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The (d,t) and (d, *He) reactions on targets of '2C, 160, 2%Mg, and “°Ca leading to prominent low-lying analog
states in the residual nuclei -have been studied by measuring differential cross sections and vector analyzing
powers. The cross section angular distributions at best exhibit only a weak sensitivity to the transferred angular
momentum while the vector analyzing powers are strongly sensitive to the transferred angular momentum and
provide a useful signature of the j transfer. Zero-range distorted-wave Born-approximation predictions describe
the 0(6) angular distributions quite well for the lighter targets while they only partially succeed in describing the
A, (9) for the lighter targets. An improved distorted-wave Born-approximation description was obtained for the
40Ca target. Some sensitivity to the choice of optical parameters in the distorted-wave Born-approximation
analysis, particularly obvious in the 4 y (0) predictions was seen. Values of extracted spectroscopic factors were
generally consistent with those reported in other work (both experimental and theoretical).

NUCLEAR REACTIONS 2c, 10, %Mg, ®Ca(, ¢) and @, *He), E =29 MeV ana—:l
log states, measured o(6) and A, (), DWBA calculations.

I. INTRODUCTION

The (d, t) and (d, ®*He) reactions have proven
quite useful in the study of analog states. In the
absence of Coulomb effects, the reaction cross
sections to analog final states are related by
isospin Clebsch-Gordan coefficients since the
spectroscopic factors are identical. Of course
charge-dependent effects arising both in the exit-
channel kinematics and @ -value differences des-
troy the simple prediction. Several groups have
studied (d, ¢) and (d, 3He) reactions on self-conju-
gate target nuclei.!® In general, standard dis-
torted-wave Born-approximation (DWBA) calcul-
ations have been able to account for transitions to
analog final states by predicting identical spectro-
scopic factors to a level of 10-15%, even for
cross section differences of more than a factor of
2. The ability of the DWBA predictions to account
for the simple Coulomb effects has been exploited
to measure charge dependent matrix elements via
comparisons of (d, ¢) and (d, *He) spectroscopic
factors in A =8 (Ref.. 6), A =12 (Ref. 7), and A =16
(Ref. 8). In all of the cases studied, the j transfer
to the final states was not unique. Thus the as-
sumption that the j transfer to analog and antian-
alog states are identical has been invoked. Of
course a direct determination of the j transfer
would remove the necessity for this assumption
and thereby significantly improve the extraction

‘

of a charge-dependent matrix element. Measure-
ments of tl_lg vector analyzing power, A ,(6), from
(d, t) and (d, ®He) reactions represent a possible
tool for such a determination.®

Very little is known about the j dependence of
A (6). Measurements from **Pb have demonstra-
ted a characteristic shape for a given j transfer.®
Also Ludwig et aql., using a 15-MeV beam of pol-
arized deuterons, found that the A ,(0) was essen-
tially the same for analog states from the 1p shell
targets 1°B and N while for an !0 target they
observed a significant difference in the ground
state transitions.'* In the present work we have
studied the (d, t) and (d, *He) reactions for self-
conjugate p and sd shell targets 2C, °0, Mg,
and °Ca. The primary objectives were to deter-
mine the sensitivity of A (6) to the j transfer, to
observe the magnitude of Coulomb induced shifts
in A () for analog final states, and to test the
ability of DWBA calculations to describe the re-
sults.

II. EXPERIMENTAL PROCEDURE

Vector polarized deuterons were obtained from
an atomic beam ion source and accelerated to
29 MeV by the Texas A& M University 224-cm
cyclotron. The beam was energy analyzed and
focused onto solid targets at the center of an Or-
tec 76.2-cm scattering chamber. Natural targets
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FIG. 1. Typical particle identification spectrum show-
ing results of the range-table look-up procedure.

were used for *C (0.40 mg/cm?), **0 (Mylar-0.60
mg/cm?), and *°Ca (1.1 mg/cm?), while anisotopic
foil was used for **Mg (1.1 mg/cm?, 99% *Mg).
Target thicknesses were determined to a precision
of =10% by measuring the energy loss of alpha
particles from an **!Am source. The Mg target
thickness was also determined by weighing, Sym-
metric particle detector telescopes, consisting of
AE, E, and veto Si solid-state detectors, were
placed to the left and right of the incident beam
direction. Particle identification was accom-
plishedvia a range table look-up method by an on-
line PDP-15 computer. A typical particle identi-
fication spectrum is shown in Fig. 1. Windows
were placed around the ¢ and 3He groups and these
data were sorted into energy spectra which were
subsequently written on magnetic tape for off-line
analysis. In both detector telescopes, additional
windows were placed just below the ¢ window to
insure that no tritons were lost. The detector
geometrical solid angle was 1,237 msr corres-
ponding to a A6 of 2.27°, The particle energy
resolution was limited for all targets by kinematic
broadening, detector and electronic noise, beam
energy spread, and target energy loss. In all
cases the resolution was better than 350 keV full
width at half maximum (FWHM). Typical energy
spectra are shown in Fig. 2.

Approximately 1 m downstream from the main
scattering chamber was located a polarimeter
chamber containing a carbon target. The
12C(d, a)'°B reaction was used as a polarization mon-
itor following the results reported by Cossairt
et al.*® As explained in Ref. 12, single detectors
were adequate for use in the polarimeter chamber.
For the present experiment, the polarimeter de-

tectors were placed at a laboratory scattering
angle of 65°, At this angle the analyzing power for
the *°B ground state transition is =0 while that of
the first excited state is =0.85. Thus these two
states provide an excellent monitor of both the
beam polarization and polarimeter instrumental
asymmetries. The beam spot size in the polari-
meter chamber was defined by an upstream colli-
mator in order to limit the energy spread due to
kinematic broadening. A carbon Faraday cup was
an integral part of the polarimeter chamber. Also,
the entire polarimeter chamber, including the
beam defining collimator, was electrically isola-
ted and shorted to the Faraday cup. As an addi-
tional check, the beam polarization was measured
by a “He gas polarimeter at the beginning of an’
experiment as an independent calibration for the
12C polarimeter. The average beam polarization
was 50.5% (with ~3% variations) and the on target
beam current was maintained between 20 and 60
nA., ‘

In all cases, two sets of spectra were taken at
each angle corresponding to the two possible spin
orientations of the beam. The yields obtained
from the four spectra determined both the differ-
ential cross section and vector analyzing power.
Absolute cross sections are estimated to be accu-
rate to 20% due to uncertainties in target thick-
nesses, beam integration, and experimental geo-
metry. Throughout this work the definitions of
the “Madison Convention” of 1970 (Ref. 13) are
used. The vector analyzing power is always dis-
cussed in terms of A, its value in Cartesian co-
ordinates. ‘

III. DWBA CALCULATIONS

DWBA calculations for both differential cross
sections and analyzing powers were performed -
with the computer code DWUCK4.'* The optical po-
tentials which were used are listed in Table L
In the entrance channel the parameters were taken
from Perrin et al.'® who fitted elastic vector anal-
yzing powers as well as differential cross sec-
tions. Other deuteron parameters were tried with
very small differences in the results. In the exit
channel, the calculations were sensitive to differ-
ent sets of parameters. This effect was most
noticeable in the calculations of vector analyzing
powers. The global parameter set of Becchetti
and Greenlees!® (denoted as set A in Table I) and
parameters modified slightly from those of Gail-
lard et al.' (denoted as set B in Table I) were
both used in the analysis presented in this paper.
These two parameter sets give generally equiva-
lent elastic scattering cross sections., The cal-
culations were only very weakly sensitive to the
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FIG. 2. Sample spectra for (@, t) and (2,3He) reactions identifying the laboratory scattering angle, left or right

stack, beam spin orientation, and integrated beam current.

addition of spin-orbit terms in the exit channel

optical potentials,

Single-particle wave functions were calculated
assuming the transferred nucleon to be bound in

a real Woods-Saxon potential having radius and
diffuseness parameters of 1.25 and 0.65 fm, res-
pectively. A Thomas spin-orbit A factor of 25
was included in the form factor. The depth of the
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binding potential was constrained to reproduce

the physical separation energy. Quantum numbers
nlj of the transferred nucleon were determined

in the usual manner from angular momentum and
shell model considerations. Of course, for the
even-even self-conjugate targets considered in
the present work, these quantum numbers are
unique for a given final state in the residual nu-
cleus assuming a one-step direct reaction mech-
anism. In the calculations, both finite-range
corrections (using the Hulthén form in local en-
ergy approximation) and nonlocal corrections
were made to the form factor using the parame-
ters of Kunz.'* The calculated predictions of o(6)
were not significantly sensitive to these cor-
rections while the A (6) were only weakly sensi-
tive to them, the main effect there being to smooth

TABLE I. Optical model parameters:.

' d
V)=V, (r)- V(e* + Dt -i W, + D! +4i Wi Tx

out extreme oscillations in the calculated values.
Spectroscopic factors C2S were extracted using
the normalization of Hering'™:

d_d_) _Ness
dQ ), 2j+1 DWUCK’

with N(d, ) = 2.54 and N(d, *He) = 2.28 where C? is

the usual isospin Clebsch-Gordan coefficient
(=1). For consistency the spectroscopic factors
were evaluated at the first observed maxima in
the angular distributions which occur near 40°
c.m, for all targets considered.

IV. RESULTS

Experimental angular distributions are compared
to the DWBA calculations in Figs. 3-6. The fits

, h\2 1 d
(et (o) Vs @D LS,

™

x=(@- rVA”a)//ap, x'=(r- rIA“3)/a1, x"'= (r-r, gAY, .

4 Ty ay Wi

(MeV) (fm) (fm) (MeV)

Wip Ty ar Vies Toes s
(MeV)  (fm) (fm)

(MeV) (fm) (fm)

Entrance channel

d+12C,1%0° 86.0 1.13 0.697
d+2*Mg 87.1 113 082
d+4°Ca 93.0 1.13 0.800

Exit channel set A

t+11C 162.9 1.2 0.72 50.796
SHe+''B 153.3 1.2 0.72 39.65
t+150 161.23 1.2 0.72 46.85
3He + 1SN 151.33 1.2 0.72 37.05
t+23Mg 162.1 1.2 0.72 41.21
3He+23Na  150.1 1.2 0.72 39.06
t+3°Ca 161.82 1.2 0.72 42.34

3He +3°K 148.64 1.2 0.72 34.02

Exit channel set B
t+11C

160.5 14 0626 17.6
SHe+!'B

t+150

: 180.0 1086 0.782 155
He + 15N

t+23Mg

160.0 1.1 0.720 14.8
3He +23Na

t+3°Ca

161.8 117 071 121
3He +°K 0

8.62 148 0.72 8.22 0.854 0.685
13.00 1.325 0.75 4.66 0960 0.465
10.23  1.390 0.75 5.07 0.900 0.562

14 088
14 088
14 088
14 088
14 088
14 088
14 088
14 088
1.9 0.626
212 0.467
1.9 0.8
1.89  0.846
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FIG. 3. Angular distributions for 12C(d, ¢) 'C and
2¢ d, °He) B reactions. The quantum numbers nlj
of the transferred nucleon are given. Results of param-
eter set A are shown as a solid line while those of set
B are shown as a dashed line.

in general are acceptable, especially at the more
forward angles. The general features observed
in the angular distributions have been noted from
other measurements obtained with unpolarized
beams (e.g., Ref. 1). Qualitatively the analog
states show similar angular distributions. How-
ever with increasing nucleon number A, Coulomb
effects shift the diffraction patterns and enhance

the (d, °He) to (d, ¢) cross section ratio. A detailed

accounting of these Coulomb induced shifts has
been given in Ref, 5. We also note essentially no
discernible j dependence in the angular distrib-
utions. This is apparent in the A =15 and A =23
final states where both j =1+ 3 states have been
observed.

In view of the emphasis of the present work,
spectroscopic factors have been extracted prim-
arily as a check of the consistency of the data.

In all cases data have not been obtained at forward
angles where reliable spectroscopic factors can
be determined. Table II displays the results for
the spectroscopic factors found in the present
work with results quoted for both optical para-
meter sets A and B. Also included in the table
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FIG. 4. Angular distributions for %0, ¢) 150 and
160, *He) 1B (same notation as Fig. 3).
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FIG. 5. Angular distributions for Mg, ¢) 2Mg and
24Mg(d, 3He) %Na reactions (same notation as Fig. 3).

are other experimental determinations and shell
model predictions. The agreement between the
C2S(d, t) and C2S(d, *He) for analog states is quite
good, generally showing consistency at the 10-15%
level. In most cases the absolute C3S are also in
good agreement with other experimental and also
theoretical predictions. A notable exception is the
C?S for 3* states in A =23. The discrepancy in

this case is likely due to the lack of forward angle

data. In a similar experiment at a lower energy, *
the DWBA prediction for the second maximum
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FIG. 6. Angular distributions for Ca(d,t) ¥Ca and
4‘)Ca.(d, 3He) 3K reactions (same notation as Fig. 3).

(where the present normalization is taken) under-

‘estimates the data by more than a factor of 2.

Also this effect was observed for transitions t
3* levels in A =275 '
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In Figs. 7-10 the vector analyzing power data
and DWBA predictions are displayed. The results
are somewhat similar to those observed for the
cross sections. That is, the data for the two
reaction exit channels generally agree with each
other for transitions to analog states. However
as the nuclear number increases, Coulomb effects
again cause changes in A, for the (d, ¢) and (d, *He)
transitions. The DWBA predictions, which are
also included in the figures, are generally in poor
agreement with the data, except for the heavier
target “°Ca.

The present results show clearly that there is a
significant j- dependence in the shape of the A (6).
This is especially apparent for the %0 and ?*Mg
targets where direct comparisons between diff-

" erent j transfers having the same value of [ can
be made for the same target nucleus. The j =3
transitions from the 12C target are only suggestive,
however, of those from the 0O target. This result
indicates that the characteristic shape for each

j transfer is dependent upon the specific target
nucleus involved. This same target dependence is
also seen in the case of the j =% transitions from
the Mg and “°Ca targets. In fact, the j =3 tran-
sition from 2¢Mg strongly resembles the j =3
transition from %°Ca. It thus appears that the use
of these reactions to identify unknown j transfers
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FIG. 8. A, angular dependence for **O(@, ¢) °0 and
160, *He) 1°N reactions (same notation as Fig. 3).

is questionable unless known j transfers from the
target of interest are available for purposes
of comparison. This differs from the conclusion
of Bechtold et al. drawn from an analysis of
their data for (d,3He) reactions on targets of
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160, 288j, and ‘°Ca at 52 MeV.?® However, their
data do exhibit some mass and @-value depen-
dence; though weaker than that observed in the
present work, It is very encouraging that the
characteristic j dependence is essentially the
same for both the (d, ¢) and (d, 3He) reaction chan-
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and Yca(d, 3He) K reactions (same notation as Fig. 3).

nels as the study of such transfer reactions with
vector polarized beams represents a new probe
of analog states which may be sensitive to effects
not revealed by the cross section alone. Also the
strong j dependence exhibited even for the light
targets indicates that a measurement of A ,(6) can
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help reveal the structure of states that are as--
sumed to be analog, antianalog pairs.

V. SUMMARY

The (3, t) and (3, %He) reactions on self-conju-
gate p and sd shell targets to analog states have
essentially identical angular distribution shapes
and very similar A (6) for all cases studied in the
present work. A significant j dependence of the
A,,(G) data was obtained for transitions having the
same orbital angular momentum while in such
cases the cross section angular distributions were

essentially identical. This j dependence, however,

has a shape dependent upon the target nucleus
involved. Zero-range DWBA calculations were
able to describe the shapes of the angular distrib-
utions quite adequately and yielded spectroscopic

factors generally reasonable in view of other ex-
perimental and theoretical work. The description
of 0(0) improved with increasing mass number.
The calculations were only crudely able to describe
the A (6) for the lighter targets while giving an
improved description for the *°Ca target; a feature
which perhaps points out difficulties involved with
such DWBA calculations for transfer reactions on
light nuclei. The strong j dependence of A ,(6)
exhibited in the present data clearly demonstrates
the usefulness of analyzing power measurements
for studies of analog states.
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