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Differential cross sections 0.0(0) and angular distributions of the vector analyzing power

iT»(0) have been measured for the processes 'He(d, d)'He and 'He(d, p) He from 15 to
40 MeV in intervals of 5 MeV. Data were obtained typically at 25 to 35 angles. In both

reactions the angular distributions of the observables, expanded in terms of Legendre po-

lynomials, clearly show structure near 20 and 35 MeV. In addition, an optical model fit

to the elastic scattering data was used in an attempt at a distorted-wave Born approxima-

tion analysis of the reaction data.

NUCLEAR REACTIONS He(d, d) He, He(d, p) He, Ed —14.6 to
39.9 MeV. measured vector analyzing power iTi~(Ed, 0) and cross sec-

tion o0(Ed, O). Optical model and DWBA analysis.

I. INTRODUCTION

The mass-five system has been the object of
numerous experimental and theoretical studies in
the past several years. ' The availability of polar-
ized deuteron beams and polarized He targets has
allowed a detailed experimental study of the sys-
tems d + H (Refs. 4 and 5) and d + He (Refs. 6
and 7) as well as d+ He (Refs. 8—10) and
d+ He (Ref. 11). Measurements of the polariza-
tion of the outgoing nucleon' ' and polarization
transfer experiments H(d, n) He and He(d, p) He
have also been carried out at several ener-

gies. ' ' Recently, sources of polarized tritons
and He particles have become operational, consid-
erably broadening the range of investigations.
With measurements of all these observables avail-

able, complete experiments are a distinct possibili-

ty. ' In addition, precise phase-shift analyses of
nucleon-"He elastic scattering ' up to 55 MeV
and a variety of other nuclear reactions have'pro-
vided detailed information on the intermediate sys-
tem over a wide range of excitation energies. On
the theoretical side microscopic calculations, using
a cluster approach, have been very successful in

providing new insights into the structure of the
five-nucleon system and the processes in which it is
formed

The He(d, p) He reaction is a particularly suit-

able process for both theoretical and experimental
investigations. Its spin structure is already quite
complex, but polarized beams or targets can be

prepared for all reactants with spin, making a large
number of observables available for a detailed com-
parison of theory and experiment. The present
work extends the range of vector polarization stud-
ies of the processes He(d, d) He and He(d, p)4He
from 15 to 40 MeV in 5 MeV intervals. Complete
differential cross sections oo(8) and angular distri-
butions of the vector analyzing power iT~&(9) have
been measured at all energies. Cross sections and
angular distributions of polarization for both
processes were analyzed in terms of Legendre poly-
nomials. The resulting coefficients were investigat-
ed for energy-dependent features such as those
predicted by some analyses and models. ' In
addition, the elastic scattering data were fitted with
an optical model code, while the reaction data were

parametrized by distorted-wave Born approxima-
tion (DWBA) calculations.
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II. EXPERIMENTAL ARRANGEMENT

A purely vector polarized beam of the Berkeley
88-inch cyclotron impinged on a He gas target in
a 91-cm scattering chamber. The beam polariza-
tloII was IIlollltorcd lI1 a Hc(d, d) Hc polarlIIlctcl
located further downstream. Typically, about 80%
of the maximum possible value (Pz ———,) was found,

using a calibration published earlier. Buring a.

run the polarization usually remained constant to
within 0.01.

The detection system consisted of three detector
arrangements mounted 10' apart on each side of
the beam. At the most forward angle an E-AE
telescope allowed the simultaneous identification of
He and He recoils from the He(d, d) He and
He(d, p) He processes, respectively. The second

system consisted of two detectors to measure the
deuteron and proton spectra separately, using ap-
propriate aluminum absorbers to separated deu-
terons from He particles. The third system was a
single detector with an absorber thick enough to
stop all reaction partners except protons. Two
fixed detectors, set at 0=22' and placed at +7'
with respect to the normal to the scattering plane,
provided a relative normalization between individu-
al runs. At each energy a run with an unpolarized
beam provided an absolute measurement of the
cross sections and thus allowed a calibration of the
monitors.

The peaks in the spectra at the lower energies
were usually very well separated, allowing straight-
forward summation over the peaks. Background
substraction was needed with increasing energy,
predominantly at forward angles. For those spec-
tra, a smoothly varying function was used to
represent the background, which was generally
small, relatively to the peaks of interest in that an-

gular region of large cross sections. Dead time
corrections were applied, amounting to several per-
cent for some of the forward angle data. The sys-
tematic errors of the cross sections for both
processes are estimated to be less than 10%.
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discrepancy in the dip near c.rn. angles of
100 —110'.

The cross sections of the He(d, p) He reaction
presented here are systematically lower than those
of King and Smythe and those derived from mea-
surements of the inverse reaction at 35 MeV.
However, there is good agreement with other
cross-section values at 25 MeV, arid both observ-
ables join smoothly to values at lower energies
(Figs. 3 and 4) measured by the Ziirich group. '

The present data, sum. marized in Figs. 5 and 6,
show few and only gradual changes in the angular
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FIG. 1. Comparison of the present cross-section data
for the He(d, d) He reaction at 14.6 MeV laboratory
energy (6) with the data of Konig et al. at 11.5 MeV
(H, Ref. 34) and King and Smythe at 12.0 MeV
( '=, R.f. 35).

III. RESU'I.T5
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The present data for elastic scattering are in sa-
tisfactory agreement with measurements of cross
sections and vector analyzing power ' at lower
energies (Figs. 1 and 2). At comparable energies
the cross sections agree well with available
data except at 39.2 MeV, where there is a
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FIG. 2. Comparison of the present vector analyzing
power data for the 'He(Z, d)'He reaction at 14.6 MeV
() with the data of Konig et al. (H, Ref. 34) at 11.5
MeV.
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IV. ANALYSIS

A. Discussion of the Legendre polynomial fits

Both the cross sections op(8) and the quantities
C[[(8)= —2iT[[(8)op(8), derived from the vector
analyzing power, were parametrized by expansions
in terms of appropriate Legendre polynomials.
The normalized expansion coefHcients dpp(L) and

d[[(L) are then given by

distributions of both observables. The vector
analyzing power reaches relatively large fractions
of the maximum possible values (iT» ——+ —,t 3),
mostly at rear angles for elastic scattering but at
forward angles for the proton reaction. In the
latter the angular distribution of iT&&, which is
essentially antisymmetric with regard to 90' at 11.5
MeV and below (Refs. 7 and 41, and Fig. 4),
changes to a more symmetric appearance between
20 and 30 MeV. The elastic scattering data, on the
other hand, show little change over the entire re-

gion.
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FIG. 4. Comparison of the vector analyzing power
data at 14.6 MeV laboratory energy (, present work)
with the data of Griiebler et al. (Ref. 41) at 11.5 MeV
(U) and Klinger et al. (Ref. 42) at 13.0 MeV ()&).
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FIG. 3. Comparison of the present cross section data
for the He(d, p) He reaction at 14.6 MeV laboratory
energy (6) with the data of Griiebler et al. at 11.5 MeV
(6, Ref. '41) and King and Smythe at 12.0 MeV (

Ref. 35).

4m
op(8) =gdpp(L )PL p(cos8)

L+tot

4~
op(8)[ —2iT[[(8)]=gd [[(L)PI [(cos8) .

~tot L

The maximum degree Lm of the polynomials
used was determined in the usual manner, except

.in cases where a generally nonzero coefficient
crosses zero as a function of energy. In these cir-
cumstances that particular coefficient was also al-

lowed to vary freely. The values of maximum de-

gree Lm, determined in this manner, varied be-

tween 8 and 12. With 25 to 35 data points per an-

gular distribution, the resulting degrees of freedom
of the fits were sufficiently large for a reliable
determination of the coefficients. In Figs. 7 and 8

they are given for He(d, d) He elastic scattering
and in Figs. 9 and 10 for the 'He(d, p) He reaction.
The resulting fits are shown as the solid lines in

Figs. 5 and 6, while the total cross sections derived
from the analysis are given in Fig. 11 and Table I.
The values of the coe%cients for the He(d, p) He
reaction below 11.5 MeV were taken from the work
of the Zurich group. Mostly, they establish a
trend leading directly to the values presented here.

The cross section op(8) for elastic scattering of
the deuterons shows a strong energy-dependent
structure of the coeAicients dpp(L) near 35 MeV
and a weaker one near 20 MeV (Fig. 7). While al-

most all coefficients are strongly affected at the
higher energy, the structure near 20 MeV shows
best in the coefficients of higher degree L. A simi-

lar situation obtains for the cross section of the
He(d, p)~He reaction (Fig. 9). The structure at

higher energies, however, is not nearly as dom-

inant, while the one at the lower energy affects
again all coefficients.

The expansion coeAicients d[[(L) show quite
generally less structure. In elastic scattering (Fig.
8) they are small and do not vary strongly with en-

ergy, although they show perturbations near both
20 and 35 MeV. In the He(d, p)"He reaction, al-

most no corresponding structure can be discerned
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FIG. 5. Angular distributions of the cross section and the vector analyzing power iT~~ for the He(d, d)'He reaction

between 14.6 and 40 MeV laboratory energy. The squares represent the angles measured using the recoil 'He particles.

The symbol is larger than the statistical error when no error bars are shown. The sohd lines are the best Legendre po-

lynomial fits.

at 35 MeV, while the one at 20 MeV is very weak
(Fig. 10). In this process, however, the main ener-

gy dependent features are shown by the coefficients
d~~(1) and d&~(2). At low energies the L =2 term

is large and dominates all others. As the energy
increases toward 20 MeV, it goes to small values,
while the initially unimportant I. =1 coefficient be-
comes large enough to determine the gross struc-
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FIG. 8. The parameters d»(L) of the Legendre poly-
nomial expansion corresponding to the fits shown in Fig.
5 for the He(d, d) He data. Uncertainties larger than
the size of a symbol are shown. The solid lines are
drawn by hand to guide the eye.
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lead to contributions to the odd L coeAicients.
The predominance of the coefHcients d ~~(2) thus

supports the result of calculations by Heiss and
Hackenbroich, which leads to strong interference
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that the interference term must satisfy the condi-
tion l&+l2+L = even. Therefore, the even L
terms involve combinations of reaction matrix ele-

ments with equal parity, while opposite parities
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FIG. 7. The parameters d0O(L) of the Legendre poly-
nomial expansion corresponding to the fits shown in Fig.
5 for He(d, d)'He scattering, When no error bars are
shown, the uncertainties of the fits are larger than the
symbol. The solid lines are drawn by hand to guide the
eye.
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FIG. 9. The parameters doo(L) for the He(d, p) He
data of Fig. 6. The values of the coefficients below 12
MeV were taken from Ref. 41.
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TABLE I. Total cross section values for the
He(d, d) He reaction.
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FIG. 10. The parameters dl~(L) for the He(d, p} He
data of Fig. 6. The values of the coefficients below 12
MeV were taken from Ref. 41.
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B. Optical model fit of 'He(d, d)'He

It has been pointed out that the similarity of
deuteron scattering from He and He above E& —8

terms between members of a quartet of d-wave res-
onances. Further experimental evidence is supplied
by two recent analyses of the reaction. ' ' Corre-
spondingly, the rise in importance of the L =1
coefficient with increasing energy is due to terms
involving matrix elements of opposite parity, such
as the d-wave amplitudes and large f wave —, -

state proposed at deuteron energies above 11.5
MeV. A further preliminary analysis along such
lines must await the measurement of the analyz-

ing power for deuteron tensor polarization.

(MeV)
~ToI~4~

(mb)

14.62
19.69
24.89
30.02
34.92
39.95

80.4+0.4
75.0+0.9
66.1+1.3
61.2+0.8
47.3+0.4
37.6+0.2

V„,„(r)= Vc(rc) —Vi(r„,a„) i Wf(r—„a,)

+~~ WDaw
d

f(rw, ae )
lT

( V„+iW„) f(r„,a„)—I —s,1 d
8I"

with

f(r;,a;)= 1+exp—(r rA'r )—
ag

MeV points to a predominance of potential scatter-
ing and indicates only a weak dependence of the
interaction on the spin of the target. Good optical
model fits have been obtained between 10 and 14
MeV, using a very small tensor interaction, a spin-
orbit term, and a surface absorption. Consequent-

ly, the standard optical model potential was used
here in the form

1 I I I I I I I
I

I I I I I
I I I 1

He (d, p) He

E

b p

I I i & t I i i i i I i i i ) I

I 0 20 30 40
E { MeV)

FIG. 11. Total cross section uT/4m for the
He(d, p) He reaction from the Legendre polynomial ex-

pansion analysis. The low energy results are taken from
Ref. 41. The dots are larger than the uncertainties of
the fits.

The optical model fits were obtained by using the
code MAGALI.

Starting values for the analyses were obtained by
an inspection of previous analyses of deuteron
scattering from light nuclei. " ' During the intitial
runs it became apparent that both absorption terms
8' and 8'„could indeed be set to zero without ap-
preciably affecting the fits. Also, automatic
searches were only successful if the surface diAuse-

ness parameters a and a„were kept constant un-

til a fit was nearly obtained. Since average op-
timum values of a =0.35 fm and a„=0.30 fm
were found in grid searches throughout the energy
range, they were always kept constant. This pro-
cedure resulted in the parameter set A of Table II.
The resulting fits are given in Figs. 12 and 13
(solid lines). In order to get fits somewhat closer
to the data at 35 and 40 MeV, it was necessary to
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TABLE II. Potential parameters for d-'He elastic scattering. '

V V„ rso Qw &So

- SetA
15
20
25
30
35
40

52.7
55.1

54.7
57.0
33.6
33.1

2'.51
3.36
5.68
5.94
4.17
3.77

0.99
2.75
5.38
5.16
3.79
4.70

1.62
1.62
1.62
1.62
1.62
1.62

1.703
1.703
1.703
1.703
3.47
3.38

1.62
1.62
1.62
1.62
1.62
1.62

0.42
0.42
0.42
0.42
0.42
0.42

0.35
0.35
0.35
0.35
0.35
0.35

0.3
0.3
0.3
0.3
0.3
0.3

Set B
15
20
25
30
35
40

160.9
160.3
159.6
169.1
160.1
155.5

2.82
3.46
4.11
3.72
6.03
5.15

2.14
7.79
8.15
8.56

10.70
10.07

1.6
1.6
1.6
1.6
1.7
1.7

2.6
2.6
2.6
2.6
3.0
3.0

2.0
2.0
2.0
2.0
1.7
1.7

0.317
0.317
0.317
0.317
0.25
0.25

0.317
0.317
0.317
0.317
0.317
0.317

0.317
0.317
0.317
0.317
0.25
0.25

Set C
15
20
25
30

176.0
200.6
203.1

215.4

3.49
4.17
5.23
6.28

3.25
4.97
446
2.67

1.4
1.3
1.3
1.3

2.4
2.4
2.4
2.2

1.8
1.8
1.8
1.8

0.5
0.5
0.5
0.4

0.317
0.317
0.317
0.317

0.317
0.317
0.317
0.317

Set D
15
20
25

. 30

171.9
208.0
206.6
238.6

3.53
4.04
5.20
6.01

4.56
5.12
4.77
2.50

1.417
1.265
1.284
1.178

2.688
2.399
2.393
2.332

1.868
1.820
1.765
1.739

0.5
0.5
0.5
0.4

0.317
0.317
0.317
0.317

0.317
0.317
0.317
0.317

'All energies are given in MeV and lengths in fm.

use values for rN quite different from the optimum
average found for the lower energies. All other
geometric parameters were kept the same at all en-

ergies; even so, the potential strengths W~ and V„
vary strongly with energy. A search on more free
parameters would give a better fit at each energy
but the parameters a and r would be fairly different
from one set of data to another. For each set of
parameters of Table II, the values were first varied
to obtain the best fit for the 14.6 MeV data. Then
those values became the starting values at the next
higher energy. The procedure was subsequently re-

peated throughout the energy range.
Starting values based on averaged parameters

from previous analysis on light nuclei and more.
like the parameters obtained from another lower-
energy analysis made to represent the d- He
scattering in a study of the He(p, d) He reaction
led to set 8 of Table II. In this case it was at-
tempted to keep all diffuseness values more or less

the same instead of the radius values (set A).
Again, some parameters changed considerably
above 30 MeV. However, the potential strengths
changed in a less drastic way, when some
geometric parameters were allowed to deviate
strongly from their values at lower energy. Figures
12 and 13 show those fits as dashed lines. For the
data up to 30 MeV, two other calculated curves are
presented. The set C, generated from set 8 with
smaller constant radii, leads to fits, in general,
quite different from those originating from sets 3
and 8. The set D, found by searching on radius
values and potential strengths of set C, is not very
different and the radii exhibit a variation with en-

ergy which is to be expected.
The three first sets of Table II represent distinct

families based on different values of the product
V(r„)" with n=2 The resultin. g fits display vari-
ous features for each group of parameters, as can
be seen in Figs. 12 and 13.



24 CROSS SECTION AND VECTOR ANALYZING POWER iTii OF 2429

I

He (d

I

3
I

He(d d) He

2
t

0

0.5

0

0.5

0

0.5

0

10
50 60 90 120 150 180

6, (deg )

FIG. 12. Optical model fits of the cross section for
the 'He(d, d)'He scattering data between 14.6 and 40
MeV. The solid lines correspond to fits of set 3 (Table
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C. DWSA analysis of the 3He(d, p) He reaction
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In the past, several analyses have been carried
out on the He(d, p) He reaction. Diffraction and
plane-wave Born approximation (PWBA) theories
have been used at different energies ' around

E~ =47 MeV in the laboratory, but sophisticated
PWBA theories were not appreciably more success-
ful in representing the angular distributions. The
need of a lower cutoff in the radial overlap in-

tegrals to achieve reasonably good agreement was a
common conclusion drawn from investigations
with P%'BA theory. ' A sensitivity to the lower
cutoff radius was observed in the case of the

0
I I

50 60 90 l20 l50 IB0

~ c.m.(d~g)
FIG. 13. Same as Fig. 12, but for the vector analyz-

ing power data iTil.

DWBA approach. A fairly good DWBA
representation has been obtained without a cutoff
radius, but it was pointed out by the authors that
the interpretation of the optical model parameters
was ambiguous for both incident and exit channels.
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In the present calculations, the code 0%HA
has been used to obtain cross-section and vector
analyzing-power angular distributions with the op-
tical model parameters from Table II in the en-

trance channel and from an optical model
analysis of proton scattering on He between 31
and 55 MeV. In the case of the proton channel,
parameters corresponding to the closest c.m. ener-

gy have been chosen for each incident energy. Cal-
culations in the zero range approximation (solid
lines), with a finite range correction of 1.25 fm
(dashed-dotted lines) and with a cutoff radius of 3
fm (dashed lines) are presented in Figs. 14 and 15.
The computed curves are scaled as provided by the
code, assuming a spectroscopic factor of 1.0. The
different corrections applied do not change the gen-
eral trend of the curves by much. The differential
cross section tends, in general, to look more like
the data at higher energy. Contrary to other calcu-
lations, the d- He optical model parameters
currently used allow us to obtain computed curves
with the general shape of the data, although a cut-
off radius is not used. This is true for the cross
section data above 20 MeV (Fig. 14). In fact, the
data points do not show the deep minima charac-
teristic of a cutoff radius. ' On the other hand,
the corresponding analyzing power calculations
(Fig. 15) show variations which are much too pro-
nounced when compared to the data. The negative
maximum at forward angles is well reproduced
below 30 MeV, while the general shapes change
around 30 MeV and a positive maximum at back
angles is too large to reproduce the slight max-
inurn found experimentally.

A finite range correction changes the computed
curves very little, as shown in Figs. 14 and 15.
Taking into account nonlocal effects does not affect
the calculated angular distributions appreciably.
However, changing the optical model parameters in
the entrance channel does affect the shape of the
curves quite seriously. As seen in Figs. 16 and 17,
calculations at 15 and 30 MeV in the zero range,
approximation with set A in the entrance channel
(dotted lines) look very different from results with
set 8 (solid lines). Above 20 MeV, set A is not
able to reproduce the back angle increase in the
cross section. Nevertheless, set C calculations

FIG. 14. DWBA calculations for the 'He(d, p)"He cross sections with parameters of set 8 for the deuteron channel
and from Ref. 48 for the proton channel. The solid lines were obtained in the zero range approximation, dashed-dotted
lines, with a finite range correction of 1.25 fm, and dashed lines, with a cutoff radius of 3.0 fm.
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FIG. 16. DWBA calculations in zero range approxi-
mation with parameters of set 8 (solid lines), set 3 (dot-
ted lines), and set C (dashed-dotted lines); the dashed
line at 30 MeV is obtained with set 8 (d channel) and

parameters (p channel) from Sawada et al. (Ref. 46).
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FIG. 15. Same as Fig. 14, but for the vector
analyzing-power data iT».

by Sawada et al. ; they show a limited influence of
the parameters in the p channel. Finally, other cal-
culations, not shown here, were made using the
parameters from Thompson et a/. " in the p- He
channel and different deuteron parameters. Wheth-
er made with finite range or nonlocality corrections
or not, they gave results similar to those of Figs.
14 and 15 (set 8) when the parameters of Sagle " in

the d- He channel are used and to those of Figs. 16
and 17 (dotted lines, set 3) for the parameters of
Lyorshin et al. in the entrance channel. Thus,
the deuteron parameters are again clearly separated
into two categories; one family with V-50 MeV
and one with V-150—200 MeV.

(dashed-dotted lines), obtained in the zero range
approximation, exhibit little change in the general
shapes of the curves. The dashed lines at 30 MeV,
are zero range calculations provided by set 8 in the
deuteron channel and by the p- He parameters used

V. CONCLUSION

Some interesting features have been observed in
the energy variations of the coefficients dao(L) and
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d &&(L) obtained by a Legendre polynomial expan-
sion of data on the He(d, d) He and He(d, p) He
reactions. First, most of the coefficients show
structures around 20 MeV and near 35 MeV deu-

teron energy with the exception of d &~(L) of the
He(d, p) He reaction. Second, the coefficient

d~~(2) of the He(d, p) He reaction is predominant
at low energies, but with increasing energy the
L =1 term becomes prevalent. This observation
can be taken as a corroboration of the results of
previous work, ' ' in which the presence of an f
wave —, state in the Li system and the impor-
tance of the d-wave amplitudes was postulated.

Although the optical model analysis of the
He(d, d) He elastic scattering between 15 and 40

MeV can give only a poor picture of the data at
some energies, it seems to support the results of the
Legendre polynomial analysis, since the optical
model parameters (Table II) show a clear tendency
for rapid change around 20 —25 MeV and particu-
larly at 35 MeV. However, an optical model
analysis would be more conclusive if performed on
a complete set of data using also a tensor polarized
deuteron beam. It should be noted that such mea-

surements are also needed to reach more definite
conclusions on the Li system from an analysis of
Legendre polynomial coefficients.

In general, the present fit to the angular distribu-
tion of the process He(d, p) He in the DWBA
framework leads to the same conclusions as previ-
ous analyses. So, as pointed out in one of them,
the rise in the experimental differential cross sec-
tion at back angles is reproduced by the calculated
curves, even if only the single-particle pickup pro-
cess is taken into account. The effect of introduc-
ing a cutoff radius is important and seems to be
needed. The same holds, but to a lesser extent,
with the optical model parameters provided by the
d- He elastic scattering analysis of Sec. IV B.

In fact, the usual way of accounting for nonlocal
effects in DWBA calculations is not appropriate
for reactions involving light nuclei. ' ' The contri-
bution from the interior region must be dampened
more strongly by the use of a cutoff radius. As
suggested by Glendenning, further investigations
of such a reaction might provide a better agree-
ment with the data, if they were based on the adia-
batic model for the deuteron optical potential, ' a
procedure already used in a few cases. "

Finally, the calculations shown here allow
discrimination between the different sets of optical
model parameters for the d- He channel. Set A of
Table II, or parameters of the same family such as
those from the work of Lyovshin et al. , have to
be excluded on the basis of the general shape of the
differential cross sections (Fig. 16). In fact, this
conclusion is only to be expected in view of the
values of the parameters V, rv, and r~. Usually,
the depth of the deuteron potential V is about
twice that of the nucleon potential (-2X 50 MeV)
or more, while r~ is greater than rz by about
40%.
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