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1. Introduction

The method of the resonating-group structure or the resonating-group
method (RGM) is a microscopic method which takes cluster correlations ex-
plicitly into consideration [1,2] . It has the following important
characteristics:

(i) It employs totally antisymmetric wave functions and, therefore,
takes the Pauli exclusion principle fully into account.

(ii) It utilizes a nucleon-nucleon potential which explains reasonably
well the two-nucleon low-energy scattering data.

'(111) It treats correctly the center-of-mass motion of the entire system.
(iv) It considers nuclear bound-state, scattering, and reaction problems
from a unified viewpoint.

(v) It can be used to study cases where the particles involved in the
incoming and outgoing channels are arbitrary composite nuclei.

The purpose of this talk is to review the progress which has been
made in utilizing this method to study the behavior of various systems,
and to discuss the information which has been learned with regard to the
importance of the Pauli principle in nuclear problems.

In sect. 2, a brief discussion of the resonating-group formulation
is given. Section 3 is devoted to a description of a complex-generator-
coordinate technique [3-7) which has been employed recently to evaluate
the various matrix elements required in resonating-group calculations.
IlNlustrative examples of bound-state, scattering, and reaction calcula-
tions are presented in sect. 4, while effects of antisymmetrization are
discussed in sect. 5. Finally, in sect. 6, concluding remarks are made.

2. Brief discussion of the resonating-group formulation

A rather detailed discussion of the RGM formulation has recently
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been given elsewhere [2]) ; therefore, only a relatively brief description
will be presented here.

The starting point of a resonating-group calculation is the pro-
jection equation

(§¢|H-El¥>=0, m

where ET is the total energy of the system and H is a Galilean-invariant
Hamiltonian given by

N ) N
-':
H= 2 at * 2V (2)
Aim) 4<I=‘l

with N being the number of.nucleons, Tcm being the kinetic-energy opera-
tor of the total center of mass,'and vij beina a nucleon-nucleon poten-
tial chosen to fit the two-nucleon scattering data especially in the low-
energy region. The trial function y is written in the following
schematic form:

p=al T $ABIRR)
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where A is an antisymmetrization operator. The functions ¢ describe the
internal behavior of the clusters, while Z(ﬁcm) is a normalizable
function describing the total c.m. motion. The functions F (Ri)'

(le’RjZ)' and so on are relative-motion functions in two-, three-, and
more-cluster configurations. The distortion functions A[g Z(R )] are
~hosen to improve the wave function in the strong- 1nteraction region,
they vanish for large internucleon and intercluster distances.

The variation &y specifies the function space to be used in the



calculation. This function space is defined through arbitrary variations
of the linear functions Fi,Fj.~--, and the linear amplitudes n contained
in the trial function ¢ ef eq. (3). By substituting the expressions for
8y and ¥ into the projection equation (2), one then obtains a set of
coupled integrodifferential and integral equations which these linear
functions and linear amplitudes satisfy.

Because of computational complexities, one must choose relatively
simple forms for ¥ . In the following subsections, I shall indicate the
general procedure to derive the coupled equations for some representative
types of trial functions which have commonly been employed in practical
calculations.

2.1. Single-channel formulation without specific distortion

First, we consider the simplest case where the trial function con-
sists of a single two-cluster open-channel term and where the effect of
spec}fic distortion (2] is neglected. Also, for clarity in discussion,
it will be assumed that the clusters involved have no internal spin.
Then, the trial function has the form

Y= A[SA)SBIF(R) Z(Rem)]

- - - 4
= /cd [®(AY$(B)S(R-R*)2(Rem)] FIR")R", @

where R" is a parameter coordinate on which the operator & does not act.
By writing the variation 6V also in a parameter representation, i.e.,

§v= f 4 [$(A)(B)S(R-R)2 (Rem)] 5F(R')aR' (5)

one obtains then from eq. (1) the following equation:

[ReEFIFEIE =0 (6)

where
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K(R,R") = (S PIBIS(R-R')2(Rem)|H-Eyy

i N - 2 =, - (7)
@'l i) diB)S(R-R)2(Rem)] D

with $(A) and 3(8) being translationally-invariant, antisymmetrized
internal functions for the clusters A and B, respectively, and &' is an
antisymmetrization operator which interchanges nucleons in different
clusters. Equation (6) is an integrodifiarential equation for F(R'),
which can be numerically solved to yield the desired phase shifts and,
consequently, the differential scattering cross section.

To proceed somewhat further, it is convenient to choose the
normalization condition as

(WMWB)E(ECMJI$(A)$f8)3r»5m))3- . (8)

where the notation ¢ >E means that the relative coordinate R is not
integrated over. By recognizing now the fact that in an antisymmetrized
calculation it is always possible to replace the operator P;' in the

nucleon-nucleon potential by the operator -Pc.’.P: j* one can then define a

- J
direct (local) potential VD(R) as
3 -+ . Cal - (9)
V, 1R} = {@A1(8) 2 (Rem ) V'I mmrslzf&n))I
with
VeS T V. (10)

wages

In terms of this direct potential, the integrodifferential equation (6)
can be written in the following more explicit form:
ﬁl -, = -y - -
[-?v’. + V,(R,)—E]F(R)+fkfa,mmldk-o_ (1)
where E is the relative energy of the two clusters in the c.m. system
and K(R',R") is an energy-dependent kernel function given by
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K(R.R) = {ptmBIS(R-R)2 | H-E,|

a [dd g E-22] ) (12)

with A" = & -1,

2.2. Single-channel formulation with specific distortion

Especially for systems which involve easily compressible clusters,
it will be necessary to take the specific distortion effect into account
[8-10). To achieve this, one adds distortion-function terms into the
trial function. In this subsection, we illustrate the essential points
by considering the case where, for simplicity in discussion, only one
distortion function is included. That is, the trial function is written
as

v= ¥+t calfz] (13)

where wo is a channel function of the form given by eq. (4) and 4 is a
linear variational amplitude. By using the projection equation (1) and
solving the resultant equation for Cq» One obtains

(W IH+V~E % D>=0 (1)

where

<t

MG TE A D CATILE S (15)
(F2IH-E1%8) ‘

with 2] = A gy Choosing the normalization condition as

a 1
($zi52>= (16)
and proceeding in the same way as described in subsect. 2.1, one finds
again an integrodifferential equation in the form of eq. (11), but with
K(R',R") replaced by K(R',R") + K](ﬁ'.ﬁ“). where
N (R AR (17)

K (R Ry = = 2Y
E, -&,
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with

A(R) = <4’(A)4>(B)5(E‘§'k)2 | H-E, 152 (18)
and E] being the expectation value of H with respect to the distortion
function. 7Thus, one secs that the addition of a distortion function
introduces an extra nonlocal, energy-dependznt, separable term into the
effective internuclear potential.

2.3. Coupled-channel formulation
In this subsection, a two-channel formulation will be briefly des-
cribed. Here the trial function has the form

= (19)
L u; + ¢3 ,
where
7yz(R 0
¥ = A [sedFF)2(Rn)] (20)
and
¥ = A [P DIERNZ(Rm)] (21)

The ¢'s are cluster internal functions which are normaiized according to
the condition

(pmemz | dmrz)d,
f

= (P2 | F(OED)2D; = | (22)
4

By substituting y and &p into the projection equation, one obtains the
following coupled equations:

[R (B RIEEIaE v [k, (B RG0S = 0 (23)
S Ky (B3 RG(R)) dRy o [ Koy (B, F (R ARy = o (24)

where ﬁff and ﬁég have forms similar to that of eq. (7), and
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Keg (. Ry = () 9D8(R-R)2 | H-Er ) [dim98) S (Rp-Rp2])  (26)

If one uses now the procedure described in subsect. 2.1, then it {s
possible to write eqs. (23) and (24) in the following more familiar form:

-i‘-v‘ +V (R)-E, ] F(R) +fp< (R ROIF(R)dR,
[-z,af Bf' W( f) f] Ke T AR T f f

+fKH(R',§,")G(§;)d§; =0 (27)
['% Vs; + Vog(Ry) - Eg] G R + fK”(i,',i,f)e(i,')dE;
+ [ KB EIF DA =0, (28)

where Vof and VDg are direct potentials, Ef and Eg are relative energies
of the clusters in the two channels, and Kff and Kgg are energy-
dependent kernel functions having forms similar to that given by eq. (12).
By solving eqs. (27) and (28) subject to appropriate boundary conditions,
one obtains then information concerning various scattering and reaction’
processes.

3. Complex-generator-coordinate technigue

For the computation of various matrix elements required in resonating-
group calculations, a complex-generator-coordinate technique [ 3-7] has
recently been used. In this technique, the essential idea 1is to express
the trial wave function as an integral of antisymmetrized products of
single-particle functions and then make use of techniques in shell-model
calculations to carry out an analytic evaluation of these matrix elements.

To 11lustrate this technique, let us consider a trial function of
the form
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P a [ HAEBIF(R)E(Rem)] (29)

where the antisymmetrized internal function $(k), with k = A or B, is
chosen as a translationally invariant shell-model function of the lowest
configuration in a harmonic-oscillator well of width parameter oo i.e.,

- = 2
IOEENEN PHUEL AUV ALY (x0)
¢

with the functions hJ being polynomials in single-particle spatial
coordinates and Ek being an appropriate spin-isospin function. Because
of the presence of the cluster c.m. coordinates ﬁA and ﬁB in the ex-
ponents of the internal functions, the trial function ¢ is not in the
form of an antisymmetrizeq product of single-particle functions. However,
by introducing an integral representation for ¢ , we can show that the
integrand can be represented in such a product form or, in other words,
the integrand will contain no cross terms of the type Fi’?j-

To show this, we rewrite y in the form

y = f;q'[$(A.-K;')$(B;i;)sfi-i;)é(is-i;)]
(31)
K F(R- Tz (Reker R ) il oy

with NA and NB being the numbers of nucleons in the Ewo clusters. In
the above equation, it is noted that the parameters RA“ and ﬁB“ are in-
cluded in the arguments of the internal functions; this is purposely
done in order to call attention to the fact that the function

(k R ") is obtained from eq. (30) by replacing the cluster coordinate
Rk w1th the parameter coordinate Rk" Now, by using the integral
representation for the &-Ffunction, i.e.,

6(§' )= ( )f hsk (Ri ?&)ds (§=AO’B) (32)

we obtain, after further making the transformation
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» ’ "u-.‘-
a.-Nmsk ch' .(k-AorB) (33)

the following expression for the trial function v :

3
= (Hate ) (dasa )

Ha, " -+ a2
x fﬂ'fﬂa[s,]_ﬂajc?j-ig}e“*“*"rlaa) ]

H 4 ae. cdelg(ri-r@n)
X ﬁ3[53T4§fF;-Rp)e 705 %) ]}
J-N‘rl
AL -

X F(i:‘ i;)eéﬂ“«“{k“-‘q‘} + F Ngotg (R~ 080

NaRa + Ny Rp d e e = (34)
x z(-J—iﬁ—l—LJ dd, dd, ok, 4%,
The above equation for i can be reduced by noting that, because the
internal function is chosen to have the lowest configuration in a
harmonic-oscillator well, the argument (FjJﬁk“) of hj can be replaced by
the argument (Fj-fk), with fk being any constant vector. Thus, by making

the transformations

“y -y -n - n NAE."' NB'E;
R'= RA - Ra ) em = ——_“.N__
R - - pX] NAdAa.# NB"‘Ba. 5
§= o4Q -0  Scn- ;I ] (35)
and by choosing
- . Ny ol 1Na“3 -4 g
2(Ren) = en(- 2522 R0) (36)

Il

we can easily perform the integration over the variables ﬁgm and §"
and obtain the following simplified expression:
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I"(S QJ-EXP{ 2 W——[S*—l " RJ_J.‘
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A, -, N4 -3 (? " ):
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$(B 5 )= A5 4 € 780 T (39)
!zNAoI *
viith
- N Fan Na .
7, = v [ S+« = (otg=2,0E ] .
(40)

- .. . Np .
A o= - el —2 - w
i3 Noyp [s7-¢ n (T8 )R ]

The meaning of the function 3'(k;§",§"), vith k = A or B, is clear; it is
a shell-model function of the lowest configuration in a harmonic-
oscillator well of width parameter Qs with the center of the well lo-
cated\at the point ﬁk. Since it is seen from eq. (40) that ﬁk is a
complex quantity, we have therefore chosen to call the technique des-
cribed here a complex-generator-coordinate technique.

The trial function ¥ written in the form of eq. (37) has the desired
property mentioned at the beginning of this section. By carrying out
next the same procedure for the variation é3 which will contain a
generator coordinate $'and a parareter coordinate R', we can then
compute the function R(R',R") of eq. (7). For this it will be necessary
to carry out integrations over all the nucleon coordinates and the
c.-erator coordinates $' and 3", but not the parameter coordinates B' and
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R". These integrations can be performed in a relatively straight-
forward manner, if one makes usg of the freedom which is associated with
the choice of the vector Ek appearing in the argument of hj (for details,
see ref. [11]).

Finally, it should be mentioned that the complex-generator-coordinate
technique described here is not restricted to the case where the internal
function of the cluster is chosen to have the simple form of eq. (30).

It is, in fact, a straightforward matter to extend this technique to in-
clude also the case where the internal function is taken to be a sum of
translationally-invariant, harmonic-oscillator shell-model functions,
with each function characterized by a different width parameter for the
corresponding oscillator well (6] .

4. Bound-state, scatterina, and reaction calculations

In this section, we show the results of some bound-state, scattering,
and reaction calculations. These calculations are selected osly for
illustrative purposes; for further works using the resonating-group
method, we refer the interested reader to ot~2r references [2,12-14].

4.1. Single-channel calculation without specific distortion

4.1a. a + ]60 calculation

The first example we consider is thea + "0 problem [11] . In
this example, the two clusters A and B are the a and the }60 clusters,
respectively. The antisymmetrized internal functions for these clusters
are taken to have the form of eq. (30) with

16

-2 -2
o« = 0514 fm | olg= 0.32 §m (41)

For the nucleon-nucleon potential, we use [15, 16]

o -4
17 "7".-! u 2-w _r
vij'{“ﬂ* z %t 3 %}(T' z piJ)
LT mEs et (42)

F3 FA r
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where

Ve = V, Exp(-'(z".:) )

V'_='V“Ptp(~t(tr;\ '

Ve = = Vos exp(-Ks r:,) \ (43)
with

Veg = 200 0 MeV | Kg = )37 ;...'2

Vgg = 1780 Mey K, = 0639 gm? ‘

Vos = 9L35 Mev , Ks = 0465 m7 (44)

This particular nucleon-nucleon potentizl is chosen, since it yields a
satisfactory description of not only the tiro-nucleon low-encray scatier-
ing data but also the essential properties of the deuteron, triton,

and a particle.

The exchange-mixture pararoter u in the nucleon-nuclcon potential cof
eq. (42) is determined by solving eq. (11) with boundzry conditions
appropriate to an & = 0 bound state, and adjusting u until the calcula-
tion yields the experimental value [ 17 ] of 4.73 la¥ for the a-particle
separation energy in the ground state of ZONe. The value of u so
determined is 0.881. MWith this value, we then calculate the energies of
the £ = 2 and 4 excited states and the phase shifts in the energy region
ffom 0 to 30 MeV. The results are given in figs. 1 and 2, vhere £ = 6
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Fig. 1: Calculated and exoeri- Fig. 2: Calculat?g phase shifis
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and 8 resonance states are also shown. From ﬁ&g. 1 it is noted that
there is a reasonable agrcement between calculation and experiment
[18,19) , although the calculated excitation energies are generally too
large. The reason for this discrepancy is probably that, in our calcu-
lation, the specific distortions of the clusters have not been explicitly
taken into consideration and a simplified nucleon-nucleon potential has
been used.

A comparison between calculated and experimental [20) results for
the ratio o(O)/oc (8) at 19.2 MeV is shown in fig. 3. To obtain the
calculated values, we have introduced into the formulation a phenomeno-
loygical iraginary potential to take approximate account of reaction
effects. This imaginary potential is chosen to have a Yoods-Saxon
cgerivative form with geometry parameters RS = 4,2 fm and ag = 0.6 fm.
The depth parameter is then adjusted to yield an over-all best fit to the
experirental data; the resultant value for this parameter is 2.0 MeV,
which yields a total reaction cross section of 927 mb. As is seen from
fig. 3, the agr2ement so obtained is indeed quite satisfactory, with the
only discrenancy beina in the detailed structure of the interference
minimur: near 80°.

“any resonzting-croun calculations for systems heavier than
a + 160 have also beea performed. These are reported in refs. {5,21-26].
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a + ?Go scattering at ?3‘18 gezlcattering at
19.2 MeV. - e



104

4,1b. n + ]60 calculation

To show that the complex-generator-coordinate technique is useful
even in the case vhere flexible cluster internal functions are employed,
ve discuss here a recent calculation on the n + ]60 system (6] . In
this calculation, the ]60 internal function is assumed as a sum of two
functions, with each of them chosen to be a translationally-invariant
antisymmetrized product of single-particle functions of the loucst con-

figuration in a harmonic oscillator well of width paramcter @4 i.e.,
$(*0) = 2 b ¢; (45)
JSI *
with )
R Y LT o)
¢J = 94,6[2,‘;1[: ’ﬁ‘;(r&'kli)e T ¢ ] (46)

The parameters b and o are th$n adjusted to yield the experimentally
determined rms matter radius of 0 (2.6 fm) and a best over-all agree-
ment with the form-factor data for q2 up to about 7 fm 2.

The nucleon-nucleon potential used has the same form as that given
by eqs. (42)-(44). The exchange-mixture parameter u is deterwmined by
fitting the neutron separation energy of 3.26 MeV in the 2 = O,

' o= 1/2+ first excited state of ]70. The resultant value of u is
0.945, which is somewhat larger than but still reasonably close to the
value of 0.881 required in thea + ]60 case discussed above.

The n + ]60 differential cross section calculated at 13.18 MeV is
shown in fig. 4, where a comparison with experimental data (27 ) is also
made. To obtain the calculated result, we have adopted a phenomenlogical
imaginary potential which is adjusted to yield a good agreement with the
measured value for the total reaction cross section. From this figure
one sees that all the features exhibited by the experimental data are
well reproduced, thus fully demonstrating the usefulness of the
resonating-group method in scattering calculations.

4,2, Single-channel calculation with specific distortion

As an example of a calculation with the specific distortion effect
taken into account, we consider thea +a problem [15]. In this
calculation, three distortion-function terms are included in the
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resonating-group formulation for the purpose of improving the behavior
of the trial wave function in the strong-interaction region. The
nucleon-nucleon potential used is again that of eqs. (42) - (44), with
the value of u chosen such that the resonance energy of the 2 = 0
ground state is correctly obtained. The result is u = 0.950, which is
very close to the value required in the n + 160 case.

In fig. 5 we show & = 0, 2, and 4 phase shifts, calculated at c.m.
energies from 0 to 20 MeV. The solid curves show the result obtained
with the specific distortion effect taken into consideration, while the
dashed curves show the no-distortion result. The empirical data points
are those of ref. (28] . As is seen, there is a good over-all agreement
between the calculated result with distortion functions and the
empirical result. In the £ = 4 states, the calculated phase shifts are
generally somewhat too small. This can probably be attributed to the
fact that, in this calculation, a rather simple nucleon-nucleon

-=-— Without dist. and without specific
. E distortion effect.

1
) ]
soof & a+a 4
ssob o .
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potential containing only a weakly repulsive core has been adopted.

From fig. 5 one further notes that, even though the specific
distortion effect has only a minor influence on the phase shift in the
2 = 4 state, it does have a significant influence on both £ = 0 and
2 = 2 phase shifts. Therefore, for a proper description of the behavior
of the a + a system in the strong-interaction region, it is important
that this effect sHould be carefully taken into consideration.

. 4,3, Coupled-channel calculation

In this subsection, we discuss a calculation in the five-nucleon
system where both the d + 3He channel (channel f) and the p + a channel
(channel g) are included [ 29) . For this calculation, the formulation
of subsect. 2.3 1is used and reaction effects, due to the presence of
other open channels, are approximately taken into account by the use of
phenomenological imaginary ﬁotentials.

The calculated a(p,d)3He differential reaction cross section at
Eg = 68 MeV is shown by the solid curve in fig. 6. Here one sees that
the agreement with experimental data [30) 1is fairly satisfactory. Th:
presence of deep minima and the slight underestimate in the calculated
cross section are likely due to the fact that in the nucleon-nucleon
potential employed there are no noncentral components.

From fig. 6 it is also noted that the differential reaction cross
section has a decreasing trend in the forward angular region, but begins
to increase when 6 passes about 90%, As has been determined in careful
detail [31] , the reason for this is that, at a relatively high
energy, the reaction proceeds mainly through different mechanisms in the
forward and backward angular regions. Thus, in the forward angular
region it proceeds mainly through a one-nucleon pickup process, while
in the backward angular region it proceeds mainly through a two-nucleon
pickup process. Both of these processes are automatically included in the
two channel-calculation described here, because in this calculation a
totally antisymmetrized wave function is employed.

5. Effects of the Pauli principle

In this section, we discuss the effects of the Pauli principle



on the effective interaction between two clusters. This discussion will
be relatively brief, since a similar discussion on this subject has
recently been given elsewhere [32] . For effects of this principle in
.other types of nuclear problems, the readers are referred to refs.
[2,31,33,34].

One of the important findings from resonating-group calculations is
that the phase-shift behavior generally exhibits a distinct odd-even
dependence on the orbital angular momentum. This is demonstrated in
fig. 7, where one sees that while the degree of this dependence is very
weak in the n + ]60 and n + 4OCa systems, it is quite strong in the
3 + a system.

The occurrence of the odd-even £-dependence is a consequénce of
the Pauli principle. This is so, since it is well known that if this
principle viere not taken into consideration or, in other words, if the
operator &' in eq. (7) were set as unity, then the effective inter-
cluster potential would just be equal to the direct potential VD [see
eas..(11) and (12)] which has no £ ~dependence and which will yield
phase-shift points following a smooth trend with respect to the orbital
angular momentum.

To demonstrate the presence of odd-even £-dependence in a clearer
way, we assume that the effective intercluster potential is given by

Vj_). = C':.hvkh (47)

with X denoting the channel-spin multiplicity (the index A may be dropped
if the considered system has a single A-value), VNAbeing the direct
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Fig. 7: Phase shifts as a function of 2 foi' various systerms, all calcu-
lated at a wave number of 1.52 f
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nuclear potential, and (g, being an f-dependent parameter adjusted to
yield exactly the phase-shift values of the corresponding resonating-
group calculation. In fig. 8, the results for Cgl inn+ 4OCa and 3H-*a
systems at indicated energies are shown. As is seen, this parameter is
only weakly 2-dependent in the n + " Ca system, but shows a strong
zigzag pattern in the 3H +a system. If one attempts to fit the values
of Cgy with a formula

Cpn= Car * (—l)"Cu . (48)

then at 30 MeV the best values of caAand CbA for these systems, together
with the values determined in the n + 6Li case [35] , are given in
table 1. From this table, it is noted that the value of Cak is signi-
ficantly larger than 1 in every one of these cases, while the value of
CbA is not only strongly system-dependent but also depends on the chan-
nel spin. Indeed, one sees that, in t~. n + 6Li system, even the signs
of Cpy are not the same in the two channei-spin states. This is, in
fact, again an effect of the Pauli principle; because of the presence of
two nucleons in the nonclosed 1p-shell of 6Li, there exists a blocking
effect which causes the effective potential to behave differently in
different channel-spin states [35] .

Since the amount by which Cax deviates from 1 and the amount by
which ch deviates from 0 is a quantitative measure of the effects of
antisymmetrization, table 1 shows that the Pauli principle is generally
important and must always be taken into consideration in nuclear
scattering problems.

15 L] T L] T * L T T L) T T L]
14 Jpassn S Table 1
e —
[ B 1 . ' ’ _‘ Values of C., and G,
FAN A !
;N ! : Syst. [
12 eeven L T /N7 [ :' = al A
et e
du wodd L Z L \ ! n+ Li (A=2) 1.13 «0.0S
- v [] =
v n+ L (Aed) 1.20 0.0
. -4 v ! -
! 7+ *%co *Hea ¥ Maea 1.16 -0.14
a9 + X r
30 Mev 40 Mev L n + 40c, 1.35 =0
sl
1 : x
Fig. 8: C2 as a function of 2.
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At a relatively high energy, the behavior of the differential
scattering cross section in the backward angular region is strongly
correlated with the magnitude (not the sign) of cbx (36) . In fig. 9,
we show a comparison [37] between the results obtained for 3He +a
scattering at 44.5 MeV using the resonating-group method and the potential
model of eqs. (47) and (48) with Cax =1.15 and ch = 0. Here it is
seen that, although the agreement in the forward angular region is rather
satisfactory, there is a strong disagreement at angles larger than about
90°. In the n + 4OCa system, on the other hand, one sees from fig. 10
that, because of the small magnitude of Cbx, the agreement between the
resonating-group result (solid dots) and the result obtained using the
potential model with cak = 1,35 and cbk = 0 (solid curve) is fairly
reasonable even at large angles (the dashed curve in this figure is
obtained by omitting antisymmetrization effects, i.e., by setting
Cax =1 and Cy, = 0 in the potential model).

As has been explained previously [36] , the term (- 1) CprV NA is
introduced to approximately represent the effect of the pickup exchange
process. By carefully examining the odd-even behavior in many systems,
it was recently asserted [38] that Cbx has generally a large magnitude
when the pickup process involves a relatively large value for the ratio
M/m, where M is the mass of the nucleus which does the pickup and m is

[T T
- He® + He* N i ™3
% ) E+44.5 MeV N ne % ]
) i Q00— ‘\\ 30 Mav —]
- - e
5" o L ,\\ J
T o N\ -
< r AN -
q 8 o A
Z 5 [ ~ 3
3 N\
& J - res -group N /,1
§ QF . \\ N / ]
< . F \ II 3
$ N i Vo3
NN W A a RIS PP
0 6 8 K0 20 MO 0 B0 0 20 4 60 60 100 20 W0 10 @0
c.m ANGLE (deg) oldeq)
Fig. 9: Comparison of resonating- Fig. 10: Comparison of resonatina-
group and po;ential-model aroup and potential-model
results for 3He + a results for n + 40Ca

scattering at 44.5 MeV. scattering at 30 MeV.
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the mass of the cluster being picked up. This assertion certainly seems
reasonable from an intuitive viewnoint and if it should turn out to be
universally true, then one would expect the odd-even effect to have a
large influence in heavy-ion scattering such as ]?C + ]3C [39] , but to
have a much smaller influence in light-ion scattering by medium- and
heavy-weight nuc]ei such as nucleon-scattering on nuclei with A = 16
{40 .

6. Conclusion

Within the past few years, substantial progress has been made in
utilizing the resonating-group method to study nuclear-structure and
nuclear reaction problems. With the help of a complex-generator-
coordinate techrique to evaluate various matrix elements required in
resonating-group calculations, it is now possible to perform realistic
calculations for scattering systems which involve even rather heavy
nuclei.

There are, however, still many problems which remain to be con-
sidered. These include: (i) the study of direct reactions involvina
relatively heavy clusters, (ii) the scattzring of liaht and heavy ions
by strongly deformed nuclei, (iii) the development of practical methods
to use more realistic nucleon-nucleon potentials contzining tensor and
repulsive-core components, (iv) the problem of three- and more-cluster
decays, and so on. Some of these problems are well within our present-
day capabilities, while others may require further advance in mathe-
matical techniques and computational innovations.

In conclusion, my opinion is that the resonating-group method is
a practical method which certainly deserves further considerations.

It is perhaps not overly optimistic to say that, within the foreseeable
future, one might be able to solve with this method most of these
nuclear —physics problems which have heretofore been studied only by
macroscopic, phenomenological means.
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DISCUSSION

.5, leiss: 1In a regime vhere fusion was important, could you
ennploy the distortion functions or would you have to introduce
a new junctional form?¥

Y.C. Teng: To describe nuclear fusion in an adequate manner,
it will be necessary to use a large number of distortion func-
ticns. ‘Mese distortion functions can be translationally-
-invariant shell-model functions or cluster-model functions.
ioare apuvrowriately, one mirht wish to use antisymmetrized
»roducts oi single--particle orbitals in deformed wells charac-
terized by deformation parameters vhich can describe elonga-
tion ané neck constriction.

’

I..V. Pinailovié: You nave introduced the distortion channel

ir order to describe the compound system. Iicw do Fyou choose

ti.2 wave functions for distortion channel? sire they related

to the lamiltonian of the sycster’” How many chennels have you
used in some of your calculations?

Y.C. Tang: Ye choose our distortion functions by physical re-
asoning. In the cacse of %+ scattering, for example, we adopt
%+ & bound structures where the acluster has a rms radius
either larger or smaller than that of a free o particle. In
this particular problem, it was found that use of 3 appropri-
ately chocen distortion functions is suificient. In the d+ «
case vhere an easily distortéble deuteron cluster is involved,
we have used a larcer nuxzber of 9 distortion functions.

f:.. Kemimura: I am ruch interested in your pointing out the

importance of particle-exchange effect between colliéing clu-
sters, because I also examined this effect in the o + 6O
case and found this eifect to be quite large in the surface-
-contact repion and it almost exceeds the stength of the fol-
ding potential.
In your n+ 611 case, the ronclosed nucleus 6li is described
by usual shell-model configuration. But the «+d clusterization
must be large. Your estimate of Pauli principle effect in the
n + 6li case is rather small. But it seems to me that the
particleiexchange eifgct zay be under-estimated in the surface
(S8

nlvebr-dw= me~ion of TLi.
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Y.C. Tang: In the n + 6Li problem, our primary purpose is to
study the blocking effect created by the presence of two nucle-
ons in the 1lp-shell of the target nucleus ~ii. To maké the in-
terpretation as clear as possible, it is important to use a
simple description for the 611 cluster. This is the reascn why
we choose for the 6li internal function the most space-symme-
tric state of the (1s)* (lp)2 conficuration in a harnonic-oscil-
lator well. If one generalizes this function to describe better
the surface clustering effect, then it is expected that the
odd-even feature will become more pronounced in the channel-
-spin 1/2 state, but the blocking effect will be somewhat re-
duced in its importance.

B.G. Giraud: Could you comment on the influence of the irtrin-
sic cluster wave-functions? They are sometimes poor eigensta-
tes of the Hamiltonian, aren’t they?

Y.C. Tang: The cluster interral functicre is usually chosen

to yield reasorable values ifor tte :ms radius 2nd the birding
enercy. In the d + @ case wihere a detailad sxamination of %he
influence of the cluster interrzl fuznction has teen made, it
was found that at relatively low ensrzies the choice of a sunm
of three Gaussian functions for the deuteron cluster yields
satisfactory results for the scatterin-: cross section. It is
certainly true that, ior computational reasons, one occasio-
nally uses internal functions which are relatively poor repre-
sentations of the eigenfunctions of the cluster Hamiltonians.
In our 4 + 160 calculation for example, we used for the deute-
ron cluster a single Gaussian function with an appropriately
chosen width parameter; this produces a correct value for the
rms radius, but a binding energy which is too small.

G. Paié: What is the physical meaning of the odd-even effect?
Is tle blocking the cause of its different magnitude?

I.C. Tars: The odd-even effect arises from the exchange of
core nucleons. In a more pictorial languase, one might say
that it arises from a pick up process. For example, in the
case of 3He + uHe scattering, this process refers to the pick-
up of a neutron by the 3He cluster. The blocking effect has
also its origin in the 2auli exclusion principle; therefore,

a proner consideration of this effect is important in determi-
ning the magnitude of the odd-even feature in the effective
internuclear potsntial.





