations are a strong indication
that resonant compound nucleus processes are con-
tributing to the reaction yield and interfering with the
stripping process. Under these circumstances the
DWBA stripping theory by itself can not be expected
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Fic. 14. Summary of early proton polarization measurements.
The review article by Goldfarb (Ref. 5) gives references to all the
data shown.

to provide an adequate description of the reaction
mechanism and a detailed comparison of the C2(d,p)C"
polarization and p-y correlation angular distributions
obtained herein with predictions of the DWBA theory
has little value. However, if the observed fluctuations
are the result of interference between stripping and a
relatively weaker but fluctuating compound-nucleus
amplitude, then average values taken over many
fluctuations may be meaningfully compared with
DWBA calculations as discussed below.

That resonance fluctuations exist at lower energies
in the C2(d,p)C" reaction is well known!® and there are
recent polarization measurements that suggest that
even at higher energies,® 15 and” 21 MeV, the
polarization results change considerably with energy.
The resonance fluctuations that invalidate comparisons
between measurements made at single energies and
DWBA stripping calculations in this case are likely a
consequence of using a very light target nucleus. For
heavier nuclei there is a growing body of evidence that
DWBA stripping calculations can be applied with some
success to both correlation!’” and polarization results.®

Figure 10 gives the estimates of the total cross section
obtained by integrating the measured angular distri-
butions. Except for a fluctuation in the region 7.5-9
MeV the resulting values decrease smoothly with in-
creasing deuteron energy in the fashion expected for a
direct interaction. The absence of strong resonance
fluctuations in this case is consistent with dominant
direct-interaction amplitudes interfering with weaker
resonant compound-nucleus amplitudes. It can be
shown!® that the only interference terms that con-

16 T. W. Bonner, J. T. Eisinger, A. A. Kraus, and J. B. Marion,
Phys. Rev. 101, 209 (1956).

17 7. P. Martin, K. S. Quisenberry, and C. A. Low, Phys. Rev.
120, 492 (1960); J. A. Kuehner, E. Almqvist, and D. A. Bromley,
Nucl. Phys. 19, 614 (1960).

181, I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1949), p. 105.
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tribute to the total cross section are those that arise
between deuteron waves of the same / values. Since
the compound nucleus will be formed chiefly in head-on
collisions (low / values) while stripping is predominantly
a surface phenomenon (higher / values), interference
effects in the total cross section are expected to be small
and resonances will not be seen if the compound nucleus
intensity is weak with respect to that of the direct
interaction. In the case of the differential cross sections
and the polarization, however, interference between
amplitudes for different incoming / values can amplify
resonance effects so that even a small compound
nucleus amplitude will lead to large fluctuations in these
quantities such as are observed.

If the observed fluctuations in polarization result
from interference between large direct-interaction
amplitudes and small, random, compound-nucleus
amplitudes then the fluctuations are expected to average
to zero over an energy interval wide enough to contain
many resonance. The mean value in these circumstances
will represent that from the dominant direct-interaction
mechanism. In Fig. 9 all the measured values for the
ground-state polarization except two maxima of fluc-
tuations lie below the dashed curve which indicates the
extreme value, 0.33, permitted by DWBA theory
without spin-dependent forces. At® 15 and” 21
MeV incident energy negative polarizations in excess
of —0.33 are also observed at proton angles near 45° to
50° (c.m. system) to the beam. The observation that
such large polarization persists at the same angle over
wide energy ranges is strongly suggestive that spin-
dependent forces will be required in any DWBA de-
scription of the direct-interaction mechanism involved.
It is interesting to note that the DWBA calculation of
Robson® for the C2(d,p)C® (ground state) including
spin-orbit potentials shows a minimum in the polariza-
tion near 40° of —0.35, whereas his calculations without
spin-orbit potentials do not show polarizations below
—0.20 until beyond 60° and, of course, can never go more
negative than —0.33.

The results for the 3.09-MeV (l,=0) state over the
range 7- to 11-MeV deuteron energy averages —0.15 for
the polarization, again suggesting the necessity of in-
cluding spin-dependent potentials in any DWBA de-
scription of the mechanism. It may be questionable
whether the energy range used here is sufficiently large
to average compound nucleus interference effects to
zero and additional measurements at still higher
energies would be of interest to check this point.
Certainly no angular distributions measured at isolated
energies and that fluctuate as greatly in form as those
shown in Fig. 13 can be meaningfully compared with
DWBA stripping calculations.

The observed interference between compound-
nucleus resonant processes and direct interaction just
discussed in connection with the polarization also pre-

19D, Robson, Nucl. Phys. 22, 34 (1961).
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cludes any detailed comparison between DWBA
stripping theory and the measured (d,py) correlations.
Nevertheless, the DWBA predictions without spin-
dependent forces are shown by dashed lines in Figs. 12
and 13, for comparison with the experimental results.
The theoretical predictions which are based on Eq. (2)
of Sec. A, include an attenuation factor appropriate to
the finite solid angle of the gamma-ray detector. It can
be shown (see the Appendix) that no additional terms
are introduced into Eq. (2) by a finite gamma-ray
detector angle which is symmetric about the normal to
the reaction plane.

The predictions in Figs. 12 and 13 for the 3.68-MeV
state were computed assuming a pure M1 gamma-ray
transition. The effect of £2 admixture on the predicted
ratio W.(¢)/W »(#) is shown in Fig. 15. This admixture
is not known. If it is assumed that resonance inter-
ference effects are minimized when the protons are de-
tected near the stripping peak then the measured ratio
at 30° and at 45° suggests that the radiation is pre-
dominantly M1 with the E2 width less than 809, of
that for M1 radiations. This result agrees with that
deduced by Fletcher et al.? from correlation studies
on the reaction C2(d,py)C'* at lower energies. At
angles beyond the stripping peak the compound nucleus
process is expected to contribute relatively more to the
proton yield. However, the average ratio 1.10 of the
60° points between 7 and 10 MeV (Fig. 13) may be
expected to reflect largely the contribution of the
direct interaction. It appears from Fig. 15 that the
ratio 1.1 leads to amplitude mixtures which are not
consistent with the limits deduced above from the
spin-independent theory.

The (d,py) correlation for the 3.85-MeV (l,=2)
state is for protons in coincidence with both the 3.85
MeV ground-state radiation and the 3.68-MeV radia-
tion from the cascade de-excitation branch via the 3.68-
MeV level. The low-energy primary gamma ray of
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20 N. R. Fletcher, D. R. Tilley, and R. M. Williamson, Nucl.
Phys. 38, 18 (1962).
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0.17 MeV was not included in the gamma-ray spectra.
The DWBA predictions for this situation shown by a
dashed line in Fig. 12 were computed using the known
branching ratios’ and assuming pure M2 for the
ground-state transition, pure E1 for the unobserved
0.17-MeV primary transition and pure M1 for the
3.68-MeV cascade transition.

Any further discussion of the (d,py) results are un-
warranted in view of the uncertainties of resonance con-
tributions and of the spin-dependent distortions in the
DWBA theory, as well as of the multipolarities in-
volved. Again it appears that such measurements should
be made with heavier nuclei where the greater level
densities and larger number of open channels will
lessen the effect of compound nucleus contributions.

E. SUMMARY AND CONCLUSIONS

It has been shown that pronounced compound
nucleus effects appear in C2(d,p) stripping even up to
Eq.=11 MeV. For protons leading to the excited states
of CB these effects prevent the measured polarization
and (d,py) angular correlations from giving any con-
clusive evidence for the presence of a spin-dependent
distortion. Evidence of the need for such terms in the
distorting potentials, however, comes from the meas-
ured polarization of protons to the ground state which
exceeds | 3| overalmost the fullrange 5.4 MeV < E;<9.5
MeV when observed at 6,=45° lab. Over such a wide
energy range resonant interference terms are expected
to average to zero and the average value is attributed
to direct interaction. At higher energies® 7 the polar-
ization near 45° is also known to exceed the maximum
value |%| given by DWBA theory without spin-
dependent distortions giving additional support to the
need of including spin-dependent terms in the optical
potentials. The results demonstrate that comparisons
of stripping theory with data taken at a single energy
may lead to erroneous conclusions. It is concluded that
measurements made to test direct interaction theories
would be better made on heavier nuclei where both the
higher level densities and the greater number of open
reaction channels will reduce compound nucleus
interference.
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APPENDIX: EFFECTS OF FINITE SOLID ANGLE OF
GAMMA-RAY DETECTOR ON (d,py) CORRELA-
TION WITH SPECIAL “90°” GEOMETRY

According to Satchler and Tobocman® the (d,py)
angular correlation measured with a point gamma-ray
detector placed at polar angle § and azimuthal angle ¢
with the z axis taken along kg Xk, is

W(0¢)=Zk: gk{dkoPk(cosa)—I—Z S (—1)e

>0

(k—q)! |
X[ to) !]qu(cosﬁ) | drq| cosq(p—arg) } .

The di, are tensor parameters of the orbital mo-
mentum of the captured neutron which depend on the
direction of observation of the proton. ai, is a phase
angle and g; is a geometric factor which contains de-
pendencies on gamma-ray multipolarities and nuclear
spins.

The cosine factor in the second summation term
obviously vanishes on integrating W (6¢) sinfdfd¢ over
all azimuthal angles, ¢, from O to 2. Therefore, the
average value of W (6,¢) over a detector surface sym-
metric about the z axis and subtending a half-angle of
6o contains only the ¢=0 terms and is

6o 6o
Woy= / >~ giudroP(cosh) sinbdo / / sinfde .
Jo K 0

The only effect of the finite gamma-ray detector
angle for this situation is to attenuate each term in the
sum [Eq. (2), Sec. A7 by the factor,

1 %
— / P (cosb) sinddé.
1— COSG() 0



