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The differential cross section and the analyzing pow'er A for Be(t, t) Be and "C(t, t)"C elastic scattering
have been measured at 15 and 17 MeV over the angular range O„b = 17.5—165.0'. The data in the
forward hemisphere have been analyzed with a standard optical model. A large depth and conventional

geometry parameters for the spin-orbit potential have been found. The results of the present analysis are in

general agreement with previous work involving polarized tritons scattered from heavy target. nuclei and show

important diAerences from investigations of the scattering of polarized helions on light nuclei,

NUCLEAR HKACTIONS Be(t,t) Be, ~C(t, t) ~C, E=15,3.7 MeV measured
do/do (0), A~ (8); deduced optical model parameters.

I. INTRODUCTION

Past attempts to determine the parameters of
the spin-orbit potential for mass-3 projectiles
have had only limited success, owing primarily
to the insensitivity of the differential cross sec-
tion to these quantities and to the paucity of po-
larization data. 'The most extensive measurements
of 'He polarizations in elastic scattering were
made by McEver et al. ' using 'Be, "C, and "Q
targets in a double-scattering experiment. These
authors concluded that a spin-olblt potential at
least 3 MeV deep was required to predict the ob-
served polarizations. In contrast„ theoretical
estimates based on simplified assumptions"' pre-
dicted the spin-orbit potential for mass-3 par-
ticles to be one-third as deep as for nucleons, or
about 2 MeV.

Now that beams of polarized helions' and tri-
tons~ are available, one can expect systematic
studies to shed new light on the spin dependence
of the optical potential. Qne such study has re-
cently been carried out by the Birmingham group,
which investigated the scattering of 33 MeV po-
larized helions from 'Be, "C (Ref. 6), "Mg, and
"Al (Ref. t). From the analysis of those data
with a standard optical model, the authors con-
cluded that the shape of the spin-orbit potential
could be determined unambiguously. From the
'Be and "C data a spin-orbit diffuseness param-
eter a„=0.16 was extracted. I'he radius was
found to be slightly larger than the radius of the
real potential. Although not given uniquely by
that analysis, the spin-orbit strength was com-
patible with the folding-model predictions. In the
"Mg and "Al case, both diffuseness (a„=0.2 fm)
and radius were found to be significantly smaller
than those of the real potential. V„was well de-
termined and a value of V„=2.30' MeV was select-

ed. The failure of the folding model was attributed
to the fact that the predicted potentials do not sat-
isfy the above geometry criteria.

Hardekopf, Peeser, and Keaton' demonstrated
that the folding model was not able to reproduce
the analyzing powers observed in the scattering
of 15-MeV polarized tritons by "Cr, "Ni, "Zr,
'"Sn, and "'Pb. In a preliminary analysis of the
data with a standard optical model, they obtained
reasonable fits with geometry parameters for the
spin-orbit potential close to those of the central
potential. While a change of +2 Me& in V„could
be nearly compensated by readjusting the depth of
the imaginary potential, the best fits resulted for
V„~6 MeV, indicating that the spin-orbit strength
for tritons is about as large as for nucleons.

Since one would expect similar results for both
mass-3 projectiles, the discrepancy between the
results obtained is intriguing. The fact that de-
formed light nuclei may not be suitable for optical-
model. studies certainly can limit the generality of
the helion-scattering results, but the differences
between the two investigations cannot be attributed
to such an effect without further investigation of
both helion and triton scattering. It is therefore
necessary to cover the same mass range with
both projectiles. Since the presently available
beams of polarized 'He and tritons do not cover
the same energy range, precise measurements at
the same energy are presently not possible. How-
ever, a comparison of earlier measurements of the
"C('He, 'He)"C (Ref l) and "C(t t)"C (Ref. 9)
scattering, both made with double-scattering ap-
paratus at 18 MeV, shows that the polarization
data agree almost point for point. Since the un-
certainties in the two experiments are comparable
and reasonably small in magnitude, the agree-
ment between the two sets of data implies, a p~jo~i,
that the spin-orbit potentials for 'He and tritons
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cannot be substantially different, at least at this
energy.

It was the purpose of the present work to extend
the Los Alamos investigation with polarized tri-
tons to the light target nuclei '8'e and "C for com-
parison with the polarized-helion results. Angular
distributions of the analyzing power and the cross
section were measured at triton energies of 15
and 1V Me&. In order to fulfill the requirements
of more sophisticated future analyses, the angu-
lar range covered by the measurements was also
extended to the backward direction.

II. EXPERIMENTAL METHOD

The beam was provided by the Los Alamos po-
larized triton source' and FN tandem Van de Graaff
accelerator. Intensities up to 60 nA of about 80/q

polarized tritons were available at the target.
SeLf-supporting targets of 1.S-mg em ' "C and

2-mg cm ' 'Be were mounted in a 60-cm cubical.
scattering chamber. " The detection system con, —

sisted of two pairs of counter telescopes 15' apa. rt
in the horizontal plane. 'The forward-angle pair
was equipped with 150-p, m AE a.nd 1500-p. m E sur-
face-barrier silicon detectors. For the baekward-
angle pair the thicknesses were 50 and 1000 p, m. By
changing the lab angle in steps of 2.5, the angular
range between 17.5 and 165'could be covered, many
points being measured twice. The angular resolu-
tion as defined by slits 3.33 mm wide and 11.4 mm
high was +0.4'. The detector position was set
remotely by the on-line computer to an aceuraey
of +0.02 . More details of the scattering chamber
and the beam collimation are given in Ref. 10.

The &E and E signals were preamplified in two
stages and after amplification sent to a mixer
coder. Coincident &E-E pulses were forwarded
with a routing pulse @rough analog-to-digitial con-
verters to the on-line computer where mass
identification was accomplished following the pro-
cedure described in Ref. 11. The peak-integration
routine allowed for linear background subtraction.
However, since in both experiments the spectra
were of high quality, background subtraction was
generally not necessary.

Measurements were performed at 15 and 17
MeV using the following method. With the counter
telescopes set at equal angles left and right of
the incident beam direction, runs of equal ac-
cumulated charge were taken for spin-up and
spin-down directions (perpendicular to the scat-
tering plane). The beam intensity was selected
so as to reduce the dead time below 2% and the
beam polarization was measured before and after
each spin-up and spin-down run using the quench-
ratio technique. '"

The geometric mean method" was used to extract
the cross section and analyzing power from the
four integrated peak sums. This method eliminates
all first-order errors in A., associated with instru-
mental asymmetries and alignment errors. The
analyzing power is given by

1 L-R
p L+R

and the unpolarized cross section o, is proportional
to

F=L+R,
where L and R are the following geometric means
of the integrated peak sums:

I.=[(left, spin up) (right, spin down)]' ',
R=[(right, spin up) (left, spin down)]' ',

and p is the beam polarization. The uncertainty
in the beam energy is estimated to be +10 keV
and the target half-thicknesses were about VO keV.

III. EXPERIMENTAL RESULTS

Angular distributions of the analyzing power A.,
and of the unpolarized differential cross section
were measured for 'Be and "C at triton lab ener-
gies of 15 and 17 MeV. The lab angular range
between 17.5' and 165'was covered in steps of
2.5'for most of the data. For "C at 15 MeV a
few measurements at intermediate a'ngles were
made around the strong negative peak of the angu-
lar distribution in the forward direction. The
angular distributions are shown in Figs. 1-4. The
data are available in tabular form from any of the
author' s."

The statistical error of the analyzing power
measurements is generally smaller than 0.01.
The beam polarization was seen to be nearly con-
stant during the course of the experiment, with
differences between two successive polarization
measurements generally smaller than 0.005.
Hence, the contribution of polarization fluctua-
tions to the relative error is sma. lier than 1/().

The error due to other random uncertainties such
as instability in the position of the beam is esti-
mated to be less than 0.005.

The scale error due to the uncertainty in the
absolute determination of the beam polarization
from the quench-ratio method is estimated to be
smaller than 2%.'

The relative error of the differential cross sec-
tion measurement is mainly due to statistical er-
rors and to the uncertainty arising from the set-
ting of limits for the peak integration and back-
ground subtraction (when this was necessary). In
some cases, .there is an additional error due to
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FIG. 1. The differential cross section and analyzing
power for ~Be(t, t)~Be elastic scattering at 15.0 Me7.
Relative errors are smaller than the plotting symbols.
The solid and dashed curves are optical-model fits to
the data, and are discussed in Sec. IV Bl.

electronic cutoffs on the low energy side of the
peaks which were overlooked during the experi-
ment. Therefore, a relative error of 3/p is as-
sumed for the present cross section data.

Since no attempt to measure absolute cross
sections was made in this experiment, the nor-
malization was done in the following way: If one
compares the present t+ "C measurements with
the previous results of Keaton et al,."at 16 and
20 Me V, one sees that the maximum value
of the cross section near 40' changes only
slightly with energy. The present results were
therefore normalized by interpolation to the re-
sults of Ref. 15. The accuracy of this normaliza-
tion is not expected to be better than 10-15 /p.

A rough normalization for the t+'Be measure-
ments was obtained by comparing the thickness
of the 'Be and "C targets. The normalization ob-
tained in this way was allowed to float during the
optical-model analysis discussed in the next sec-
tion. Since at both energies and for the potentials
accepted the normalization factor converged to
the same value, this value was used for the final

FIG. 2. The differential cross section and analyzing
power for ~Be(t, t)~Be elastic scattering at 17.0 MeV.
The relative errors in the data are smaller than the
plotting symbols. The solid and dashed curves are
optical-model fits to the data, and are discussed in
Sec. lVB2.

calibration of the t+'Be elastic cross section
showh on Fig. 1. The uncertainty of this calibra-
tion is estimated to be +15%.

Both 'Be+ t and "C+ t scattering show very
similar features in the forward hemisphere. The
cross sections change only slightly between the
two energies. The most difference is the ap-
pearance of a new structure at 8, = 60 for the
"C(t, f)"C scattering. The analyzing power for
both scattering processes displays positive values
at small angles, then a sharp negative peak fol-
lowed by 4 broad positive part of the angular dis-
tribution which evolves with a strong slope into a
negative minimum followed by a positive maxi-
mum. At larger angles both analyzing power and
cross section become more energy-dependent,
particularly A, for "C(t, t)"C. A noteworthy
feature of the analyzing power for the t+ "C
scattering is the large values of A, at several
energy-angle combinations where it almost equals

1 ~
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I IG. 3. The differential cross section and analyzing
power for ' C(t, t)' C elastic scattering at 15.0 MeV.
The relative errors are smaller than the plotting sym-
bols. The optical-model calculations indicated by the
smooth curves are discussed in Sec. IVB3.

PIG. 4. The differential cross section and analyzing
power for ' C{t, t)' C elastic scattering at 17.0 MeV.
Relative errors are smaller than the plotting symbols.
The optical-model fits indicated by the solid and dashed
curves are discussed in Sec. IV B4 of the text.

IV. OPTICAL-MODEL ANALYSIS

A, General description

From the measured energy dependence of both
observables, it appears that a standard optical-
model analysis would be successful in reproducing
the data in the forward hemisphere only, where
compound or multistep effects are believed to be
less important than at backward angles.

The I,ASL version of Schwandt's optical-model
code SIIOOFYS (Ref. 16) was used in this analysis.
A charge radius r, =1.3 fm was used, andin order
to reduce the number of free parameters and to
escape the problem of the continuous depth-radius
ambiguity, the radius r, of the real central poten-
tial was kept constant during the searches. In the
first stage of the search different groups of two to
four parameters were allowed to vary simultan-
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eously. Near a local minimum of.the error sur-
face the number of free parameters was increased
and for the final steps all parameters were
searched on simultaneously. Starting from po-
tentials found in the literature" or from reason-
able approximations (for example —parameters of
the helion potentials"') the fit to the cross section
was improved first; then both observables were
analyzed simultaneously. In this procedure it was
necessary to increase the relative weight of the
cross section and of parts of the angular distri-
bution for the. analyzing power according to which
structure one wanted to reproduce best. General-
ly, the weighting of the cross section was chosen
to get comparable contributions from both observ-
ables to the X' or to force the search to give a
satisfactory fit to the cross section too. Due to
this procedure, the total X' is not a convenient
measure of the overall fit to the data and the selec-
tion of solutions has to be based on visual inspec-
tion also. Another difficulty arises from the fact
that a minimum of the total y' may correspond to
the minimum of the y' for one observable (gen-
erally the analyzing power) only. The y' for the
other observable may even have a local maximum
at this solution. Therefore, the choice of a solu-
tion may be strongly dependent on the relative
weighting of the observables.

This difficulty in fitting both observables simul-
taneously illustrates the well-known fact that the
standard optical model is too crude a description
for scattering on light nuclei. In particular, the
imaginary potentials used are a poor description
of the absorption. While both volume and surface
absorption may give satisfactory fits when the
cross section alone is fitted, both forms of the
imaginary potential fail to give good reproduction
of the cross section if both observables are fitted
simultaneously. The surface absorption seems to
be slightly preferred, especially in the t+ "C case.

A few calculations were made using a combina-
tion of the two imaginary forms and were rejected
since the parameters converged toward unphysical
values. Due to the poor definition of the error
surface, and the strong correlation between the

parameters, the parameters found during the
searches may depend strongly on the starting
values and the technique used (selection of the
parameters searched on simultaneously, weight-
ing of the data, etc. ). Therefore, no unique solu-
tion could be found and the parameters corre-
sponding to a best fit for a particular case have a
very limited meaning. However, by covering large
parts of the parameter space one can strongly
restrict the range of parameter values giving ac-
ceptable fits to the data.

The data analyzed cover the angular range up to
8, = 100' for the I;+ "C scattering and up to 8,
=110 in the t+'Be case.

For both nuclei, the analysis was first performed
at the higher energy. The potentials giving satis-
factory fits at 17 MeV were then used as starting
values for the analysis of the 15-MeV data.

For the t + "C case, the radius of the real cen-
tral potential was set at 1.2 fm, a value which

. has proven satisfactory in previous triton optical-
potential work. " Investigations with other values
of x, showed that, within reasonable limits, this
parameter had little influence on the results of
the analysis. In the I;+'Be case, the value x,
=1.3 fm was found to give a better fit to the cross
section. But here too, the conclusions about the
spin-orbit potential are not substantially changed
by other reasonable choices of ~,.

While some exploratory (and unsuccessful)
searches were performed with real potential
depths around 50 MeV for the "C(f, f)"C scatter-
ing at 17 MeV, the present analysis is limited to
real potential depths around three times the nu-
cleon-nucleus potential depth.

8. Results and d&scussjon

1. Be(t,t) Be at E, = 15 Ne V

Two fits to the cross section and the analyzing
power for the 'Be(t, f)'Be scattering at 15 MeV are
shown in Fig. 1. The corresponding potentials are
given in Table I. The fit with the potential BA15
(volume absorption) is indicated by the solid line.
The fit to the cross section is rather poor, par-

TABLE I. Optical-model parameters for Be(g, t)~Be scattering.

Energy
(MeV) Set ao WD aw v,. +so &so

15.0

17.0

BA15
BB15
BA 17
BB17

142.78
137.95
139.66
137.82

0.416 34.27
0.542
0.826
0.650

1.276 0.952
22.00 1.517 0.614
39.87 1.772 0.405
43.22 1.515 0.502

9.00 1.623
7.00 1.517

12.29 1.605
4.00 2.051

0.448
0.563
0.436
0.244
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ticularly beyond 8, = 70' where the second maxi-
mum of the cross section is not reproduced. The
fit to the analyzing power is better. However, the
maxima and minima are not reproduced closely'.
A slightly better fit to the polarization data be-
tween 45' and 60' may only be achieved by a po-
tential with V„=14 MeV. In this case, the re-
maining parameters are very close to the set
BA15. The influence on. the cross section is very
small, with a slight improvement of the quality
of the fit around 45'. More than indicating the
need for a very deep spin-orbit potential, this
fact illustrates the lack of sensitivity of the data
to V„ for values above 6 MeV.

The broken line corresponds to the parameter
set BB15 (surface absorption). With this set, the
fit to the cross section is definitely improved;
however, the calculated analyzing power is not in
good agreement with the data. For smaller V„,
the absolute values of the analyzing power become
smaller; therefore, V„may not be much smaller
than given by BB15.

2. 98e(Pt)~Be at E, =17NeV

Two sets of parameters for the surface absorp-
tion potential found at this energy are given in
Table I. The fits are sho~n in Fig. 2. 'The solid
line corresponds to potential BA1V, characterized
by a rather large V„. The fit to the cross section
is good up to 100', at which angle a strong nega-
tive peak is displayed by the calculation but not by
the data. The analyzing power is well reproduced
above 40'. Potentials reproducing the data at
forward angles do not fit the maximum at 60'.

The broken line corresponds to potential BB1V of
Table I. This potential has a shallower spin-orbit
well (V„=4.00 MeV) with a, small diffuseness (a„
=0.244 fm). The fit to the cross section at larger
angles is improved, but the analyzing power is not
reproduced correc'tly. The overly large predicted
values at 90' seem to characterize spin-orbit po-
tentials with small diffuseness, whereas the too
small value at 60' is found for all calculations

using a small V„.
Due to the similarity of the data analyzed at 15

and 17 MeV one would expect a high degree of
consistency between the parameters found at both
energies. This was only partially the case for the
accepted parameter sets BB15 arid BA17. The
diffuseness parameters have quite different values
in the two cases. The two sets illustrate a be-
havior frequently observed during the searches.
As the diffuseness parameters moved away from

'

about 0.6 +0.1 fm, two of them converged to higher
(lower) values, generally quite close together, and
the third one took on smaller (larger) values. On
the other hand, the differences in the depths and
diffuseness of the imaginary potential may be
partially explained by a continuous WD-a~ am-
biguity.

Both the imaginary potential and the spin-orbit
potential are peaked at a distance largex than the'
radius of the real central potential. A precise
determination of V„appears to be impossible in
this case, mainly because of a strong correlation
with the imaginary potential parameters which are
themselves poorly defined. However, the follow-
ing conclusions can be drawn from the analysis of
the 'Be(t, f)'Be data: (1) potentials with V„&6
Me& are unable to reproduce the analyzing powers,
and (2) the searches performed with "small" spin-
orbit geometry were unsuccessful.

C(t, t) CatE, = J5 Ne V

The solid curves in Fig. 3 are calculations using
the parameter set CA15 (Table ll). This param-
eter set was obtained by increasing the weights
for data near 45' and 60', thus forcing the optical-
model search code to fit these points. Evidently,
the potential. CA15 doe,s not fit the data at 90' and
beyond. The dotted curves show a fit obtained by
overweighting the data near 80', thus forcing the
calculation to reproduce the oscillation at that
point. However, this calculation fails to repro-
duce the angular distributions between 30' and

TABLE II. Optical-model parameters for C(t, t) C scattering.

Energy
(MeV)

15.0
17.0

Cg 15 128.50 0.713
CQ 17 132.59 0.640
CB17 121.98 0.795

9.07
12.61
13.03

1.297
1.371
1.462

0.944 7.03 1.000
0.784 11.08 1.470
0.745 15.35 1.425

0.516
0.621
0.195
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70, and optical-model parameter s for it are there-
fore not listed in Table II. This bias in favor of the
60' polarization data leads to difficulties in fitting
the cross section data. The appearance of a sharp
dip, rather than a shoulder, in the cross section
calculation around 60' is typical of the problem.
However, if one does not bias the fit in this way,
the predicted analyzing powers are too small and
the calculated cross section, does not reproduce
the structure at 60', either.

In partlculary the VRlue of '7 18 sensltlve to the
relative weighting of the cross section and analyz-
ing power. If the cross section data are accorded
a greater relative weight, the value of x„ in pa-.
rameter set CA15 is appropriate. But, if a better
fit to the analyzing power is required, the value
of r„must be increased to approximately 1.6 frn.

4. 2C(t, t)J2C ut 17PIe V

Two fits with conventional spin-orbit geometry
(solid line; set CAID of Table II) and small spin-
orbit geometry (broken line, Set CBI I of Table
II) are shown in Fig. 4. It was necessary to bias
the fit in favor of the data around 60' in order to
reproduce this structure. 'The effect on the cross
section is the same as previously discussed (Sec.
IVB3). The parameter set CA17 is characterized
by a fairly large value of V„. If the requirement
of closely fitting the 60' structure of the analyzing
power is relaxed, the fit to the data around 45'
becomes much better and V„reduces to values
about 6 to 8 MeV. For searches with V„ forced
to values smaller than 5 MeV the calculated ana-

, lyzing power becomes too small around 45'.
'The calculations with small spin-orbit geoxnetry

{broken line) require an even larger value for V„.
The strong positive peak-at 30' may be suppressed
by reducing the radius of the imaginary part of
the potential to a small and probably unphysical
value of 0.3 fm. Further investigations with shal-
low spin-orbit potentials (V„=2-3 MeV) were not
able to reproduce the data around 45'. In calcula-
tions with small V„, one sees peaks near 30' and
50', separated by a valley whose minimum value ap-
proaches zero. The general shape of the curve is
similar to the broken line in Fig. 4. Therefore,
regardless of the choice of V„, potentials with
small spin-orbit geometry are not able to repro-
duce the "C(t, t)"C data in the energy and angular
range investigated.

V. CONCLUSION

The elastic scattering of polarized tritons on
'Be and "C has been experimentally investigated
at 15 and 17 MeU for a large angular range. %'hile
only modest differences in the observables between

the two energies are seen in the forward direction,
the data at large angles show important changes
between 15 and 17 Me& particularly in the E + "C
case. Because of this strong energy dependence,
and because compound-nucleus effects were not
considered in our analysis, one expects the stan-
dard optical-model calculations to produce accept-
able fits to the data only in the forward hemis-
phere. Hence, the optical-model parameter sets
given in Tables I and II should be viewed as first
approximations to the elastic-scattering potentials.
In that sense, the present analysis has produced

'
acceptable parametrizations of the data.

The extraction of the spin-orbit potential param-
eters is made extremely difficult by the strong
correlation between the parameters of the spin-
orbit and the central. potentials. The absorption
seems not to be accurately determined by our
analysis. Since the extracted parameters depend
strongly on the way the d'ata are weighted in the
analysis and since the error surface appears to be
only poorly defined, no unique solution could be found.
Nevertheless, from the trends observed in the
optical-model analysis and from the parameter
sets which fit the data satisfactorily at forward
angles, we are led to the following conclusions
about the triton spin-orbit potentiR1:

(1) The radius is close to or 0.2-0.3 fm larger
than the radius of the central potential, indicating
a peaking of the spin-orbit potential slightly out-
side the nuclear surface.
(2) The diffuseness is close to or smaller than the
diffuseness of the central potential, the lower limit
beXQg about 0.4 fm.
(3) The depth is larger than 5 Melt, an acceptable
mean value being 8 MeV.

The numerous searches performed to find spin-
orbit potentials with small V„and/or a„were
unsuccessful.

'These conclusions are in agreement with those
of a previous study of triton elastic scattering
from targets with A ~ 52 (Ref. 8), but disagree
with a recently published analysis of polarized
helion scattering from 'Be and, "C at higher en-
ergies. ' Whether the different results obtained
from triton and helion scattering arise from
isospin effects or from the substantial difference
1Q bombarding eQex"gles ean pos81bly be Rseex'-
tained by further study and experiment. One
promising approach would be to compare results
of polarized triton and polarized helion scattering
from the same but heavier targets. The data of
Ref. 8 Rnd a more complete investigation of triton
scattering from nuclei with A ~ 40, now being per-
formed at I,os Alamos, may serve as a beginning
for such an investigation. Ideally, of course, the
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availability of polarized mass-3 particle beams
at the same energies would make possible a more
adequate comparison of scattering and reactions
induced by polarized helions and tritons.

The validity of the present analysis is limited
by the use of light and deformed nuclei as targets.
Moreover, the difficulties of simultaneously ana-
lyzing cross sections and analyzing powers may
argue a cautious reading of the optical-model re-
sults. However, the general agreement between
analyses with light and heavy target nuclei en-
courages the use of conventional spin-orbit geo-

metry for the description of triton scattering. A
precise determination of the depth of the spin-
orbit potential, however, can only be reached
through a systematic investigation with heavy tar-
get nuclei, where some of the difficulties en-
countered with light target nuclei are not present.

The authors wish to thank Judith Gursky for the
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his technical assistance with the polarized triton
source.
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