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l. 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 bounda� 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 simu�� �neously by these properties , the configuration space is 

divided int� 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 rPqions . 

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 Robson6) . In 1970, Horiuchi applied the GCM and

one of these methods2 ) to the microscopic study of or. - o< 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 . 1 ) . This

dependence was showed by us8 ) to be due to the use of an early version of

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

elaborate versions of these methods 4 > G) to the use of a GCM basis S) .

Calculations on « - c<.  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 

they were made without any loss of accuracy 9> . The MRM is then easy to 
10) generalize to multichannel scattering

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 o< - 12c 

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

2 .  Extension o f  R-matl.'ix 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 JA-dimension configuration space of the colliding 

nuclei.  In the internal (or interaction) region P ,  nuclear interaction s  

between the nuclei are important. I n  the external (or asymptotic) region 

P, both nuclei are separated by a distance which is larger than the range 

of nuclear forces l ) . 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 .  lO) . 

In the external region, the scattering wave function may be approximated 

by its asymP.totic for:m 

where � and (/)2. are antisymmetrized and normalized internal wave 

functions , f is the relative coordinate , It and ol are Coulomb 

ingoing and outgoing wave functions and Ut is the collision matrix . 

As usually , in R-matrix theories , three-and more-body channels are 

neglected. 

( 1 )  

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 cor�ect for an antisymmetrized wave function . We shall now extend it 



to this case . 

First, the relative coordinate 

i . e .

has to be defined more precisely , 

where ll. .. is the individual coordinate of nucleon 

( 2) 

� and I\ � is the ....... 
number of nucleons of nucleus x . With an antinymmetrized basis , the 

definition of { is not unique . Other definitions are obtained by exchan­

ging nucleons between both nuclei . Since the A nucleons are undistinguish­

able , there are 

,e. = .,'. • J "· "� A4 : -\ . .  
( 3 )  

possible independent coordinates 
{. �  

which could b e  defined equiva-

lently . Relation (1 )  should thus be replaced by 

where 

' - , � \ ' 1 ' ""\ : i ) ' ,,I ' .( .;. � .i .. ( ..:.. , ; � ·
1.
· 1 - ..J 1 ... , ; ,(! f' i .) ...) '

l 
.. ' ... : 1 ( 4 )  I, � "" '\,. ..... • 1 · ;.  

i s  the antisymmetrization proj ector • 

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 e ...._  is larger than CL • The internal region P 

is thus defined by the conditions 

/ e <... ..... .a. ,'I\. = . ) . . (5 )  

All the relations (5 )  are satisfied simultaneously for points located 

inside the internal region . 

To illustrate this on an example, consider the case of three one­

dimensional nucleons ll )  which is presented in fig .  1 .  

The possible relative and internal coordinates are 

e 1 = ?C. 1  
- :.t. .. ..  X- 1  

�� = 'X ,1. - 'lC. 3  2-

..=..L.:....�· 3 � e 1 r X J  = - c . ..  '· 
( l. ::. X. .2. 

= - ' : .. < , (6) 2. 
, J 1 l - 1 2. 

( ; �L t � £1 ;: = x , -
':\:.:. 

::. - ,? "' �  .,.,_ l - =- - - :, l  '- 1  2-2 :., 2.. 
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The three conditions (5 )  intersect to give the hexagonal interaction 

region P. If one of the relative coodinates ( say ( 1 ) tends towards 

infinity, the corresponding intemal coordinate T .... remaining small ,

the asymptotic form ( 4 )  o f  th e  scattering wave function becomes nearly 

identical to ( 1 ) . The other terms of (4 )  are negligible because the 

square integrable wave functions <P" and cp2. depend on e 
1 

( 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 , 

r�lation (4 )  is equivalent to ..c.. relations (1 )  with e replaced by 
e "'- . 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 a.. is 

sufficiently large so that, in the external region , ( i )  nuclear interac­

tions between the nuclei are negligible and ( ii j  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 .a.. 

2 . 2  Matrix elements in the interaction region. - In sect . 3 ,  we 

shall solve the SchrOdinger equation in the interaction region . We shall 

need matrix elements of the total Hamiltonian B calculated over this 

region. 

The GCM wave functions </J .t are linear combinations of 1.. -projec­

ted Slater determinants .  The individual orbitals are harmonic oscillator 

wave functions with the same size parameter .f, :: ( :I:, I .,,._w ) Yi. • The 

centre-of-mass wave function q> c.m.  can be factorized exactly . In RGM 

notations, the GCM wave functions may be written as usually 7> 

where 

. A !  '� 
= / -· · t1'I ..,'t '-t ( t ,  '?.) rh. (p.2. Y,0 

( Q
C.
)

\.�. '. ·�1. ' Y.. . ...... . 't',, .._. 
is the generator coordinate and 

:0/ --v. (. ) JI� -� ( tr  . .t - �L} 
::. -!, r. · ,

'f 
\ 2..t � -1 ) ,.. P- p u 

. : .AA- 'I.. ,' ) l .(,.'- ..... -{. l .,/,.'-

"-l being a spherical Hankel function , and 

is the dimensionless reduced mass . 

In the asymptotic region, one may neglect the exchanges of nucleons 

between the nuclei and q>
-l 

is approximated by 

(7)  

( 8 )  

(9) 

rc> '--) c10> 
where S1 .� = 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 e .,,_  i s  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 Cl),. , (D
1. 

and '{) c .m. are normaliz�d to unity , the matrix element 

5 
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may be written 

(11) 
• :,/J 

( • l.. l. ' ' ., ' } '· ., .., l.. ) 
( C ) J ,- ( ) ):. ( J • J ._( '· d " � r- i · r ' , ·1 t� - 1 f i> ( 't. � - �- • - ._ - -- - -·- • - -, -, '  ,. c � r: - i: 1 , ., � ; 

1 2.  e. , .L \ \, '  ' ' P p l.. I " ' i. : e v i.. 
• � . ....,..... "i. � I) \. \. \. • 

where E1 and E2 are the internal energies of the colliding nuclei . 

The l - projected GCM kernels

1 I-It ( fl.. I tt:) �
( n 

: ,,: ) > <:: 4. \ .  { C, � ( .,_, ; 
l ' lI 

I ·,) l ( /t , 't' ) "'. 
( 12 ) 

are calculated using usual proj ection techniques .  The second term of the 

r .h . s .  of (11)  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 7 >

Let us also remark that, due to the kinetic energy , this second term and 

thus thP. matrix element over P is not symmetrical in r and r ' . 

2 . 3 . Bloch operator. - The kinetic energy op�rator T is not hermi­

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

show that the non-hermitian part of T is a  surface term. Bloch 12 ) has 

introduced a surface operator � which makes H + .'i. 

It is defined by 

hermitian . 

< 4' I H H T 1 'l' >,. < qi I ·, - T t I ·y �;., 
= < q> I � r - i: I Y->s 

(13)  

Restricting the surface s of the internal region to its interaction with 

the two-body channels , � 1uc:&}' l:,e chosen as 

.i:.L 

(14)  
l "'•/"-· T, '= 1  .._ 

Using the equivalence of the coordinates � , the matrix elements of.. "'-a> � r are the same as the matrix elements of 

:c > l. 
.....!:... . .  , !  : ,, - tL) ,/ 

( (15)  ,::. .c ... �I ( l. rt- .. _ c._ 



Neglecting antisymmetrization over S and using ( 10) , the matrix element 

of !i is given by

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 .:Z:: 12 ) 9> 

;t ( L )  - .c ,,t.,
1. 

,I S ( ( - a.) (-J - .b_) ( (17 ) 
- :i."""}'<-· ,"t.. ) e t · 

introducing a constant L wich does not modify the main properties of

� 1 = � l �) ) • If L is chosen as

L o; ( -iL c1.. )  I �- { h.�) '- ,;.. (18)  

where ,.... , , . " 
-� , '{ .i. 1 is the derivative of '-:·l :' t.._ )  with respect to -�"'- , one 

has the property 

:: 0 ( 19) 

The Bloch operator is also called the boundary condition operator 12) 

3 .  The MRM .  -

Introducing the Bloch operator in the Schrodinger equation , one may 

define several equivalent Bloch-Schrodinger equations which are valid over 

the internal region 

H .;.. ![ < o )  - E" )  y -= ,Z: ( o ) Y (20a) 

( H E ) r �..r : ;::, :�) - � t{o) ) Y (20b)

( H r .'t: ( L. ) - £ ) ·y -::. ::t ( L ) Y (20c) 

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

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

Garside and Tobocman 4 > . 

Equation ( 20c) was studied by Lane and Robson G) . The operator ';C.. (L) 

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

? 
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from the r .h . s . of ( 20CJLane 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-Schrodinger 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 'f
l 

in this term by its asymptotic form ( 1 ) . The 

equation then becomes an �nhomogeneous equation which can be solved appro­

ximately by expanding 'fl in a finite set of GCM wave functions . 

Using 

� .. . - ) ,_.,, � ' - ""-
' t-

( 21 )

and projecting (20a) over T.
<-

(r ""'-) in the interaction region , one obtains 

::. I ,  ( . � "'i \ ', - ·)� . .:. )  (. t• L > .-
' : :J. I ) _. , r. ii.._ } ;:_ ( ,. , ... _.) ' :, :..k.) - ·, CJ, (&) (22 )  

• .,. /'"'-
: � - 't,.. 

where the symmetrical matrix is defined as 

C 'M.,.,,__ 
Matrix elements c mn 

= < A r :� ' _. � lf' t,. -.., ' ' j 

I..,' , \ 1::- / 4 I ' > 0\.., I :) ; - • J \'? . ... ) ' l ? 
( 23 )  

can be calculated from (11 )  and ( 16)  • The coeffi-

cients f,,,_, 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 

�... 'k ( ) 
r.. ( ) 2.  � o ,- ;f -

) LJ " ' ' )  ,c. - .2. ( 1 -r d f 2. L !-- ' c  ( {1. ,  1t .. J : - _;_ i' �.,_ - l vl l n"'- ( 24 >
' .... <."I.. • 'l 

Remark that it is not necessary 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 {· •- from (22 )  and replacing in (23 ) , one 

obtains 



"- 14... I � rid R.t.. 
.k. 0- 0 � a�) R.t

where the R-matrix R l. is given by 

( 25 ) 

r i} \ - · r1 - 1 \ r Rt = ( -1 +- "-1) � t- l t <"'- , 'l---) :. '--1 : '.t {().. , ri. .,J c26>
l /ff\,,)"'- .... I\. "'-"'-

Numerical calculations are extremely simple if one knows numerical values 

of the GCM kernels H L and N (. at a nwnber of discretization points . 

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

ring case lO) 

4 . Compariso� 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 Mite and

Kamimura l4 ) (�K) , Canto and Brink 15 • 16) (CB1 and CB2 ) and Nagata and 

Yamamoto l7) (NY) . Method NY is identical to method CB2 l7) . These methods 

have in common the following features ( i )  they only make use of the 

GCM kernels I-I
t, 

and Nt., 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 H l. and N l , 

(ii)  the generating function 

f, {11. ) is not present in the final formulae . The asymptotic form of i
,l,

(11..)

or the GC functions corresponding to the Coulomb wave functions .have not 

to be known . This condi tion is not verified by the method of Mihailowit

et al IS ) 

In all the above-mentioned methods , an Ansatz is chosen for the RGM 

relative function Cft (C ) . 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 (CB1 ) . 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, CB1 ) , the Ansatz is defined 

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

9 
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R 

Fig. 2 

.;\ A 

� :!.. { I1 - U O )t (., l (... 

e 

zed asymptotic form f ( il - u l c\ ) . This regularized term becomes

negligible below a value of C which is close to R. This is the main 

difference between these methods and the method of Mihailowit et al where 

the regularized asymptotic term is significant for any value of e 
The technique of regularization is different in MK and CB1 . In the MRM , 

CB2 and NY, there is no overlap between the short-range GCM terms a�d 

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 )  

o f  ref . lS ) to relations (26) and (25 ) o f  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 iX - 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 o . l degree for = � .  

and O . S  degree f�r -� = 4 .  Canto and Srir.� lS ) find a sir-i lar agree�er.� 



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 � (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. 

5 . 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 (r ,  r ' ) . The different terms of N may be classified accor-
" 'V 

ding to their exponential factor, 

- �
direct term l � , ..

- �
one-exchange term e.. .. , ..

- L::::. 
-exchange term e. "f , .  

(; � l l. 

{ �  - �' )
l. 

-

( �  - :;: i  .. _ 

'1 

,,::, 

..,, 
'i"71. 

� · �' 

J?. . n .. : "" ..... 
(27)  

The coefficient of !•!' is the number Y of nucleons exchanged between 

the colliding nuclei.  The maximum value of � is A2 (say A1 � A2 ) .  

Making ! : �' , 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 

where 

.,. L 

- .:. � l. ( 2 8 )  

. � � - is  the principal quantum number of the last oscillator shell 

to be fil l�d . We sL-11 -'- consider a!"!tisy::".mecrizaticn negligible if this term 

:. . Assur.iing that - . :-- does not 

ie:pe:::i :::uch or. t:.e ccl.:.:.s ... on (w!::..c.h is easily chec!<ed for ,.._ - ;,._ 16 , ·"< - 0 

11 
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and 160 - 160) , the range Rvf' of antisymmetrization is given by 

P.. � ( 
R� 

)

..,_" .. .,,_1. e. - � 
= 

£. ( 29> 
\. 2 &- i.. C .;t-

Values of i<,t /.? obtained from ( 29) with two different choices for E/C..� , 
are given in table l 

Al A2 nl+n2 f:./CA-
= 10-J f../C.t"'" 10-4

4 4 0 3 . 7 2  4 . 29 

16 4 l 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 l can be approximately summarized by the relation 

5 . 2 .  Range of parity dependence . - The range of parity effects may 

be studied by making ! c-£' in (27 ) . The leading term is now the maximum
19) exchange term and is in most cases given by 

c. ( � ) ,._ e.. - l. /:-�J. r' 2. ,t. L (31 )  

where 

( 32) 

Power n in (31) is rather complicated but can be determined from fig . 3 

of ref . 19) . we eliminate the trivial case A1 = A2 • Term (31 )  dominates

term ( 28) if � is larger than unity. All the : � ssible cases are 

A i..  A, - 1 } -= { 2. i-
'1 . "i > l� (33a) = - )  Ai. 'V 

A 1 ·�1 - l = ( 1 1 . "v. G 1= J f. - )  4 ( 33b) 
,!l..i, 



(33c)  

J- :: ( :±..) 1i. \ C 
{33d) 

Approximating power n in ( 31 )  by n1 + n2 (which is exact in cases (33a )  

and ( 33c)), we  may replace in  ( 30) , the oscillatqJ' parameter b by J- ,<}- when 

r is larger than unity.

5 . 3 .  Range of nuclear interaction . - Assuming 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 
&-x. 

[ 
ttt. - � ... 1"] it can be approximated by 

r,- - � , 

(34) 

Constant CN is much more complicated than C vt but the power of �l/i�� is 

the same as in ( 28 ) . The range of the ex�cnen ti.al 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 

colH sion MRM8 , 9 , 20) 

o( - :,(. 4 .0 

� - "'o 4 . 5  

.. �o - "'o 5 . 2  

Table 

MK 
14 ) 

4 . 2  

4 . 4  

5 . 4  

2 

CB15 , 16) 

4 . 5  

5 .0 

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

approximate law 

. ( 35 ) 

13 
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The last factor in ( 35 )  may introduce an important correction if the
3 masses of the nuclei differ by unity . In the case of � - Be for example , 

(35) gives a � 6b in place of a � 4b.

6.  

6 . 1 .  

()( - 160 

Applications.  -
•

General remarks . 
9) 160 _ 160 20) 

I 

- The MRM has 

and 12c - 160 
already been applied to o( - x 9 > ,
21)  scattering . The calcula-

tions in ref .  8) 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 

surface . However , with a slight increase of radius .a. , the results of
8 ) ref . can be obtained with the formulae of the present talk . 

In refs . S ) and g) , we have shown that a good accuracy is obtained 

with a small number of discretization points . For the heavier systems , 

the results h�ve been obtained with about ten points . For all the above­

mentioned c ::::_ • �ns , we have checked that the phase shifts do not depend 

much on the value chr �en 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 verJ sim� le , most of the computational time is used 

to obtain values of the kernels . Hl and Nt.. 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 .  o< - 12c scattering. - The ol.. -
12c system:,·has already been 

studied in a static approximation by Horiuchi 23 ) and by SUzuki 24) . We 

present here a dynamical study of the elastic o< - 12c scattering . 

Like in 12c -
160 scattering , one of the colliding nuclei is an open­

shell nucleus. To describe the 12c nucleus in its ground state , we use a 

linear combination of nineteen Slater determinants 25 ) . The i. -projected

energy curves 



(36)  

are shown in fig . 3 ,  using effective interactions Bl 26) with b = 1 . 60 fm 

and V2 (M = 0. 67 )  27 ) 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 o+ potential well is too deep 

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

to the fact that o< and 160 are better described than 12c in the harmo­

nic oscillator model . The l- 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 e:icperimental ones 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 ob�ained 

with V2 is still located above tht! oc + 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 �eV bound state and where the other resonan­

ces are missing .  These resqnances should be explained when introducing

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

7 . ·· · :;.clusion. -

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 o f  the GCM kernels i s  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 .l -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 o f  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. Calculdt , · ,ns are in progress on the inelastic 12c i16o,  160) 12c ( 2
+ ) 

scattering 29> 

17 
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DISCUSSION 

H. Horiuchi : I calculated also the 12c + � 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-nucl eon interactions which fit 
the � and 160 binding energies give tQ> shallow binding energy
for 12c . This means a two strong binding between � and 12c . 
You mentioned in your talk two systems o-. + 12c and 160 + . . l2c
which include 12c 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 -:-. +  12c .  I believe this is  a problem of  wa­
ve function and not a problem of interaction. The 12c nucleus
is not well de.scribed 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 g  0 .67 seems to give
the best results .  For 12c + 160 ,  the situation i s  different .
The underestimation of the total energy of the system seems 
to remain nearly constant when the distance between the col­
liding nuclei decreases � The 12c + 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 proj ection on the centre-of-mass

19 



20 

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
gence 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-Schrodinger equation contains a condition of 
continuity o! the logarithmic derivative of the wave function.
With our continuity relation, we thus obtain both the conti­
nuity or the wave !unction and or 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 int erior 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 : Fir'st, 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 .  




