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The effects of specific distortion in the channel spin 2 state of the d+ He system are considered

by including in the resonating-group formulation inelastic channels involving deuteron pseudo-
states. The result shows that, because of the high compressibility of the deuteron cluster, these ef-
fects are quite important in the 1=0 configuration. %ith specific distortion taken into account, it is
found that a satisfactory explanation of the experimental data on d+ 'He resonance state and
scattering angular distributions can be achieved.

I. INTRODUCTION

In a previous publication, ' hereafter referred to as CTT,
specific distortion effects in the charinel spin s = —, state
of the d+. He (or d+ H) system were examined by per-
forming a coupled-channel calculation involving both
d+ He and p+ a cluster configurations. The results
showed that, because of the high compressibility of the
deuteron cluster, these effects are quite important. In par-
ticular, it was found that the d+ He phase shifts ob-
tained in the coupled-channel study differ appreciably
from those obtained in a single-configuration calculation.

There exists, however, an undesirable feature in the
CTT investigation. For the purpose of simplifying the
calculation, specific distortion effects in the channel spin
s = —, state have not been explicitly considered. As a re-
sult, it became necessary to perform the calculation by
adopting an effective nucleon-nucleon potential in the
s = —, state which is substantially stronger than that in the
s = —, state. This is clearly an unsatisfactory procedure,
considering the fact that the deuteron cluster has been
shown to be easily distortable. ' In this investigation, our
purpose is to correct this defect by taking specific distor-
tion effects in the s = —, state explicitly into account.
This will be achieved by introducing inelastic channels in-
volving cluster pseudo-states, as has been done in recent
studies of the He+et and d+ a systems. '

In the following section, a brief discussion of the

d + He formulation in the s =—', state will be given. Re-
sults for the phase shift, transmission coefficient, and dif-
ferential scattering cross section are presented in Sec. III.
Finally, in Sec. IV, concluding remarks are made.

II. BRIEF DISCUSSION OF THE FORMULATION

where W denotes the antisymmetrization operator, g4
denotes the spin-isospin function appropriate in our
present case with channel-spin multiplicity A, =4, and
Z (R, ) is any normalizable function describing the
motion of the total center of mass. The function P3 de-
scribes the spatial behavior of the three-nucleon cluster
and is given in CTT. For the choice of the deuteron
ground-state function Pd and excited pseudo-state func-
tions Pd and Pd, we use the procedure of first adopting a
set of three basic functions
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7 1=1—3

The coupled-channel resonating-group formulation in
the s = —,

' state with d + He and p + a cluster configura-
tions is described in CTT and, hence, will not be further
discussed here. In the s = —, state, the trial wave function
is chosen to be
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system. Dashed curves, crosses, and solid curves represent results obtained

and then performing an orthonormalization process to
minimize the expectation values E; of the deuteron Ham-
iltonian. The results for the nonlinear variational parame-
ters aj turn out to be

a( ——0.07284 fm

az ——0.3657 fm

a3 ——1.4696 fm
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FIG. 2. Transmission coefficients obtained with the TC calculation in the s =T state of the d + He system



31 SPECIFIC DISTORTIQN EFFECTTS IN THE FIVE--NUCLEON SYSTEM 2003

TABLE I. Variariational results for ds or euteron configurations

Cluster
wave

function

0.04385
0.1214
0.05044

0.1592
—0.3194
—0.5290

j =3
0.2520
0.1199
1.4174

E;
{MeV)

—2.200
5.486

45.410

1.899
3.470
1.739

(4)
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The coefficients A', tos j, together with the core corresponding ener-
er radii R;, are listed in Table I. As
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calculation with F2(R) and F3(R) set as zero, a double-
configuration (DC; d + He and d'+ He) calculation
with E3(R) set as zero, and a triple-configuration (TC;
d+ He, d*+ He, and d* + He) calculation involving all
three channels.

The coupled integrodifferential equations satisfied by
the variational amplitudes F;(R) are solved by a varia-
tional technique discussed by Kamimura. From the re-
sults, we extract the values of the S-matrix elements. In
the following, we shall discuss, in the energy region below
20 MeV, the behavior of the d+ He phase shift 5~ and
the transmission coefficient q~ for inelastic scattering to
the d*+ He pseudo-channel.

III. RESULTS

A. Phase shift and transmission coefficient

The d+ He phase shifts 5~ and transmission coeffi-
cients q~ are shown in Figs. 1 and 2 for energies up to 20
MeV. For the phase shifts, the values obtained in the SC
(dashed curves), DC (crosses), and TC (solid curves) cases
are shown, while for the transmission coefficients only the
values obtained in the TC case are depicted.

By examining Figs. 1 and 2, one notes the following in-
teresting features:

(i) Phase-shift and transmission-coefficient curves in
l =0 and I states show that dispersionlike resonances are
present in DC and TC cases. These resonances arise from
the coupling between the d + He configuration and the
pseudo-inelastic d*+ He configuration and are not likely
to have much physical significance.

(ii) Results from DC and TC calculations are quite
similar in all orbital angular-momentum states. This indi-
cates that, because of high energy threshold, the d" + He
configuration has little influence in the considered energy
region.

(iii) Specific distortion seems to be appreciable mainly
in the l =0 state. This is quite clearly a consequence of
the centrifugal-barrier effect.

Using the phase-shift values calculated in the very low-
energy region, one can determine the resonance energies of
the (l,s)=(0, —,

'
) states in He and Li. The results are

given in Table II. Here one finds again that specific-
distortion effects are important in the l =0 state and that
the d*+ He (d'+ H) configuration is more significant
than the d'*+ He (d**+ H) configuration. Experimen-
tally, ' these resonance states are found at 0.06 and 0.27
MeV in He and Li, respectively, which compare quite
well with the calculated values in the TC case.

Differential cross sections for d + H scattering at 2.02
MeV, calculated by combining the s = —, result obtained
in CTT and the s =—', result obtained here, are shown in
Fig. 4. From this figure, it is noted that the inclusion of
specific distortion at this energy increases the cross-
section values by about 20 Jo in the angular region around
50' and by about 15% in the backward angular region.

C. Comparison with experiment

Although virtual breakup effects of the deuteron cluster
are considered in our calculation through the inclusion of
the d*+ He cluster configuration, we must emphasize
that these effects are not sufficiently taken into account
because the d*+ He channel has a rather high energy
threshold equal to 7.69 MeV. Thus, for a comparison
with experimental data, we must again introduce
phenomenological imaginary potentials into the
resonating-group formulation in order to account approxi-
mately for the various reaction channels not explicitly
considered. In the present study, we adopt in the d+ He
channel the same absorptive potential W4(R) as used in
CTT. The single depth parameter 8'04 is then adjusted at
each energy to yield a best overall fit to the experimental
differential scattering cross-section result. " The resultant
values for this parameter and the corresponding total re-
action cross sections turn out to be rather similar to those
given in Table I of CTT.

A comparison between calculated and experimental'
differential cross-section results for d+ H scattering at
2.02, 4.19, and 6.6 MeV is shown in Fig. 5. As is seen
from this figure, there is very satisfactory agreement.
This indicates that, with specific distortion effects taken
into account in the s = —, state, one can now adopt the
same effective nucleon-nucleon potential in both channel-
spin states, a feature which is obviously very desirable
from the viewpoint of a microscopic calculation.

The situation is somewhat different at higher energies.
In Fig. 6, calculated and experimental' results for
d + He scattering at 8.64, 10.0, and 13.84 MeV are com-
pared. Here one notes that, while the calculation correctly
yields the essential features of the experimental data, the
fit does become progressively less satisfactory as the ener-

gy increases. At present, we are not certain as to the exact
cause for this type of discrepancy, although we suspect
that it may result from the presence of a rather broad
compound-nucleus resonance level which is not well
described by the wave functions of this calculation or that
the calculated F and G-wave phase shif-ts may not be suf-
ficiently accurate in this energy region.

B. Differential scattering cross section

The influence of specific distortion is further examined
by comparing, in Fig. 3, the s = —, differential scattering
cross sections calculated in the SC and TC cases for
d+ H scattering at 2.02 MeV and d+ He scattering at
10 MeV. Here one sees that, because specific distortion
effects are significant only in low orbital angular-
momentum states, the SC and TC results are in fact only
moderately different, especially at the higher energy.

IV. CONCLUSION

Specific distortion effects in the channel spin s = —,

state of the d+ He system are studied by including in the
resonating-group formulation inelastic channels involving
deuteron pseudo-states. The result shows that, because
the deuteron cluster is easily compressible, these effects
are quite important, but mainly only in the l =0 configu-
ration. With specific distortion taken into account, it is
found that, in contrast to the calculation reported in CTT,
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TABLE II. Resonance energies of ( I,s) =(0, 2 ) states in 'He

and 'Li.

Nucleus

'He
'Li

SC

0.216
0.596

Resonance energy (MeV)
DC

0.044
0.286

TC

0.023
0.236
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FIG. 6. Comparison of calculated differential cross sections
for d + 3He scattering at 8.64, 10.0, and 13.84 MeV with experi-
mental data.
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FIG. 5. Comparison of calculated differential cross sections

for d+ H scattering at 2.02, 4.19, and 6.6 MeV with experi-
mental data.

a satisfactory explanation of the experimental data can
now be achieved by employing the same effective
nucleon-nucleon potential in both channel-spin states.

The present calculation demonstrates that the pseudo-
state method is useful in treating specific-distortion ef-
fects. We should emphasize, however, that this method
cannot be indiscriminately applied to any nuclear system
of interest without first making a careful qualitative ex-
amination of the nature of the system. In the s = —,

' state
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of the d+ He system, for example, a similar study em-
ploying d+ He, d*+ He, and d *+ He structures, but
omitting the p+ a cluster configuration, yielded unsatis-
factory results. The reason for this is, in fact, rather sim-
ple. For a satisfactory description of the behavior of the
system, it has been noted recently' that the energetically
most-favored cluster configuration must always be includ-
ed in the resonating-group formulation. Thus, the failure
of the above-mentioned s = —, calculation is attributable
to the fact that the favored p + a configuration cannot be
well represented by a linear superposition of d'+ He and
d'*+ He wave functions.

Based on the results obtained from present and previ-

ous investigations, we can conclude that, if a nuclear sys-
tem contains easily distortable clusters such as deuteron
cluster, Li cluster, and so on, specific-distortion effects
must be properly considered. From the computational
viewpoint, this is somewhat unfortunate since multicon-
figuration resonating-group calculations for heavier sys-
tems are tedious to perform, especially in situations where
the pseudo-state method is not readily applicable and rear-
rangement channels have to be taken into account.
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