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The reaction *B(d,d’)B was investigated to determine the isobaric-spin violation in ex-
citing the lowest T =1 state of 1B at an excitation energy of 1,74 MeV. The extent and na-
ture of the isobaric-spin-forbidden reaction was obtained by measuring yield curves at lab-
oratory angles of 30, 45, and 77°, using deuteron bombarding energies.from 5 to 12 MeV
and at 140° from 6.5 to 16 MeV, Simultaneously, data were obtained on the nearby isobaric-
spin-allowed T =0 state at 2,15 MeV. Generally, broad structure dominates the excitation
functions at all angles but tends to disappear at higher bombarding energies. Angular dis-
tributions of deuterons leading both to the 7 =0 and T =1 states were obtained at five bom-
barding energies between 6.5 and 12,0 MeV., The angular distributions both for the forbid-
den (T'=1) and allowed (T =0) state are characterized by a trend to forward peaking with in-
creasing bombarding energies although much less so for the T =1 state. The total cross
sections were measured, and the ratios of the forbidden yield to allowed yield were found
to decrease linearly from 0.69% at 6.5 MeV to 0.16% at 12 MeV. In an attempt to describe
the angular distributions in terms of a direct-reaction mechanism, distorted-wave Born-
approximation (DWBA) calculations were performed assuming collective excitations for the
residual nucleus. No clear physical interpretation could be derived from these calculations.
Indications are that the reaction YBd,d’)"B proceeds through states very high in the com-
pound nucleus 2C, where the isobaric-spin violation originates in Coulomb mixing of T =1
and T =0 states of the same spin and parity. In view of the very small yield of deuterons
leading to the lowest T =1 state in 1B, and in view of the background difficulties anticipated
and experienced, a specialized charged-particle detection system was used, consisting of a
position-sensitive gas proportional counter mounted on the focal surface of a broad-range
magnetic spectrograph. This constitutes the first observation of the lowest T =1 state in 1'B
by the present reaction,
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INTRODUCTION

It is well known that the symmetry implied by
the charge independence of nuclear forces leads
to a conservation law for isobaric spin (7) in nu-
clear reactions.! Reactions such as '°B(d, d’}'°B
should not proceed to 7 =1 states since the ground
states of both the deuteron and !°B have T =0.
Many violations of the selection rule have been
observed for different reactions on various light
nuclei. Early work was summarized in Ref. 2
and more recent work is referred to in the follow-
ing. It is remarkable, however, that measurable
yield to the lowest T =1 state of !°B by inelastic
deuteron scattering has not been seen. This state
in '°B at 1.74 MeV is the well-known T, =0 mem-
ber of the 7 =1 isobaric triad whose other mem-
bers are the ground states of °Be and °C. The
T =1 character has been confirmed by previous
investigations, including the inelastic scattering
of deuterons. The earliest attempt to observe the
1.74-MeV state using the reaction °B(d, d’)*°B
was made by Bockelman ef al.® and they concluded
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that the conservation of isobaric spin could ac-
count for the failure to excite this state whose
existence had been firmly established by Ajzen-
berg* ® in the reaction °Be(d, n)'°B, by Buechner
et al.f and by Craig, Donahue, and Jones” in the
reaction *B(p,p’)'°B.

The only other careful attempt to observe this
state by deuteron inelastic scattering was that of
Armitage and Meads.® They once again attributed
a T=1 nature to the 1.74-MeV state and also to
the level at 5.17 MeV because of the absence of
yield in both the °B(d, d’)'°B and **C(d, a)'°B re-
actions. Subsequent investigations and other evi-
dence!’ ® confirm the T'=1 character of these
states. In both of the °B(d, d’)'°B investigations
cited only upper limits on the intensity of the iso-
baric-spin-forbidden yield were quoted (<1.5% of
that to the nearest 7T =0 state at 2.15 MeV). Sub-
sequently, the lowest 7 =1 state in °B has been
observed with the isobaric-spin-forbidden reac-
tion '*C(d, a)'°B by several investigators includ-
ing Meyer-Schiitzmeister, von Ehrenstein,and
Allas,'® J&necke et al.,'* von Ehrenstein et al.,'?
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Smith,'? and Jolivette'* over a very large energy
range.

The purpose of the present study was, then, to
make the first observation of the lowest 7 =1
state in !°B by deuteron inelastic scattering and
to make quantitative measurements on the energy
dependence of the cross section to this state
through a series of angular distributions and to
compare this energy dependence to that of the al-
lowed (7T =0) state at 2.15 MeV. Additional infor-
mation on the possible intermediate structure of
the d + '°B system was sought through several ex-
citation functions leading to the same two final
states. Owing to the low yield to the T =1 state,
only a broad survey of the energy and angle sur-
face was made to examine the general features of
the reaction, rather than a detailed one which
might have been amenable to fluctuation analysis.!®
For the latter study much finer energy steps are
needed. Furthermore, the large number of de-
grees of freedom owing to the high spin of the °B
ground state (3+) makes this a poor case for such
an analysis.®

The isobaric-spin impurity which is the square
of the amplitude of the 7=0 state mixed into the
T=1 state, is taken to be proportional to the mea-
sured ratio of the total cross section of the T=1
state to that of a 7'=0 state at comparable excita-
tion. The proportionality constant is given ap-
proximately by the ratio (2J; +1) for the T=1
state to (2J, +1) for the T=0 state, where the J,’s
are the spins of the two final states in question:

0 and 1, respectively. Thus the impurity is ap-
proximately 3 times the measured total cross
section ratio.

An observed violation of isobaric spin may be
attributed to Coulomb mixing of 7'=1 states into
T=0 states (of the same spin and parity) in the
compound nucleus as well as in both the initial
and final states. MacDonald,'” however, has cal-
culated that the isobaric-spin impurity of the
ground states and low excited states of light nu-
clei should be very small, too small to explain
violations of the magnitude which are observed.
The amount of mixing depends on the number and
proximity of states having the same spin and par-
ity as the one in question. In the case of !°B where
the lowest T'=1 state has J"=0", there are no
known J"=0%, T=0 states up to an excitation en-
ergy of ~20 MeV so that any observation of iso-
baric-spin violation in the reaction °B(d, d’)'°B
cannot be explained in terms of final-state im-
purity. For low excitations in the compound nu-
cleus the spacing between compound states of the
same spin and parity but different 7 is large com-
pared to the average Coulomb matrix element
connecting such states (static criterion),®1?

Similarly, for high excitation energy in the com-
pound nucleus where states decay before there is
time for appreciable mixing, isobaric spin should
again be a good quantum number (dynamic cri-
terion). At intermediate excitation where neither
of these conditions is met, the isobaric-spin vio-
lation should be maximal, if the reaction indeed
proceeds through the compound nucleus. Some
investigators have attributed direct mechanisms
to some of these reactions, especially (d, a) at
high deuteron bombarding energies. Such direct-
reaction interpretations in (d, a) reactions how-
ever, have not been without criticism and the al-
ternative compound-nuclear mechanism has been
proposed.’?

Other direct-reaction mechanisms which have
been proposed do not depend on the particular re-
action, but rather on the initial state. It is pro-
posed that isobaric-spin impurities are introduced
in T=0 projectiles such as the deuteron or «
particle through the polarization of the projectile
in the Coulomb field of the target nucleus. Such
polarization mixes 7'=1 components into the deu-
teron (or « particle) by a spin-flip process or
otherwise. The suggestions of both Drachman?®
and Griffy®! are of this type, depending on the
initial system only, independent of the bombard-
ing energy. Both estimates may be regarded as
predicting upper limits only on the isobaric-spin
impurity even at rather high (>10 MeV) bombard-
ing energies.

At zero bombarding energy for the deuteron,
the separation energy of d+!°B in the compound
nucleus '?C is 25.188 MeV so that there is a high
excitation energy, if indeed such a compound sys-
tem is formed. The region of this investigation
is characterized by wide overlapping levels in the
compound nucleus and the isobaric-spin violation
is expected to be small because of the short life-
time of these states. In fact because of the short
lifetime involved, it was hoped that the present
experiment would be amenable to direct-reaction
analysis and to a quantitative determination of the
direct-reaction contribution, if any existed.

EXPERIMENTAL PROCEDURE

Deuteron beams were supplied by the FN tandem
accelerator and beam currents were generally 1
to2uA. The 90° beam-analyzing magnet had been
calibrated by elastic scattering® and the calibra-
tion confirmed by a careful proton resonance mea-
surement on O(E, =12 714 keV).?® The geometric
energy resolution of the analyzer was usually 0.1%
but normally the stabilizer system holds the ter-
minal voltage fluctuation to less than the geomet-
ric resolution.
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Targets were prepared from °B (enriched to
96.5%) obtained from Oak Ridge National Labora-
tory. The best targets in terms of thickness and
stability were obtained using a modification® of
the electron bombardment procedure suggested
by Varian Associates for their single crucible
“e-gun.” The most suitable and durable targets
had a backing of a thin layer of Formvar on a
5-ug/cm? carbon f0il.?® Fortunately a modest
amount of carbon and oxygen can be tolerated
since there are no inelastic groups at low excita-
tion energy from these elements. A great deal of
carbon and/or oxygen can be harmful, however,
by contributing additional background from low-
energy tailing of the elastically scattered deuter-
ons. The target used for most runs had a thick-
ness of 85 yg/cm? 2® which gave a deuteron ener-
gy loss of =10 keV at the lowest deuteron bombard-
ing energies.

The extremely low yield of deuterons to the 7 =1
state, the high yield of deuterons from elastic
processes producing background in the region of
the T=1 state, and the extremely high yield of
other particle types from competing reactions set
the requirement for a high-resolution charged-
particle identification system. Conventional tech-
niques such as nuclear track plates or small posi-
tion-sensitive solid-state detectors in spectro-
graphs are inadequate for a study over a large
energy and angle range, while in-chamber solid-
state detectors have particle identification prob-
lems. If high resolution is not required, solid-
state counter telescopes may be used. We used a

single-wire 40-cm-long position-sensitive gas
proportional counter of the Borkowski and Kopp
type®’: 28 (whose characteristics have been de-
scribed by Jolivette, Stocker, and Hrejsa®®) in the
50-cm broad-range magnetic spectrograph. This
combination of a high-resolution magnet and par-
ticle identification with the proportional counter
(through the energy loss in the counter gas) al-
lowed us to make the first definitive observations
of the 1.74-MeV (T'=1) state in °B by deuteron
inelastic scattering.

Excitation functions for both the 7=0 and 7=1
states were taken at laboratory angles of 30, 45,
71, and 140°, in energy increments of 250 keV
for deuteron bombarding energies (E,) from about
4 MeV to about 12 MeV. The 140° excitation func-
tion extended up to E,=16 MeV. Angular distribu-
tions of deuterons from these levels were taken at
E,=6.5, 7.0, 9.0, 10.5, and 12.0 MeV, with a
minimum of about 12 points per angular dis-
tribution. Deuterons from the 1.74- and 2.15-MeV
states were recorded simultaneously. This simul-
taneous detection is possible because of the large
range in magnetic rigidity covered by the propor-
tional counter, namely 1.14:1.

Particle identification is given by a pulse from
the insulated case of the detector. This pulse is
proportional to the energy loss in the counter gas
which is a mixture of 90% argon and 10% methane.
The particle of interest was selected by a gate on
these case pulses. A block diagram of the elec-
tronics is shown in Fig. 1.

From known energies of reaction products (gen-
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FIG. 1. Block diagram of the electronics for the proportional counter as used in the one-dimensional mode.



9 ISOBARIC-SPIN VIOLATION IN THE REACTION !°B(d, d’)'°B 105
) 1 T T 1 T I T
0 4 10
8000 “B(2.15) ald.4°0 wu
. : o e v -.-: 100
6000} . . . . LRI .(l_)
et e, PO P Sest
.0_> B . . '..-‘.":_.-._'-’ ... ,.’.‘.. & a: :.. ‘ g
Z " * < : o
2 . . . (]
O 4000}~ . —50
(3] A
2000} ..
L "8(2.12) °
[~ A °g(1.74)
Obemrprpine’ | My ~‘=i/\\ d A deeoum ke
500 600 700 800 900
CHANNEL

FIG. 2. Position spectrum of deuterons for E;=17.0 MeV, 60,,=77°. The groups are labeled by their excitation energy
in MeV in the indicated residual nuclei. The inset shows the 1.74-MeV state on a vertically expanded scale.

tion among the successive angles of a given angu-
lar distribution. The target thickness was deter-
mined by comparing yields of elastically scattered
deuterons from '°B with those of Fitz, Jahr, and
Santo?® taken at a bombarding energy of 11.8 MeV.
The relative uncertainty in these target thickness
measurements was about 8% whereas their abso-
lute uncertainty was about 25%, so that the latter
figure is the minimum value for the uncertainty of

erally deuterons to the 2.15- and 0.72-MeV states
of °B) and from the known magnetic field of the
spectrograph, a calibration curve of analyzer
channel versus radius of curvature of the particle
trajectories is constructed, and is used to deter-
mine the expected channels for the weak deuteron
group from the 7=1 state at 1.74 MeV. The value
of a reliable calibration appears when the group

of interest is indiscernible above background or
Further

when several peaks occur in the position spectrum
and their identification is not obvious. The width
of the ever-present contaminant group corre-
sponding to the 2.12-MeV state in B is usually
sufficient to indicate the appropriate channels

for summation for the 1.74-MeV state. A monitor
detector was placed at 6,, =135° and the reaction

our absolute differential cross sections.
independent checks on the absolute solid angle

were carried out. In addition, comparisons to the
absolute differential-cross-section measurements

of Barz et al.2° of Schiffer ef al., and of Hinds
and Middleton®? were made for the °B(d, p)*'B
(g.s.) reaction. Our measured target thickness

gave consistent results. More complete numerical

1°B(d, p'B(g.s.) was used for relative normaliza-
details are given in Ref. 33.

'°8(d,d")°8  Bjgp=45°  CHARGE = 4000uC  E4*9.0 Mev RESULTS

600} J | : 4

Figure 2 shows a deuteron position spectrum
for E,="7.0 MeV and 6, =T7°. The spectrum is
dominated by the deuteron group leading to the
10 2.15-MeV state while the second strong peak
: corresponds to the 2,12-MeV state in 'B. A ver-
tically expanded view of the last 150 channels is
shown in the inset, where the peak arising from
the 1.74-MeV (T=1) state is clearly evident. In
this case the intensity of the 7=1 state compared
to the 7=0 state at 2.15 MeV is about 1%. As an
extreme test of the spectrograph-proportional -
counter system a single serious attempt was made
to observe the second T=1 state in '°B at an ex-
citation energy of 5.17 MeV. The resulting posi-
tion spectrum is shown in Fig. 3. The group
labeled '°B (5.17) is clearly evident and repre-
sents the first known observation of the second

500} °B(5.17) g (5.11)

3

:

i |

F o ™ 1
B(S.18) }’ Y 1

o g% : i |

28 \e !

r, :l L.

\ o Py
&, Y X" A w

Yo

COUNTS

R 2
P O3 xleh

Y

n

00|

220,
&F

500 600
CHANNEL

FIG. 3. Position spectrum of deuterons for E;=9.0
MeV, 6,,,=45° showing the second T=1 state of 1B at
E,=5.17 MeV. Groups are labeled by their excitation
energy in MeV in the indicated residual nuclei.
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T =1 state in !°B by any isobaric-spin-forbidden
reaction. The 5.18-MeV state (for which no group
is clearly evident) is known to have large natural
width (I" 120 keV) and is further known to be
weakly excited in deuteron inelastic scattering.®
The energy separation of the 5.11- and 5.17-MeV
state is 52 keV,3* with the unfortunate circum-
stance that the T =1 state lies higher in excitation
than the 7=0 state resulting in the weak state ap-
pearing in the tail of the strong one. Any syste-
matic study of the second 7T'=1 state of the kind
undertaken with the lowest 7'=1 state would re-
quire substantially thinner targets (i.e., much
less than 85 pg/cm?) and much longer bombard-
ments than the present 4000 ;C. Hence it appears
that any systematic study of the second T=1 state
by deuteron inelastic scattering is impractical
and no quantitative determinations on this state
are reported.

Figure 2 illustrates the problem associated with
a small yield on top of a large background. For
independently determined background (B) and total
count with peak (P), the net yield (Y¥) has an un-
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FIG. 4. Center-of-mass differential cross sections
for the reaction 1°Bd,d’)!°B (1.74 MeV, J"=0%, T=1)

as a function of deuteron bombarding energy at the labor-

atory angles indicated.

|©

certainty (AY) which is the quadratic sum of the
uncertainties in P and B; i.e., AY=[(AP)

+(A BPJ*2=(P +B)*/2. For the 2.15-MeV state
where the yield is large compared to the back-
ground, the uncertainty is about (¥)*/2 since B is
relatively small. In fact AY/Y for the T=0 state
is usually of the order of 1%. On the other hand,
for the T'=1 state when P and B may be compar-
able in magnitude, the statistical uncertainty is
always a significant fraction of the 7 =1 yield.

Figures 4 and 5, respectively, show the excita-
tion functions obtained for the 1.74- and 2.15-MeV
states for 4, =30, 45, 77, and 140°.

The region of excitation in the compound system
12C is from about 29 to about 38 MeV. Uncertain-
ties indicated for the 1.74-MeV excitation curve
are statistical only. Uncertainties are not shown
on the excitation function for the 2.15-MeV state
since they are smaller than the data points.

The excitation functions for the isobaric-spin-
allowed (7T=0) state are characterized at all angles
by rather broad, slowly varying structures. None
of these structures has been studied in steps
smaller than 250 keV, since sharp resonances
are not expected at these excitation energies. The
yield curves to the forbidden (7=1) state show
somewhat similar structure to those of the 7=0
state. Again, basically broad, slowly varying un-
dulations predominate. The yield curve at 6y,
=140° has regions where deuterons from contami-
nants obscure the state of interest so that gaps do
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FIG. 5. Center-of-mass differential cross sections for
the reaction 1°B(d,d’)!"B (2.15 MeV, J"=1*, T=0) as a
function of deuteron bombarding energy at the laboratory
angles indicated.
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'°8(d,d")'B (1.74 MeV)
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FIG. 6. Angular distribution of deuterons for the reac-
tion 1°B(d,d’)!%B (1.74 MeV, J™=0*, T=1) at the deuteron
bombarding energies indicated. The solid lines are
Legendre polynomial fits.

exist in the yield curve.

The experimental angular distributions are shown
in Figs. 6 and 7 where again uncertainties indicat-
ed are statistical only. Attention should be given
to the scales used for the excitation functions
(Figs. 4 and 5) and angular distributions (Figs. 6
and 7). All the T=0 data have cross sections of
the order of 1 mb, whereas the T=1 data have
cross sections of the order of 1-10 pb.

The angular distributions of deuterons leading
to the 2.15-MeV state in °B show a steady pro-
gression from an almost symmetric shape about
6em.=90° at E;=6.5 MeV to a forward-peaked
structure with a secondary maximum around 4,
=120° at E,=12.0 MeV. Any such behavior is far
less noticeable in the angular distributions to the
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FIG. 7. Angular distribution of deuterons for the reac-
tion 1°B(d,d’)!"B (2.15 MeV, J"=1*, T=0) at the deuteron
bombarding energies indicated. The solid lines are
Legendre polynomial fits.
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1.74-MeV state.
The angular distributions were fitted by least-
squares with Legendre polynomials defined by

do
6= D AP0).
13

The fits are shown as solid lines in the figures.

A minimum in the y? per degree of freedom as a
function of polynomial order, I, was taken to
represent the best fit. The value of ! obtained in
each case was in reasonable agreement with the
outgoing orbital angular momentum estimate as-
suming a simple semiclassical description of the
process. In no case was it found necessary to use
polynomials higher than [=5.

The total cross section is 474, where A, is the
isotropic term of the Legendre coefficients. For
each bombarding energy the total cross sections
determined from the fits are listed in Table I
along with the ratio (in %) of the total cross sec-
tion for the forbidden (1.74-MeV) to the allowed
(2.15-MeV) state. This is seen to vary from 0.69%
at £,=6.5 MeV to 0.16% at £,=12.0 MeV. The
total cross section ratio (in %) is illustrated in
Fig. 8. It is worth noting that the total cross sec-
tion was found to be very insensitive to the poly-
nomial order of the fit.

As suggested earlier, an approximate value for
the isobaric-spin impurity may be obtained from
the measured total-cross-section ratio by multi-
plying this ratio by a statistical factor, which in
the present case is just 3. The isobaric-spin im-
purity then varies from ~2% at E,=6.5 MeV to
=0.5% at E,=12.0 MeV.

' DWBA ANALYSIS

It was one of the purposes of this investigation
to try to determine the reaction mechanism(s)
operative in the inelastic scattering in the energy
range studied, and to determine whether direct-
reaction contributions to the isobaric-spin viola-
tion were significant.

Low-lying states of a collective nature may be

TABLE I, Total cross sections (o) in pb for the 1.74-
and 2,15-MeV states and their ratio,

02(1.74)
E, 07(2.15)
(MeV) op(1.74) 07(2.15) %
6.5 64.6+3.4 9370100 0.69+0.04
7.0 68.5+3.0 11 000+120 0.62+0,03
9.0 38.8+3.8 9680 +130 0.40+0.04
10.5 28.9+3.8 9470+ 120 0.31+0.04
12.0 14.6+3.3 8900110 0.16+0.04

excited by a direct or one-step process. Even for
initial and final states known to be of a significant
single-particle nature, some collective enhance-
ment such as that due to coupling-to-core oscilla-
tions is almost always present and may dominate
the single-particle contribution.®

In the collective' model many low-lying states

arise from oscillations in shape about a spherical
mean or from rotations of a deformed shape.
This suggests extending the optical model to in-
clude nonspherical potentials. The nonspherical
parts of the potential are then able to induce in-
elastic scattering to these collective vibrational
or rotational states.

Calculations were carried out in the framework
of the distorted-wave Born approximation (DWBA).
The theory for excitation of collective states by
direct inelastic scattering has been given by
Tobocman®® and Satchler.®” The basic assump-
tions are that the initial and final nuclear states
differ only in the degree of shape oscillation or
rotation, that the inelastic transition is a simple
one-step process, and that the relative motion of
the projectile and target nucleus as well as resid-
ual nucleus may be described by distorted waves,
which are calculated using an optical potential for
elastic scattering at the appropriate energies.
The transition then is one of elastic scattering in
which the inelastic or reaction events may be
treated as perturbations.
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FIG. 8. Total cross section ratio (%) of inelastic
deuterons to the 1.74-MeV state in !°B compared to the
2.15-MeV state, as a function of deuteron bombarding
energy.
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The DWBA program DWUCK *® calculates a “re-
duced” cross section ¢,(8) for a given multipole
order (or angular momentum transfer) L which is
related to the experimental differential cross sec-
tion by

_2Jf +1 1 2
do/dQ= 5741 XL: 5eT A0z,

where J; and J, are the spins of the initial and
final states and g, is the deformation parameter.
The sum extends over all the multipole deforma-
tions allowed by the vector-coupling relation-
ships, but because of the parity restriction [the
parity change is given by (-1)Z] will consist of
either all odd or all even terms

Some success using such a collective-model
description of inelastic scattering by light nuclei
has been achieved by Fitz, Jahr, and Santo®® in
the inelastic scattering of deuterons by '2C lead-
ing to the 4.44-MeV state and by °Be leading the
2.43-MeV state. Indeed one might expect that in
these cases such predictions would be suitable in
view of the more favorable spin sequences: 0*
~2%in ?C and §” ~ %" in °Be. Bassel et al.®®
found surprisingly good agreement between their
DWBA prediction and experimental data from

*Be(a, a’)°Be(2.43 MeV) using 48-MeV « particles.

They also describe the 2.43-MeV state as the J
=3 member of the K =3 ground-state rotational
band. A deformation parameter 8,=0.8 was ex-
tracted from the DWBA comparison to their data.
Watson et al.®® found a large cross section to the
6.04-MeV state in !°B in proton inelastic scatter-
ing. This state has J"=4*, T=0 and as such is
thought to be a member of the K =3 rotational
band built on the ground state, which has J" =3,
T =0.

The success of the collective description in the
cases cited above should, nevertheless, not be
carried over to the present situation of low-lying
states in '°B without some physical justification.
A rotational spectrum built on the ground state
would have the spin and parity sequence 3%, 4%,
5* etc. Since none of the transitions with which
we are dealing involves states of spins larger than
1, these low-lying excited states cannot belong to
the ground-state rotational band. As has been
mentioned, the 4* state at 6.04 MeV is the like-
liest candidate for inclusion in a ground-state ro-
tational spectrum. Another band could exist,
built on one of these excited states, but hard ex-
perimental evidence is lacking.

Since the description of nuclei in terms of col-
lective motion permits both rotations and vibra-
tions, one might attribute a vibrational character
to the low-lying states of °B. In such a vibration-
al spectrum the lowest quantum of collective exci-

tation (one phonon) has a quadrupole deformation
and carries an angular momentum of 2 units and
positive parity.*® Such single-phonon excitations
would allow 3* to 1* transitions, allowing for some
inversion of the spin sequence. For transitions
from J=3 to J=0, we would require an octupole
vibration which involves a parity change. This is
inconsistent with the positive parities of the

states in question, so the 0* state in °B cannot
belong to a ground-state vibrational band.

Since there is no way to excite the 0* (7 =1)
state by a simple rotation or vibration, it cannot
be a good collective state and the DWBA should
not give physically meaningful predictions. There
is, however, a possibility that the transition to
the 1* (T=0) state may be described in both shape
and magnitude by the DWBA calculation, provid-
ing the state is indeed of a collective nature.

The optical potential was the usual complex form
with a spin-orbit term?¢

U = Vlr) = VF(r) = iWg() =Vigh(N{ + 8)

where V(7) is the Coulomb potential resulting
from a uniform charge distribution of radius
1.3A4'2 fm and where

f('r)z(l'*'ex)_l,

g=4 - o),

h(r)= (mh_

s

2
a4 g -1
c) o (1+e5)t,

x=(r = 7,A"%)/a,
x'=(r-r} AV /a' .

Here A is the mass number, f(7) is of the Woods-
Saxon form, g(7) is of a Woods-Saxon derivative
form and indicates surface absorption and q is the
diffuseness or surface thickness factor. V and w
are the depths of the real and imaginary parts of
the complex potential and V,, is the magnitude of
the spin-orbit potential which has the Thomas
form.

The optical-model parameters used for the pres-
ent calculation were the Type I Set of Fitz, Jahr,
and Santo?® which were extracted from fitting the
elastic scattering of 11.8-MeV deuterons by '°B.
In addition, we allowed for some energy depen-
dence in the real and imaginary well depths. Al-
though this set did not give the best fit to their '°B
data, it was the most consistent set for elastic
deuteron scattering on various light target nuclei.
These parameters also gave the best results for
inelastic scattering to the state at 0.72 MeV in '°B.

A typical parameter set for the 2.15-MeV state
at E,=12.0 MeV was: ¥V =118.0 MeV, 7,=0.863
fm, ¢=0.916 fm, W =5.4 MeV, »/=1.59 fm,
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a’=0.716 fm, and V,,=6.0 MeV.

For the transition from the ground state to the
2.15-MeV state, a spin and parity sequence of
3* -~ 1" is required, which is possible for L trans-
fers of 2 and 4. One expects the successively
higher L values to contribute less and less to the
cross section since a more complex excitation is
required for the higher multipoles. Thus calcula-
tions were performed using only L=2 for the 2.15-
MeV state. Further, it should be pointed out
again that in the collective model which is the
basis for the DWBA code, a direct single-step
transfer of L=3 from a 3* to a 0* state as re-
quired for the transition from the ground state to
the 1.74-MeV state violates parity so that such a
transfer cannot take place, according to the DWBA
assumptions.

In order to compare the experimental and calcu-
lated cross sections directly we used published
values of g, for the 2.15-MeV state, which along
with the known values of J,;, J,,and L allow for
no arbitrary scaling factor between experiment
and calculation. Squier ef ql.* (in the inelastic
scattering of 32-MeV *He by '°B) deduced B,
=0.36 for the 2.15-MeV state, and this is the value
which was used in our calculation. By way of
comparison Vaucher, Alder, and Joseph* ob-
tained B, =0.69 for this state using the inelastic
scattering of 14.1-MeV neutrons by '°B but this
measurement was less accurate than that of Squier
et al.

20} 6.5 MeV
10 |- ®ee . o
° T e o e
05
*L
= [
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L
§.|O | oo %% ., .0
j . e o
go,s -
b 03
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The results of the DWBA calculation are shown
in Fig. 9 for the 2.15-MeV state. Here again the
solid points are the data and the solid lines are
the DWBA predictions for fixed 8,, independent of
bombarding energy. The dashed line for E;=12.0
MeV which corresponds to g8,=0.61, shows a bet-
ter fit. This B, is close to the value found by
Vaucher et al.

The DWBA predictions for the 2.15-MeV state
do not appear to reproduce the shape of the data
at all bombarding energies, although there does
appear to be an improvement toward the higher
energies. By contrast, the magnitude for the
cross-section prediction agrees with the data bet-
ter at the lower bombarding energies. The total
cross sections to the 2.15-MeV state determined
by the DWBA program decrease by about a factor
of 2 from E,=6.5 MeV to E,=12.0 MeV, whereas
the experimental results indicate a much lower
decrease over this energy range.

The disagreement in the g, for the 2.15-MeV
state as determined by Squier et al.** and by
Vaucher, Alder, and Joseph?? and the failure of the
DWBA predictions to match the shapes of the pres-
ent experimental angular distributions indicate
that this state is probably not a good collective
state. Even our determination of g8,=0.62 for the
0.72-MeV state (J =1*, T=0) using the data of
Fitz, Jahr, and Santo®® at E,=11.8 MeV disagrees
with the *He inelastic result (at E,,, =32.46 MeV)
of B,=0.37 suggesting that this state too does not

198(d,d') °B(2.15 MeV)

5 20
10.5 Mev
= e - 10
. R . oo
- 105
= 103

12.0 Mev ——~] 20

180
8c.m. (deg)

o] 30 60 90 120 150 180

FIG. 9. Angular distributions for the reaction !°B(d,d’)!°B (2.15 MeV). The data points are shown as dots. DWBA
calculations for the same reaction are shown as solid lines for L =2. For E;=12.0 MeV the same calculation but with

B,=0.61 is shown by a dashed line. See text for details.
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have a simple collective nature.

Thus direct-reaction contributions to the 2.15-
MeV state (J =1%, 7 =0) in terms of collective
excitations are probably small. The possibility
still exists that other direct processes may con-
tribute to the cross section.

One is drawn to the conclusion that while it is
possible to use the collective-excitation formal-
ism to analyze inelastic scattering results on
light nuclei, the usual interpretation in terms of
nuclear rotations and vibration must be treated
with some caution. If true collective bands exist
in '°B they must be very complicated since inter-
band transitions must be allowed for.** The ex-
istence of multiple deformation parameters 3,
implies that an excited nuclear state may be char-
acterized by a superposition of different collective
modes so that the resultant motion of the nucleus
is extremely complex. We are unable to deduce
from this analysis a quantitative description of
the direct-reaction contribution to the inelastic
scattering cross section to either of the two final
states in '°B at 1.74 and 2.15 MeV.

PARTICLE CONFIGURATION

In order to assess the effect on the cross sec-
tions to the 1.74- and 2,15-MeV states of dif-
ferences in the particle configurations of these
two states, a review of results will be given for
some isobaric-spin-conserving reactions, namely
the inelastic scattering of nucleons and *He by !°B.
The particle configuration for the 1.74-MeV (T=1)
state is generally agreed*3: ** to belong to the
(pss2)® ground state configuration, whereas the
2.15-MeV (T =0) state belongs to the excited con-
figuration (pg/,)° (p1/2)"-

At E, ="1.6 MeV and =90° Bockelman et al.’
found that the intensity ratio of the inelastic pro-
ton yield to the 1.74-MeV state compared to that
to the 2.15-MeV state was ~0.33, whereas at E,
=10.02 MeV and 6=90 and 120° Armitage and
Meads® measured this ratio to be about 0.12. The
ratio of these total cross sections found by
Schrank, Warburton, and Daehnick* at E,=17.95
MeV was =~0.4. In view of the spins of the two
final states the observed ratios might reasonably
be adjusted by multiplication by a factor of 3.
This would make the yields roughly comparable
in the cases cited above.

A fairly complete study of the °B(p,p’)'°B re-
action between E,=5 and 16.5 MeV was carried
out by Watson et al.®® Total cross sections were
determined for the five lowest-excited states and
for the state at 6.04 MeV between E,~5 and 13
MeV for the 1.74-MeV state and from E, = 5 to 16
MeV for the 2.15-MeV state. The range in the

ratio of total cross sections of the 7=1to 7=0
state was about 0.2 at 8 and 12 MeV to about 0.4
at 5 and 13 MeV. Thus with the adjustment for
final-state spins these ratios become approxi-
mately consistent with equal populations for both
the 7=0 and T=1 states over almost the entire
energy range.

Inelastic scattering of 14.1-MeV neutrons to
several excited states of '°B was carried out by
Vaucher, Alder,and Joseph.*? Their integrated
cross section for the 1.74-MeV state is actually
larger than that for the 2.15-MeV state by about
60%, but they do admit that the accuracy is fairly
poor. Thus although no quantitative information
can be deduced for these levels, the yields are of
the same order of magnitude.

Absolute-cross-section measurements (+15 to
+20%) of *He inelastic scattering on '°B at 10 MeV
by Coop, Poate, and Titterton?® at 6, =40° indi-
cated ratios of T=1to T=0 yield of 0.17 and 0.19,
respectively, not adjusted for spins. Partial an-
gular distributions (back to 120°) using 32.5-MeV
*He beams by Squier ef al.*! indicated a somewhat
reduced yield for the T=1 state compared to the
T=0 state, although no numerical ratios were
given.

In general the nucleon inelastic scattering re-
sults indicate almost equal yields to the two states,
favoring somewhat the 7'=0 state whereas the *He
inelastic scattering suggests some reduction of
yield to the T=1 state. Some small reduction in
the yield ratio might then be expected in the (d, d’)
case owing to the configuration differences of the
two states. This would imply a slight underesti-
mate of the isobaric-spin impurity from the pres-
ent results.

ISOBARIC-SPIN-VIOLATING REACTIONS

In this section, we compare the present (d, d’)
reaction to other isobaric-spin-violating reactions
using 7'=0 incoming and outgoing particles: (1)
with (d, «) and (d, °Li) experiments on the same
target nucleus °B, that is, for the same incom-
ing channel; (2) with other reactions such as °Li-
(°Li, d)'°B forming the same compound system;

(3) with other reactions such as °B(a, a’)!°B in
which the outgoing channel consists of °B plus a
reaction particle having 7=0. Some attention is
also given to isobaric-spin-violating reactions in
other nuclei, especially those which involve in-
elastic scattering of 7=0 projectiles.

Comparison of the present (d, d’) experiment to
(d, @) reactions proceeding through the same com-
pound state would be most interesting, but there
is little common ground for such comparison,
Whereas this investigation considered ratios of
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total cross sections of the forbidden to allowed
states, the earlier investigations of Erskine and
Browne*” and Callender and Browne*® compared
intensity ratios of states at single angles only for
a given energy. Aside from the case of the maxi-
mally mixed isobaric-spin states at 16.6 and 16.9
MeV in ®Be, a comparison of the yield, made by
Callender and Browne of the T=1 state at 17.6
MeV to the T=0 state at 18.1 MeV (both 1%)
showed a variation from about 20% at 6 MeV and
61 =30° to about 9% at 12 MeV and 6, =10°. The
present results for the total cross sections (ad-
justed for final-state spins) varied from 2% to
0.5% over the same energy range. In no case did
an intensity ratio (at a given energy and angle)
exceed 7.5%. The total cross-section measure-
ment of Browne and Erskine*® at E,=17.5 MeV for
the '°B(d, a)’Be reaction provides the only direct
comparison to the entrance channel '°B +d. They
found that the total cross section to the 17.6-MeV
state J"=1*%, T=1) was 0.7+ 0.2 mb, Whereas in
the present °B(d, d’)'°B (J"=0*, T=1) reaction
we measured only ~0.060+ 0.005 mb (at about the
same bombarding energy) which is more than a
factor of 10 smaller than the (d, o) yield. Because
of the final-state spins, 0* in the present case and
1% in the (d, @) case, one might expect about a
factor 24 +1 additional yield for the 17.6-MeV
state (which has J =1) and taking this into account
reduces the previous factor of 10 to about a factor
of 3 to 4. One also notes that the ratio of yields
for the 17.6-MeV (7=1) state to the 18.1-MeV
(7=0) state was about 0.083 at 7.5 MeV as mea-
sured by Browne and Erskine, whereas in the
present case the ratio of 7=1 to T=0 yield was
about 0.015 (adjusted for final spins). In compar-
ing either the total cross section to isolated 7=1
states in the different residual nuclei, or in com-
paring the individual 7=1 to 7=0 yield in the two
reactions, one sees that the (d, a) reaction pro-
ceeds at a rate about 4-5 times that of the (d, d’)
at 7.5 MeV. The absence of more complete (d, )
data restricts the comparison to this case only.

It thus seems that in the case of °B(d, d’)*°B the
yield ratios of T'=1 states to 7=0 states are
significantly less than those in the °B(d, o/)®Be
reaction at comparable bombarding energies. The
general trend with energy of the present data is
similar however to the limited (d, @) data, i.e.,
an almost monotonic decrease of 7=1to 7=0
yield with increasing bombarding energy.

For the !°B(d, °Li)®Li reaction, Gutbrod, Yoshida,
and Bock®® reported no indication of yield (within
their experimental uncertainties) to the 7'=1 state
at 3.56 MeV in °Li for a deuteron bombarding en-
ergy of 19.5 MeV. Total cross sections at Eg
=2.1 MeV have been reported by Huberman,

Kamegai, and Morrison® for the reaction SLi-
(°Li, d)'°B leading to both the 1.74- and 2.15-MeV
states. Although the deuterons corresponding to
the 1.74-MeV state were not observed (within the
experimental uncertainties), an upper limit to the
total cross section of the T=1 state of less than
200 pb and a ratio of the total cross sections of
less than 5% was given. Morrison® observed a
measurable but small yield to the 7=1 state at
the same lithium bombarding energy at 6, =9.5°
and suggested a heavy-particle stripping reaction
mechanism and cluster model for the nucleus.
Using the same incoming channel, °Li+°Li, Gar-
vey, and Hiebert®® observed no yield to the out-
going channel ®Li +°Li (3.56 MeV) at Eq =63 MeV.
Their upper limit on the yield to the 3.56-MeV
state was less than 1% of that to the allowed 2.18-
MeV state.

In the *He inelastic scattering measurements of
Coop, Poate, and Titterton® at E, =10 MeV and
6p =40° the upper limit to the intensity of the T
=1to T=0 state was 1.5%. At E, =10 MeV and
61y =45° we measured the ratio to be about 0.23%.
Since no angular distributions were taken in the
(a, @’) experiment no further meaningful compari
sons are possible.

As mentioned earlier, the 2C(d, @)'°B reaction
leading to the 1.74-MeV state in !°B has been the
subject of several investigations. Meyer-Schutz-
meister, von Ehrenstein, and Allas!® found that
the intensity to the 7=1 state (1.74 MeV) was
about 10% of that to the lowest T=0 states (ground
state, 0.72 and 2.15 MeV) at E,=9 MeV, while at
E,=11 MeV this ratio was 1-2%. These figures
include the adjustment necessary for spin-inhibi-
tion factors. Jinecke et al.'! investigated the
same reaction between E,=13 and 21 MeV. While
no figures for the ratios of the total cross sec-
tions are given, peak cross sections between E,
=13 and 15 MeV at 6, =20° are of the order of
100 pb/sr. The data presented by von Ehrenstein
et al.'* were restricted to angular distributions
for the T=1 state only between E,=14.0 and 17.0
MeV. No total cross sections were reported. The
very complete data reported by Smith!® for 7.19
<E,;<13.99 MeV indicate ratios of total cross sec-
tions to the 7T =1 state compared to the nearby T
=0 states to be about 3% between E;=9 and 10 MeV,
decreasing to about 1% at 11 MeV and remaining
fairly constant (=1%) thereafter. When the ratios
are adjusted for final-state spins, the results of
Smith and Meyer-Schiitzmeister et al. are in fair
agreement at their common bombarding energies.
Once again the total cross section to the 7 =1
state is always significantly larger in the 2C(d, a)-
1°B reaction than in the present deuteron inelastic
scattering case, ranging from a factor of 40:1 at
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9 MeV to about a factor of 10:1 at 12 MeV. The
intensive study of the 2C(d, a)'°B reaction by Joli-
vette'* above E,=14 MeV is still in progress, but
significant yields (up to 100 pub/sr) to the T=1
state persist up to E,=16 MeV.

The same general behavior in the total cross
section is seen in the only other case of isobaric-
spin violation by deuteron inelastic scattering re-
ported to date, namely the “*N(d, d’)**N (2.31 MeV,
J"=0% T =1and 3.95 MeV, J"=1*, T =0) reac-
tion reported by Duray and Browne.5® An almost
monotonic decrease with ene‘rgy of the ratio of
total cross sections was also seen by them, from
about 9% at 6 MeV to 3% at 10 MeV, adjusted once
again for final-state spins. Preliminary results
of Kamykowski®® indicate a continuation of this
monotonic decrease up to E,=15 MeV in this reac-
tion.

The other extensive investigation of an isobaric-
spin-violating reaction using inelastic scattering
was the N(a, a’)**N reaction reported by Chester -
field and Spicer,5” Tollefsrud and Jolivette,* and
Chesterfield and Parker.*® The findings of these
investigations (each progressing to higher ®F ex-
citation energies) were that the isobaric-spin
impurity remained large even at higher excita-
tion energies in ®F. Tollefsrud and Jolivette
found the impurity to be =14% at E, (**F) =18 MeV
while differential cross sections as large as 200
pb/sr were still observed up to E, (**F)=23.5
MeV.%"

Where detailed comparisons are possible be-
tween the present and other isobaric-spin-forbid-
den reactions which have been extensively studied,
several general features emerge:

(1) The total cross sections to the lowest 7 =1
state in !°B as observed in the present reaction
are smaller than those observed in any of the
other known isobaric-spin-violating reactions,
especially those involving (d, o) reactions.

(2) The ratios of the total cross sections of the T
=1to T =0 states as reported in the present work
are comparable to or smaller than any of the pre-
viously observed reactions.

(3) The general trend of the present data is in
agreement with other studies made over wide en-
ergy ranges; namely, the total cross section to
the T =1 state decreases with increasing ener-
gy, whereas that to the T =0 state remains fair-
ly constant, reflecting a possible contribution
from a direct-reaction mechanism at the higher
energies.

The results of Kamykowski®® for the *N(d, d’)**N
reaction are both in qualitative and quantitative
agreement with the present findings at comparable
excitation energies in the respective compound
systems.

REACTION MECHANISM

According to the predictions of Wilkinson'® the
results of the present experiment should be deter-
mined by the “dynamic criterion,” i.e., the aver-
age Coulomb matrix element connecting 7 =0 and
T=1 states in the compound nucleus should be
much less than the average level width. As higher
and higher excitation energies are reached in the
compound nucleus, the average level width con-
tinues to increase, so that the compound system
has more and more overlapping states. The ex-
citation function then has a fairly smooth varia-
tion and prominent resonant structure has disap-
peared. This appears to be the case in the exci-
tation functions of '°B +d. By and large, the yield
curves of both the 1.74- and 2.15-MeV states have
the same behavior. At the lowest bombarding en-
ergies there is some remnant of resonant struc-
ture, where individual levels may exist, but there
is a progression to a rather featureless condition
as the bombarding energy is increased. The pas-
sage from the region where the isobaric-spin
violation is large to the one in which the “dynamic
criterion” should be valid is estimated by Wilkin-
son to occur at 22-30 MeV in 4n-type nuclei such
as 'C. That is, the isobaric spin should again
become a “good” quantum number and the yield
to the T=1 state should decrease with energy. In
view of the present data, this estimate is not un-
reasonable although possibly low. Of course in
the system !°B +d (corresponding to the large ex-
citation energy of 25.188 MeV in '2C at zero bom-
barding energy) there is probably no region where
the isobaric-spin violation is large.

The region in which the “dynamic criterion” is
valid can also be described by a “direct” mechan-
ism. In the language of direct reactions, the
characteristic interaction time is short compared
to the time necessary for the Coulomb force to
mix states of differing isobaric spin. The pro-
gression in the shape of the angular distributions
(especially to the 2.15-MeV state) from approxi-
mately symmetric about 6., =90° at 6.5 MeV to
forward peaked at 12.0 MeV is not inconsistent
with a qualitative direct-reaction mechanism de-
scription for inelastic processes.

In fact a combination of the two reaction mech-
anisms can also account for the total cross-sec-
tion data. If the reaction leading to the 7'=0 state
is taken to be “direct,” one expects an increase
and then a slow decrease in the total cross sec-
tion with increasing bombarding energy. The
present data for the T=0 state show a slowly de-
creasing total cross section above E;=7 MeV.
However, it could be argued that the decrease in
total cross section for the 7T =1 state with in-
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creasing energy could be accounted for by purely
compound process without any need to invoke a
“direct” contribution.

As mentioned earlier, the direct-reaction esti-
mates of both Drachman? and Griffy?* based on a
polarization of the incoming projectile by the
Coulomb field of the target nucleus may be re-
garded as upper limits only, and in general are
smaller than the experimental results.

Noble’s hypothesis® concerning a complex
heavy-particle exchange in inelastic scattering
in the isobaric-spin-forbidden reaction does not
seem applicable because of the absence of sub-
stantial forward or backward peaking in the dif-
ferential cross section.

In general, for a compound-nuclear reaction
one would expect some reduction in the total cross
section as a function of increasing bombarding
energy.® The result for the T =1 state is consis-
tent with this but the 7 =0 state shows very little
decrease in total cross section, suggesting pos-
sible direct-reaction contributions (which would
tend to increase with bombarding energy above
the direct-reaction threshold), although once
again this is not a conclusive argument in favor
of compound-nucleus formation.

Also of significance to the present discussion is
the energy dependence of the angular distributions
for both the T7=0 and T=1 states. The steady
progression to forward peaking in the 7=0 state
(and to a lesser degree in the T=1 state) seems
to imply some component of direct reaction in the
angular distribution. The work of Smith'? in the
2C(d, a)'°B reaction indicates that up to E,=14
MeV, there is no evidence of direct-reaction pro-
cesses in any of the observed a-particle chan-
nels; that is, all evidence supports compound-
nucleus formation even in the presence of forward-
peaked angular distributions. Furthermore, the
interpretation of direct-reaction-mechanism con-
tributions as given by von Ehrenstein et al.'? be-
tween E,=12 and 17 MeV are refuted by Richards
and Smith® who are able to give an explanation of
the forward-peaked angular distributions in terms

|©

of a compound-nucleus picture. In the present
case, the absence of data beyond 6., =150° makes
any argument based on a forward-peaked angular
distribution rather tenuous. Therefore it is some-
what hazardous to propose a direct-reaction
mechanism solely on the basis of the shapes of
limited angular distributions.

The same compound-nucleus picture has also
been put forward consistently to explain the °0-
(d, a)**N data of Jolivette®® and the “N(a, o')**N
data.’"-%° The evidence is also strong in the work
of Hrejsa and Browne® in the ?°Ne(d, a)'®F reac-
tion as well as in the *N(d, d’)**N study of Duray
and Browne.*®* Where evidence has been sought for
direct or semidirect mechanisms, it has not been
found conclusively. Indeed, aside from the con-
troversy connected with the 2C(d, a)'°B reaction
at selected energies, all reactions have been
given such compound-nucleus interpretations. All
cases known to date which involve inelastic scat-
tering of T=0 projectiles by T=0 targets leading
to T'=1 residual nuclei have been interpretable in
terms of a compound-nucleus process.

In the present °B(d, d’)*°B work we see no un-
ambiguous evidence favoring a direct-reaction
mechanism to either the T=0 or 7=1 final states
in terms of collective excitations, although other
direct-reaction processes may still exist contri-
buting to the 7'=0 cross section, preferentially.
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