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1. Introduction. - The microscopic methods describing nuclear colli-
sions, which make use of the generator coordinate formalism, may be cla -
ssified into two categories. In the resonating group method (RGM), the
RGM kernels are derived in a simpler way from the generator coordinate
kernels. In the generator coordinate methods (GCM), the GCM kernels are
used without any further integral transform. The microscopic R-matrix
method (MRM) falls into the latter category. However, in this method, the
scattering boundary conditions are imposed on the relative wave function
in the configuration space like in the RGM and not in the generator coor-
dinate space. The MRM thus combines the simplicity of calculation of
the GCM kernels and the use of exact boundary conditions. In order to
profit simusineously by these properties, the configuration space is
divided intc two parts : the internal or interaction region and the
external or asymptotic region. The R-matrix formalism l)provides a very
convenient way of solving a single-channel or multichannel scattering
problem in both regions.

The R-matrix formalism has been adapted to the theoretical study of
nuclear reactions in several methods proposed by Tobocman and coworkers

2)-5) and by Lane and Robsbns). In 1970, Horiuchi applied the GCM and

2)

one of these methods ° to the microscopic study of « - &« scattering.

Below 20 MeV (c.m.) he obtained a good agreement with experimental data
and RGM calculations but his results were dependent on a non-physical

parameter : the radius of the interaction region (see subsect. 2.1l). This

dependence was showed by use) to be due to the use of an early version of

the method proposed by Tobocman and Nagarajan. We have extended more

4) 6) 8)

elaborate versions of these methods to the use of a GCM basis .

Calculations on o -e¢ scattering were shown to give accurate results
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with low computation times. This first version of the MRM is slightly
different from the method which is presented in this talk. Simplifica-
tions were necessary to extend the method to heavy-ion scattering but

9)

they were made without any loss of accuracy . The MRM is then easy to

generalize to multichannel scattering 10)
In sect. 2, the R-matrix formalism is extended to the case of anti-
symmetrized wave functions. In sect. 3, the scattering problem is solved
in R-matrix formalism. In sect. 4, the MRM is shown to be very similar to
a number of other methods. In sect. 5, a choice for the parameter defi-
ning the interaction region is proposed. In sect. 6, elastic &« - 12C

phase shifts are presented. Conclusions are presented in sect. 7.

2. Extension of R-matrix formalism to antisymmetrized wave functions.-

2.1. Interaction and asymptotic regions. - Let us first neglect
antisymmetrization. The philosophy of the R-matrix method is to divide
into two parts the 3A-dimension configuration space of the colliding
nuclei. In the internal (or interaction) region P, nuclear interactions
between the nuclei are important. In the external (or asymptotic) region
iﬁ both nuclei are separated by a distance which is larger than the range
of nuclear forces 1). Regions P and P are separated by the surface S.

We shall restrict our talk to the single-channel case, with zero
spin nuclei. A straightforward generalization is presented in ref. 10).
In the external region, the scattering wave function may be approximated
by its asymptotic form

Yo = 2 (104 -0, 0i) Q.G YIR)

where QR and d)z are antisymmetrized and normalized internal wave
functions, 4 is the relative coordinate, Il and ()é are Coulomb
ingoing and~;utgoing wave functions and (/2 is the collision matrix.
As usually , in R-matrix theories, three-and more-body channels are
neglected.

The internal region is characterized by a parameter (denoted a)
beyond which relation (1) becomes valid. This parameter is called the
radius of the internal region. However, the definition we have given is

not correct for an antisymmetrized wave function. We shall now extend it



to this case.
First, the relative coordinate C has to be defined more precisely,

i.e. ~
A Ay
¢ = 1) % - T (2)
Ay L1 T Sy __;‘;‘_4 N
where 1. is the individual coordinate of nucleo v and A, is the

number of nucleons of nucleus x . With an antisymmetrized basis, the
definition of 14 is not unique. Other definitions are obtained by exchan-
ging nucleons éztween both nuclei. Since the A nucleons are undistinguish-
able, there are

4 Al
A, A

3)

< = 7 ¢
s VAA,
possible independent coordinates ¢ n»  which could be defined equiva-
~
lently. Relation (1) should thus be replaced by
- v, e
1 = CT A - U DAt Ly e
lr/.‘ I 5 -ﬁ« A{ -'—,:""'()“’) ~ 'EL),’ ‘)1"!_'4 "vi?(‘”

] i -
where .V is the antisymmetrization projector .
The external region is then defined as the region of the configura-
tion space where relation (4) is valid, i.e. the region where at least
one of the coordinates 61. is larger than Q& . The internal region P
is thus defined by the conditions
e <al me o, e )
(g S 4 .
All the relations (5) are satisfied simultaneously for points located
inside the internal region.
To illustrate this onvan'example,considef the case of three one-

dimensional nucleons el which is presented in fig. 1 .

The possible relative and internal coordinates are

X, r Xy - -

€ = %y - > , §‘ = %, - %
- = 7,

%y - Xe __ 3% &4 Tky -k, zep - =
€2 = %y - S5TF = 27,- & V3TN E T T (e)
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Fig. 1

The three conditions (5) intersect to give the hexagonal interaction
region P. If one of the relative coodinates (say f 1 ) tends towards
infinity, the corresponding internal coordinate ?4 remaining small,

the asymptotic form (4) of the scattering wave function becomes nearly
identical to (1). The other terms of (4) are negligible because the
square integrable wave functions qa and sz depend on 61 (see rela-
tions (6) ). This property is true in the two-body channels (dashed lines
in fig. 1).

We have thus seen on this simple example that asymptotically,
relation (4) is equivalent to < relations (1) with ¢ replaced by
Cm.. In order to have this equivalence in the whole external region P ,
we now modify the definition of the internal region in the following way :
the interaction region is defined by relation (5) where the radius & is
sufficiently large so that, in the external region , (i) nuclear interac-

tions between the nuclei are negligible and (ii) antisymmetrization



effects are negligible.
If the above conditions are satisfied, the results of R-matrix calcu-

lations should not depend on the value chosen for o .

2.2 Matrix elements in the interaction region. - 1In sect. 3, we
shall solve the Schrddinger equation in the interaction region. We shall
need matrix elements of the total Hamiltonian H calculated over this
region.

The GCM wave functions ¢ ¢ are linear combinations of L -projec-
ted Slater determinants. The individual orbitals are harmonic oscillator
wave functions with the same size parameter 4 = (£ /mw )K' . The

centre-of-mass wave function 4) c.m. ©an be factorized exactly. In RGM

notations, the GCM wave functions may be written as usually n
CEEN)
LAar M . N yo
¢, = A %em & Nt §0, Y, (2) n
where m is the generator coordinate and
- Y, -p (2t st)
~ ¥y Ay % fras < . .
i = ‘U7 { 1 o il
T ree) = femiandes) ((ra.' ¢ “‘-LT\ 8
~¢ being a spherical Hankel function, and
Vacdi Ay AL /A (9)

is the dimensionless reduced mass.
In the asymptotic region, one may neglect the exchanges of nucleons

between the nuclei and CD 3 is approximated by

P x (4. R b . Q3 VR (>dao
where Sm. = 1 corresponds to identical nuclei.
Now, we are able to give an accurate approximate value for a matrix element
over the interaction region P. We shall substract from a matrix element
calculated over the whole space an approximate value of the matrix element
calculated over the external region P.Neglecting in P the three-and more-
body channels, we only take into account the c regions of the configura-
tion space where one of the coordinates En is larger than a (see
ref. 11) for a more detailed discussion ). In each of the two-body regions,
the GCM wave function is approximated by its asymptotic form (10) and a
corresponding approximation is made for the Hamiltonian . Using the fact

that (p‘ , @). and ¢c p, are normalized to unity, the matrix element



may be written

LA IH-E1 &1 > = H, (2,21 - £ N, (2,a)

(11)
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where El and Ez are the internal energies of the colliding nuclei.

The 4 - projected GCM kernels

-

o4 3 { .
J Hi (n, 2) . < Ck“")'i ( m e ;o_')> (12)

! 2,
i . -
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are calculated using usual projection techniques. The second term of the
r.h.s. of (ll) is simply evaluated by a numerical quadrature. This term
is rather small but plays an important role. Its neglect was responsible
for the dependence on a of Horiuchi's results on «~ - > scattering n
Let us also remark that, due to the kinetic energy, this second term and
thus the matrix element over P is not symmetrical in r and r'.

2.3. Bloch operator. - The kinetic energy operator T is not hermi-

tian over the interaction region. Using Green's theorem, it is easy to
12)

show that the non-hermitian part of T is a surface term. Bloch has
introduced a surface operator & which makes H + L hermitian .
It is defined by
T : - - i
K¢ IH - H Y > - GIT-THY >
(13)

<
= <o ;xf-;c't\_f>s

Restricting the surface g of the internal region to its interaction with
the two-body channels, < way Le chosen as

£
A S BRI § RS . (14)
T4 ae b (’\-‘

Using the equivalence of the coordinates e ¢ the matrix elements of

2 m/u- *

xr are the same as the matrix elements of

Xt . B )
Luf, = ¢ B L é-i—‘k) = C (15)



Neglecting antisymmetrization over S and using (10) , the matrix element
of & is given by

<d>a(-1) 1 d.!ai.l.ﬁ)s = (‘»S.I;?E_gj} a [Z fu, 1) j: ['-L E{“-,"ﬂ(lﬁ)

It is easy to verify that this term added to matrix element (11) gives a
symmetrical expression.
In the following, we shall also use a generalization of Zz 12) 8

v 4 5 ) ) L
Z(L):c.i'—— (p-a) [ - =) ¢ (17
Lo g eL ¢ e ¢
introducing a constant L wich does not modify the main properties of
2= 2w)). If L is chosen as
L . Aw G (&)/ O (&x) (18)

where C" {xa' is the derivative of v {€.) with respect to .£a_ , one

has the property

LY &y ihkpd = O (19)

The Bloch operator is also called the boundary condition operator 12

3. The MRM . -

Introducing the Bloch operator in the Schrédinger equation, one may
define several equivalent Bloch-Schrddinger equations which are valid over

the internal region

{ H + ¥(o) - E)Y = 2oy (20a)
(H - E)'* FA— .’ai.’o)-;fr(o))lrr (20b)
(H + Z(v) - E)Y = Z2(L)Y (20¢)

Equation (20b) is obtained by replacing the hermitian operator

S)

H + ¥ (o) by its adjoint in (20a) and leads to the method proposed by

Garside and Tobocman 4 .
Equation (20c) was studied by Lane and Robson

is used in order to eliminate the outgoing waves (and the collision matrix)

6) . The operator X (L)



from the r.h.s.of (20C)Lane and Robson have shown that the direct solution
of equation (20c) may also be derived from a variational principle (see
also refs. 13) ). The solution of eq. (20c) is thus in principle the best
solution one can obtain from a Bloch-Schrédinger equation.

Under certain conditions, it is possible to prove the complete equi-
valence between the different solutions of equations (20c) (for any value
of L) and (20b) . These conditions are fulfilled in our calculations using
the approximations defined in sect. 2. We shall thus restrict ourselves
to the simplest equation. , i.e. (20a). However, the same technique may be
used for the other equations.

Equation (20a) presents a surface term in its r.h.s. To solve this
equation, we replace \Q' in this term by its asymptotic form (1). The
equation then becomes an inhomogeneous equation which can be solved appro-
ximately by expanding HQ_ in a finite set of GCM wave functions.

Using

Yoo L Ee &) (21)

e
Y

and projecting (20a) over {éh(r,l) in the interaction region, one obtains

e Ag fll

:-)—_- g“'- C“h-n. = \,'7-4l":_) <
L

where the symmetrical matrix E; is defined as

‘4a)-1) Oia))(22)

Con. =< Gtrc 5 -E2-E| 0> @

Matrix elements Cmn can be calculated from (11) and (16) . The coeffi-
cients éﬂ, can be calculated from (22) as a function of the collision
matrix element UL . Imposing the continuity of the wave function at

the surface S and using (9), one has

»C_&(”?' 5,.‘,.’4/1 Z .,Zau rg(ﬂ-,'z\,) = :’T(:él‘»fza_) - UL GL (;z.x)) (24)
Remark that it is not ﬁ:cessary to impose the continuity of the deriva-
tive of the wave function because the Bloch operator in eq. (20a) already
contains a condition of continuity of the logarithmic derivative. Calcu-
lating the coefficients {-n from (22) and replacing in (23) , one

obtains



Ua _ Lo lhe) - Au Ty (i) Ry (25)
Op (ha) = ka Oy (A) Ry

where the R-matrix F{L is given by

P r -4

R, = (¢80 220 [ae [C7) (a0 @O
¢ Tlmpc wn -

Numerical calculations are extremely simple if one knows numerical values

of the GCM kernels F{L and ﬁJL at a number of discretization points.

Relations (25) and (26) are easily extended to the multichannel scatte -

ring case 10).

4. Comparison with other GCM calculations. -

The present comparison is restricted to a number of methods which
exhibit close similarities with the MRM , i.e. the methods of Mito and
14)(MK) , Canto and Brink 15, 16)(CBl and CB2) and Nagata and
17)(NY). Method NY is identical to method CB2 17

Kamimura
Yamamoto . These methods
have in common the following features : (i) they only make use of the
GCM kernels P4L and NL calculated at a number of discretization points.
There is thus no need for integral transforms like in the RGM - GCM. It is
not necessary to know the analytical form of HL and N, ,

(ii) the generating function
ge(m) is not present in the final formulae. The asymptotic form of &L{QJ
or the GC functions corresponding to the Coulomb wavie functions have not
to be known. This condition is not verified by the method of Mihailowié¢
et al 18).
In all the above-mentioned methods, an Ansatz is chosen for the RGM
relative function 91(() . This Ansatz is used as a trial function in a
variational principle (MK, CB2, NY) or is used to solve directly the Hill-
Wheeler equation (CBl). The methods may be classified into two categories
according to the way the Ansatz is defined (see Fig. 2). In two of them
(CB2, NY) , the Ansatz is defined in an "interaction region ", i.e. for
values of the relative coordinate smaller than a parameter R similar to
radius a of the MRM. In the other two (MK, CBl) , the Ansatz is defined

for any value of p by adding to the short-range GCM terms a regulari-



10

2 Zfnfaim

?1f{l

Fig. 2

zed asymptotic form é'— { fL - UL (35) . This regularizedterm becomes
negligible below a value of ¢ which is close to R. This is the main
difference be;ween these methods and the method of Mihailowié et al where
the regularized asymptotic term is significant for any value of p
The technique of regularization is different in MK and CBl. In the MRM,
CB2 and NY, there is no overlap between the short-range GCM terms and
the asymptotic term.

Methods CB2 and NY can be shown to be exactly equivalent to our MRM.
This is easily proved by comparing respectively relations (3.20) and (3.21)

of ref. 15)

to relations (26) and (25) of the present talk. This exact
equivalence allows us to make an accurate comparison between the results
of the MRM and methods MK and CBl. For o - « scattering, Nagata and
Yamamoto have compared their results with those obtained with method

MK using the same numerical conditions. With eight discretization points,
both methods differ up to 60 MeV by less than 0.1 degree for = ¢,

13)

and 0.5 decree for .. = 4. Canto and Brirk find a similar agreerent

Zer the mame collizicon Betwesn CBL and £32 {and



For 160 + 160, the phase shifts obtained with both methods are in agree-

ment within two degrees 16).

With a same number of discretization points, all the methods discus-
sed here seem thus to give results in Close agreement. The agreement with
other GCM and RGM calculations is also found satisfying for all these

methods.

5. Choice of the radius of the internal region. -

In the present section, we try to find a simple approximate law
giving radius A (or parameter R of MK or CB) for a given scattering. We
shall successively study values of the distance between the nuclei, beyond
which antisymmetrization effects, parity dependence and nuclear interac-
tion become negligible.

S5.1. Range of antisymmetrization. - Since we are looking for an
approximate law, we may simplify the problem as much as possible. We
shall study the range of antisymmetrization on the non-projected GCM over-
lap kernel N (f' E}). The different terms of N may be classified accor-

ding to their exponential factor,

, - i (r - g
direct term ¢ e
Sl -yt Ry
one-exchange term e ¢ ¢
o s s . e (27)
Y A T
v -exchange term e e re

The coefficient of 5.5' is the number V of nucleons exchanged between
the colliding nuclei. The maximum value of vV is Az (say Al 2 Az).
Making r = E: , one sees that for large values of r, the one-exchange
term is the largest term due to antisymmetrization (at this moment, we are
neglecting the effects of parity projection).

Taking into account the highest power of r in its polynomial factor,
this term may be written

s b
Y, o= P - —
AN T 28
c_;? gl 2 (28)
where .n. 1is rhe principal quantum numkter of the last oscillator shell

to be fillad. We sl.al. consider antisymmetrizaticn negligible if this term

i smi.ier than a gfven small nu=her . Assuning that ;'7 does not
. ; . i€
h is easily checked for A - N , X = 770

degend much on tne ccllisicn {wh

11
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and 160 - 16o), the range Tidf of antisymmetrization is given by
k\.
L\ Mty - 24
204
(_L:) e - £ (29)
V2 4+ Cx

Values of R, /4 obtained from (29) with two different choices for ¢/C .,

are given in table 1

A A, ny+n, ¢/C, = 1073 £/Ce= 1074
4 4 o 3.72 4.29
16 4 1 4.27 4.83
16 16 2 4.87 5.40
40 4 2 4.87 5.40
40 16 3 5.48 5.98
40 40 4 6.10 6.55
Table 1

The results of table 1 can be approximately summarized by the relation

- . Y . '
Re =& A& { Lz.&n,tck‘-/a}]" L L«-.-—-"u]jv (30)
5.2. Range of parity dependence. - The range of parity effects may
be studied by making r =1£' in (27). The leading term is now the maximum
exchange term and is in most cases given by 19)
L™ - &t
n Ry
C, (Z—L:) e ! (31)
where
_1
= - L
y = (2p = A LI (M) (32)
A~ A,
Power n in (31) is rather complicated but can be determined from fig. 3
of ref. 19). We eliminate the trivial case A, = A,. Term (31) dominates

1 2
term (28) if 3 is larger than unity. All the __.ssible cases are

5

A, = A, -1 p=1(2+ 317 2 2" (33a)
2

A, = A =2 p=01e % 5> (33b)



A, =1 J—=(4PA4_4} 21 (33¢)

E - 3 %
A, =2 A, =3 5 =(‘iJL (334)
Approximating power n in (31) by n, +n, (which is exact in cases (33a)

and (33c)), we may replace in (30), the oscillater parameter b by )‘é- when
Y is larger than unity.

5.3. Range of nuclear interaction. - Aassuming that this range is
larger than the range of antisymmetrization., we only consider the direct
nuclear term in the non-projected GCM kernel. For a gaussian potential
,tp,[- ﬂe&;&“], it can be approximated by

1 Mt - —_1'“_
V() & C, (:T) o oI (34)
Constant Cy is much more complicated than C_, but the power of RifET is
the same as in (28). The range of the exgcnential factor in VN is some -
what larger than in (28). Term VN decreases thus slightly more slowly than
the one-exchange term of the overlap kernel. Because of the similarity
between (34) and (28) and because we search for a very simple approxima-
tion, we shall assume that law (30) also approximately holds for the range

of the nuclear interaction.

5.4. Approximate law for the radius of the internal region. - Values
of the ratio a/b (or R/b) which have actually been used in microscopic cal-

culations, are shown in table 2

collision mr® 9+ 20) g 14 cplSs 16)

x - % 4.0 4.2 . 4.5

< -0 a.s a.4 .

Auo -»uo 5.2 .4 5.0
Table 2

with there values, we fit the parameter in equation (30), giving the

approximate law

a = - (q_o - O.C(-n..pn.,j)x “0"(4)}‘) " (35)

13
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The last factor in (35) may introduce an important correction if the
masses of the nuclei differ by unity. In the case of « - 3He for example,
(35) gives a 2 6b in place of a 3= 4b.

6. Applications. -
e

6.1. General remarks. - The MRM has already been applied to & - “8)'
® - 16O 9), 16O - 16o 20) and 120 - 160 21) scattering. The calcula-
8)

tions in ref. were slightly different from the method presented here.
The main difference is a more elaborate (and more difficult) method of
calculating the matrix elements over the internal region and over its
surfage. However, with a slight increase of radius A , the results of
)

ref. can be obtained with the formulae of the present talk.

8) 9)

In refs. and

, we have shown that a good accuracy is obtained
with a small number of discretization points. For the heavier systems,
the results have been obtained with about ten points. For all the above-
mentioned c:1l1._‘~ns, we have checked that the phase shifts do not depend

much on tﬁe value chr sen for the radius of the internal region. We believe
that the fluctuations of the phase shifts, when modifying a, (less than
three degrees in general) may be .considered as the accuracy of the cal-
culation.

The MRM being very simple, most of the computational time is used
to obtain values of the kernels. HL and NL at the discretization
points. Since the number of points is small, the MRM is a rather economical
method. The numerical values of the matrix elements are calculated using

the computer code WICK 22)

. This program performs the theoretical calcula-
tion of the kernels as a function of one-body and two-body matrix elements

and then computes their numerical value. The Coulomb kernel is calculated

exactly.

6.2. % - 12C scattering. - The « - 12C systemr-has already been
studied in a static approximation by Horiuchi ) and by Suzuki 24). We
present here a dynamical study of the elastic o - 12c scattering.

Like in 12C - 16o scattering, one of the colliding nuclei is an open-
shell nucleus. To describe the 12C nucleus in its ground state, we use a

25)

linear combination of nineteen Slater determinants . The £ ~-projected

energy curves



Eé_{'l} = Haf-:._'?.fl/“v‘,_ {"1-,'-) = Hé\"c,u)/-\":‘{ﬂa‘a) (36)

are shown in fig. 3, using effective interactions Bl 26) with b = 1.60 fm

and V2 (M = 0.67) 2n with b = 1.751 fm which has already been used by
Horiuchi 23). Qualitatively, both set of curves present the same complica-
ted shape. They have a common defect , the 0+ potential well is too deep

to describe correctly the energy of the ground state of 160. This is due

to the fact that « and 160 are better described than 12c in the harmo-

nic oscillator model. The 1~ curve is very dif ferent with both interactions.

Fig. 3

Relation (35) gives a = 4.6 b,giving 7.4 fm with Bl and 8 fm with V2.

We have'used nine discretization points and a = 7.8 fm with Bl and ten
discretization points and a = 8.0 fm with v2. The phase shifts obtained
with Bl (dashed lines) and V2 (full lines) are show in figs. 4 and 5
28)

together with experimental results

15
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Fig. 4

The resonances which are obtained with both potentials are located at
higher energies than the experimentalones and are thus much broader.

The agreement is better with the potential proposed by Horiuchi. This

is especially clear for the 1-‘curve although the first 1~ state obtained
with V2 is still located above the ™ + 12C threshold. The agreement with
experimental data is extremely poor for the 2+ state where we find a reso-
nance in place of the 6.92 MeV bound state and where the other resonan-
ces are missing. These resonances should be explained when introducing

excited states of 12C in a coupled-channel calculation 24).

7. © - zclusion. -

The MRM is a GCM which allows to study heavy-ion collisions in a
very simple way. This simplicity comes from the fact that the method only



Fig. 5

requires numerical values of the GCM kernels.

The calculation of the GCM kernels is the common problem to all the
RGM and GCM. In the MRM and in similar methods, there is no need for fur-
ther integral transforms of these kernels. Moreover, it is possible to
compute the Coulomb kernel without approximation. For high 4 -values, the
accuracy of the MRM only depends on the accuracy of the GCM matrix elements.

Accurate results are obtained with a rather small number of discreti-
zation points, reducing the computation time. The MRM and the other methods
discussed in sect. 4 appear to be a valuable alternative to RGM calcula-
tions. The extension of the MRM to multi-channel scattering is straight-

. +
forward. Calculat:-ns are in progress on the inelastic 12c(lso, 160)120(2 )

scattering 29

17



18

1)
2)
3)
4)
5)
6)
7
8)
9)
10)
11)
12)
13)

14)
15)
16)
17)
18)

19)
20)
21)
22)
23)

24)
25)
26)
27)
28)
29)

References

A.M. Lane and R.G. Thomas, Rev. Mod. Phys. 30 (1958) 257.

W. Tobocman and M.A. Nagarajan, Phys. Rev. 138 (1965) Bl135l.

M.A. Nagarajan, S.K. Shah and W. Tobocman, Phys. Rev. 140 (1965) B63.
L. Garside and W. Tobocman, Phys. Rev. 173 (1968) 1047.

F. Schmittroth and W. Tobocman, Phys. Rev. E} (1971) 1lo1lo0.

A.M. Lane and D. Robson, Phys. Rev. 178 (1969) 1715.

H. Horiuchi, Prog. Theor. Phys. 43 (1970) 375S.

D. Baye and P.-H. Heenen, Nucl. Phys. A233 (1974) 304.

P.-H. Heenen, Nucl. Phys. A272 (1976) 399 .

D. Baye, P.-H. Heenen and M. Libert-Heinemann, Nucl. Phys. A, in press.
D. Baye and P.-H. Heenen, Bull. Cl. Sc. Acad. Roy. Belg. 60 (1974)444.
C. Bloch, Nucl. Phys. 4 (1957) 503.

R.A. Chatwin, Phys. Rev. C2 (1970) 1167.

W. Mac Donald and R. Raphael, Phys. Rev. Cl4 (1976) 2044.

Y. Mito and M. Kamimura, Prog. Theor. Phys. 56 (1976) 583.

L.F. Canto and D.M. Brink, Nucl. Phys. A279 (1977) 85.

L.F. Canto, Nucl. Phys. A279 (1977) 97.

S. Nagata and Y. Yamamoto, Prog. Tﬁeor. Phys. 57 (1977) 1088.

M.V. Mihailowié¢, L.J.B. Goldfarb and M.A. Nagarajan, Nucl. Phys. A273
(1976) 207.

D. Baye, J. Deenen and Y. Salmon, Nucl. Phys. A, in press.

D. Baye and P.-H. Heenen, Nucl. Phys. A276 (1977) 354.

D. Baye and P.-H. Heenen, Nucl. Phys. A283 (1977) 176.

D. Baye, 1974 , unpublished.

H. Horiuchi, Intern. Symposium on cluster structure of nuclei, Tokyo ,
1975, p. 41.

Y. Suzuki, Prog. Theor. Phys. 55 (1976) 1751.

D. Bayve, Nucl. Phys. A272 (1976) 445.

D.M. Brink and E. Boeker, Nucl. Phys. A91 (1967) 1.

A.B. Volkov, Nucl. Phys. 74 (1965) 33.

G.J. Clark, D.J. Sullivan and P.B. Treacy, Nucl. Phys. AllO (1968)481.
D. Baye , P.-H. Heenen and M. Libert-Heinemann, contribution to the

conference.



DISCUSSION

H. Horiuchi: I calculated also the 124 + X system in the RGM

framework using the harmonic oscillator basis. I found that
the choice of the suitable two-nucleon force is very impor-
tant for the microscopic description of inter-cluster inter-
actions. Usual effective two-nucleon interactions which fit
the « and 160 binding energies give to shallow binding energy
for 120. This means a two strong binding between« and 120.
You mentioned in your talk two systems o + 120 and 160 +_120
which include 120 cluster. I would like to hear your comment
on the choice of the two-nucleon force which may cause bad
effect on the inter-cluster force derived microscopically.

D. Baye: Any microscopic interaction will give a too strong
binding energy for ~ + 120. I believe this is a problem of wa-
ve function and rot a problem of interaction. The 120 nucleus
is net well described and, as you said, its binding energy is
too much underestimated, compared to the binding energies of
the closed-shell nuclei and 160. For non-zero values of the
angular momentum, interaction V2 with M = 0.67 seems to give
the best results. For 120 + 160, the situation is different.
The underestimation of the total energy of the system seems
to remain nearly constant when the distance between the col-
l1iding nuclei decreases. The 120 + 160 interaction is thus
much more realistic since it is the difference between two
nearly equally underestimated energies.

Y.C. Tang: Is your method restricted to the case where the
cluster internal functions are harmonic-oscillator wave func-
tions of the same width parameter?

D. Baye: Untill now, our calculations are restricted to this
case. This is due to the fact that we compute the GCM matrix
elements with identical width parameters in order to avoid
centre-of-mass problems. However, the MRM could be extended
to the more general case of different parameters. Then we
should have to introduce a projection on the centre-of-rass
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motion in our calculation of the GCM matrix elements. The
calculation would become then much more tedious.

B.GGiraud: Does your continuity equation guarantee conver-

éence if the basis on which the R matrix is calculated is
enriched?

D. Baye: The continuity conditions are correctly fulfilled
at the surface of the interaction region. The Bloch operator
in the Bloch-Schrddinger equation contains a condition of
continuity of the logarithmic derivative of the wave function.
With our continuity relation, we thus obtain both the conti-
nuity of the wave function and of its first derivative. This
should not introduce a problem of convergence in our method,
but I must say that the convergence has not been studied
theoretically.

K. Dietrich: In the interior region the system will try to
avoid density distributions which locally exceed the satura-
tion value. Does your system of basis functions provide a
convenient description of this effect or do you have to incor-
porate many excited configurations for realistic calculations?

D. Baye: First, I must say that we do not have much freedom
in choosing the basis of wave functions. The generator coordi-
nate treatment requires the use of harmonic oscillator single
particle states. The only parameter which can be modified is

- the size parameter of these states. Moreover, the calculations

are quite difficult and it is difficult to extend the basis
to many excited states. However, the GCM basis should provi-
de a good description of the saturation effect due to the
Pauli principle.





