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I . Introduction .

The Pauli erinciple plays an important role in heavy ion 

reactions and explains a number of puzzling features of 

phenomenological approaches :  i ) Consider the real part U of 

the optical potential for elastic scattering . Reasonable fits 

to the experimental data have been obtained by both repulsive 

core and deep attractive potentials (Fig . 1 ) . At first glance 

it seems unintelligible that such differen� types of pot­

entials can be phase-equivalent . We shall  see below that the 

Pauli principle offers an explanation for �is type of 

ambiguity . One would then expect this ambiguity to disappear 

at high energies where the Pauli principle looses its in­

fluence . In fact , with increasing energy the repulsive core 

is reduced 1 ) while purely attractive potentials become more 

and more shallow2 > . Thus the two types of potentials tend to 

converge to a unique high energy limit . ii ) It is often quite 

difficult to distinguish between refractive and n i ffr��� i vP. 



effects3 > . For example (Fig.  2 ) , the typical behaviour of 

angular distributions at forward angles can often be repro­

duced by both strong absorptive and refractive models . A 

rise of the cross section at backward angles is generally 

assigned to particle exchange which can be described by a 

real non-local potential . On the other hand , when absorption 

sets in abruptly as soon as the ions touch , one will  obtain 

reflection4 > . A well-known example is the reflection of 

electromagnetic waves on a metallic bal l .  iii ) Alpha raduced 

widths as calculated from the traditional shell model approach 

are much too small when compared to expe�iment . The absolute 

values may be wrong by factors 10 to 1000 , varying from light 

to heavy nuclei . Alpha-cluster mode ls were invokctl to remedy 

the situation but led to unreasonably large alpha-clustering 

in the nuclear surface , especially for heavy nuclei . Recent­

ly, FliessbachS ) has shown how to remove this discrepancy by 

proper t�eatment of antisymmetrization . A similar situation 

occurs for alpha- and two-nucleon-transfer where the absolute 

values of spectroscopic factors cannot be explained . In con­

trast there seems to be no problem in the case of one-nucleon­

transfer . 

The above examples show the need to develop practicable 

theories which incorporate Pauli principle and absorption on 

a fundamental level in a consistent way . Such theories are 

the resonating group method6 ) and the generator coordinate 

method? ) combined with Feshbach ' s  formalism of effective 

forces8 > .
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I I . General Framework 

a ) The Generator Coordinate Method (GCM) .

In  the GCM the many-body wave function t for elastic scatter­

ing is described as superposition of generating functions

( II . 1 ) , ex) = /� (x , r ) f (r ) dr� � - � 

where x stands for all single-particle coordinates of the 

nucleons and the pa�ameter ; measures the mean distance bet­

ween the fragments A and B. The generating functions $ (�, : > 

are square-integrable and antisymmetri zed with respect to all 

nucleons of the system; they may be viewed as " snapshots " of 

the scattering process with the fragments at mean distance ! · 

There are no superfluous degrees of freedom in the , theory as 

the integration in ( II . 1 )  extends over all =-values . 

The expans ion coefficients f C:> are determined by solving the 

Schr6dinger equation of the many-body system in the subspace 

of Hilbert space spanned by the ansatz ( I I . 1 ) . The result is  

an infinite set  of  integral equations ( "Griffin-Hill-Wheeler 

equations " ) , 

( I I . 2 )  for all r ' 

to be solved with scattering boundary condi tions9 > for f C:> ·

In practice , $ (� ,!) will  be represented by one or a few Slater 

determinants in a two-center shell model so that the GCM-
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( II .  3 )  
{ H (r 1 , r )

} 
H 

... - = <lj) ( r ' > - 1 { e f f } l $ ( r ) >
N (r ' , r )  . ...  1 ... 

can be calculated by standard shell model techniques . He ff  i� 
the effective microscopic Hamiltonian in the elastic channel ,  

t o  be discussed i n  section IV . 

To relate the expansion coefficients f (r)  to the wave function 

of relative motion of fragments A and B ,  we switch to the 

b) Resonating Group �ethod

where the ansatz ( II . 1 )  is replaced by

( II . 4 )  

Here �A and �B describe the (undistorted) internal structures 

of A and B, lj)CM the center-of-mass motion . rJ/. denotes the 

rest-antisymmetrizer between A and B ,  and g is the relative 

motion wave function to be determined . 

To this end we project the many-body Schrodinger equation onto 

the subspace spanned by ( II . 4 ) , 

( I I . S ) 

where the round brac�ets indicate integration over internal 

fragment coordinates only . The explicit form of the Schro­

dinger equation of relative motion is obtained by splitting 

He ff  into 

( II . 6 )



where p is the actual variable of relative motion , and by 

separating direct and .exchange contributions according to 

( I I . 6
1
) '-' = 1 + ( .A - 1 ) 

The resulting nresonating group equation n reads as follows 

(II . 7 )  

where 

( II . 8 )  

{Tp + V ( p )  - £ }g ( p }  I I I 
= /K ( p ,  p ) g ( p ) dp  
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is the direct ·part of the nucleus-nucleus potential . V is 

local if  the underlying nucleon-nucleon interaction is local , 

as is assumed in eq . ·( II . 8 ) . The energy E of relative motion 

appears after subtracting the internal energies of A and B 

and the center-of-mass energy from the total energy E .  The 

right hand side in ( II . 7 ) contains all exchange contribution� 

( including those of overlap and kinetic energy) , 

and is non-local like the Hartree-Fock exchange potential .  

The two types of potentials U shown in Fig . 1 are simply 

different local approximations of the non-local kernel V-K . 

c ) Connection between GCM and RGM.

Although both methods , GCM and RGM, are equ!valent in prin­

ciple , it is difficult in practice to construct generating

functions � (� , : > such that, for given �A and �B ' the model 

spaces span�ed by ( II . 1 )  and ( I I . 4 ) are identical .  As an ex­

ample where the equivalence of GCM and RGM can be shown 
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explicitly, let us assume that 

( II . 1 0) 

where r is  a wave_ packet describing fluctuations of the relative 

motion coordinate p around the mean distance r .  Assumption ( �I . 1 0) 

is fulfilled in the alpha-cluster model and the two-center 

harmonic oscillator shell model , provided the same oscillator 

length b i s taken for both fragments . If bA+bB , or if more 

sophisticated model s are used , the factorization property ( I I . 1 0) 

breaks down , and a further integration is required i:� � : .!.::- �':". :::':" -? 

spurious center-of-mass excitations . 

Combining eqs .  ( II . 1 )  and ( II . 1 0) and comparing the result with 

eq . ( I I . 4 ) ,  one finds the desired connection between GCM and RGM 

as 

( I I . 1 1 )  g ( o )  = ff ( p , r) f (r ) dr 

GCM matrix elements and RGM kernel s are connected accordiugly , 

(II . 1 2 ) 

where the subscript O indicates that antisynunetri zation is only 

performed within the fragments A and B .  By means of eqs . ( II . 1 2 )  

it  i s  possible to calculate the RGM kernels from the GCM matrix 

elements by defolding eqs . ( II . l i ) . This is important since 

direct .calculation of the RGM kernels becomes impracticable with 

increasing particle number . 



III . Effects o( antisymmetrization . 

a) Redundant states 1 0> .
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A peculiar feature of microscopic theories of composite particle

scattering is the appearance of square-integrable states of

relative motion which lead to solutions of eq . ( II . 7 )  at arbit­

rary energy . Such " redundant states" are obtained whenever the

eigenvalue problem

( I II . 1 )

possesses solutions uR with eigenvalue A= 1 .  After antisymmetrization ,  

the corresponding many-body wave function 

( I I I . 2 )  

vanishes identically and provides a trivial solution of ( II . 5 )  at 

any energy E .  Redundant states have to be counted in the Levinson 

theorem like true bound states , 

( III . 3 ) 

where m1 is the number of redundant states in the tth partial 

wave, n1 the number of true bound states . Redundant states actually 

occur if the internal states 'A' 'B are described in the oscil lator 

shell model with equal b-values for both fragments , as has been 

used in most of the microscopic calculations done so far � In this 

model , the redundant states turn out to be harmonic oscillato� 

wave functions with N < N
R quanta excited , the redundancy limit 

NR depe�ding on the system under consideration . 
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The redundant states ,  which are a direct consequence of the 

Pauli principle , are important in two ways . First , eq . ( III . 3 ) 

shows that the Pauli principle can be simulated by extra bound 

states . This  explains the " equivalence" of repulsive core and 

deep attractive potentials (Fig . 1 ) . Second , the physical so­

lutions g orthogonal to u R are damped in the interaction region 

wh��.e: �s�rp.tion takes place . It i s ,  therefore , not surprising 

that refractive and. di ffractive effects are often hard to dis­

ent ... ngle (Fig . 2 )  • 

In more realistic models where the . nternal wave functions de­

viate from the pure oscillator shell mode l by the admixture of 

other configurations or by introducing different si ze parameters 

for different fragments ,  there will be eigenfunctions of vr with 

eigenvalues A close to 1 . There have been controversial views 

regarding the nature of such " almost redundant states " ,  - whether 

they are positive energy bound states 1 1 > or resonances of finite 

width 1 2 ) . Careful studies on simple systems prove the latter 

version to be true . 

Consider , e .g . , the fictitious problem of dineutron-dineutron 

scattering 1 3 > with the intPT'na l  dineutron wave function taken as 

sum of two Gaussian functions with different widths b:f=b ' .  The 

nucleon-nucleon interaction is switched off artificially in 

order to study the effect of antisymmetrization separately.  Fig . 3  

shows the phase o
0

(k) , obtained b y  solving the resonating group 

equation ( I I . 7 ) . In the oscillator shell model limit,  b=b ' , no 

resonance occurs , and the Levinson theorem is established� as 

6
0

(0) - o0 (m) = n due to the presence of one redundant state . 
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Leaving the pure osci llator shell  model by choosing bfb ' one 

observes a resonance whose width converges to a finite value if  

the step length d ,  used in the numerical treatment of eq . ( I I . 7 ) , 

i s  reduced . From the energy dependence one finds in this case 

6
0

(0) - 6
0 (m) = O which demonstrates that no positive energy 

bound state is present . As a more reali stic example , the a- 1 60 

system has been studied 1 4 ) allowing for different size parameters , 

batb
1 6' ;  again nuclear and Coulomb forces were turned off . The 

phases , shown in Figs . 4 and 5 for various partial waves 1 ,  di s-

play the same general behaviour as in the dineutron case . For 

low i-values the resonance structures are more complicated since 

several redundant states are degenerate . 

On a formal basis  1 2 1 1 4 ) the finite width of the resonances and 

the discontinuous transition from " redundant" to " almost redun­

dant" states can be explained as follows : Let us start from 

inte�;al wave functions �A' �B in the harmonic  oscillator model 

with bA = b8+n .  The projector P onto the elastic channel can 

then be expanded in terms of the solutions u1 �f eq . ( III � 1 ) as 

( I I I . 4 )  p 

where 

( I I I . S )  

Eq . ( I I . S )  i s  then equivalent to 

( I I I . 6 )  

To compare with the case bA
=bB ' we split P into 
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( I II . 7 ) 

such that P
0 

comprises  those states ui for which A
1
,f:1  if  bA + bB .

The resonating group equation ( I I . 5 )  then rqads 

( I I I . 8 )  

for bA=bB . Eqs . ( II I . 6 )  and ( I I I . 8 )  constitute two di fferent 

problems because of the coupling term P0He f fP1 appearing in ( III . 6 ) . 

This term connects the P0-space with states '1'
1 

from P1 -space which

describe internally excited fragments since 

( I I I  . 9 )  

for A i + 1 ,  and causes resonanc�s i n  the spectrum of ( II I . 6 )  which 

do not occur in ( I I I . 8 ) . 

Regarding the actual relevance of these resonances two points 

should be born in mind : i ) The above results wi ll be modified by 

the inclusion of Coulomb and nuclear forces . ii) The resonances 

appear at energies where inelastic channels ought to be included . 

b) Alpha reduced widths .

Let 'l'A+4 denote the state vector of the (A+4 ) -system whose alpha­

decay we wish to study . The probability for finding an alpha­

particle at dis�ance E from the residual nucleus A is given by 

(III . 1 0)  P ( r ) l < Jf { ( l - vr) 26 (
_e

-: ) <1>a<l>A} l 'l'A+4 > 1 2 

where <l>a and <l>A are the internal wave functions of the 



1 
alpha-particle and the residual nucleus . The factor ( 1 - .J') � is 

needed for normali zation since 

{ II I . 1 1 ) I = o (r-r ) -v(C r , r 1 ) 
_.. ,_  - ... 

contains the orthonormality defect cd"<: ' : ' > due to antisymmetri­

zation between the fragments .

For the interpretation of P (r ) as probability it is  crucial to
1 -

include the factor ( 1 - .,( )
-� in eq . ( I II . 10) . Then 

1 1 . 
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( II I . 1 1 )  I! (r) 
-- -i I ,){, { C 1 - J ) 2 o C =-£ ) $a$ A} > < { $A� a o ( ::-£ ) ( 1 - ,,r ) } c.JI i 

is a projector , and 

( III . 1 2 ) 

is a probability if '
A+ 4  

is normalized . 

The actual importance of the factor ( 1 - ...f) 
-2 (discarded in the

traditional approach ) has been demonstrated recent ly by 

Flie ssbach5 ) . It accounts for a factor 1 0  - 1 000, depending on 

the system under consideration , and leads to reduced widths in 

excellent agreement with experiment . It is proper treatment of 

antisymmetrization which is responsible for this effect ! One 

expects similar effects for spectroscopic factors of alpha- and 

two-particle-transfer . There is no normali zation problem for 

spectroscopic factors in the case of one-particle-transfer _where 

the operator vf has only eigenvalues o and 1 • One simply has to 

discard the �edundant states (eigenvalue 1 ) , - the remainder · of 

( 1 - r,{ ) then reduces to the unit operator . 
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IV . Absorption .

Most of the microscopic calculations done so far neglect ab­

sorption completely . They use real effective interactions ( like , 

e .g . ,  the Volkov force ) , adapted to the system at infinite 

-fragment separation , and . are at best useful approximations at

low energies . Simple approaches 1 5 > which introduce absorption

phenomenologically in the Hill-Wheeler or resonating group egs . ,

( I I . 2 )  and ( II . 7 ) , cannot solve the problem of energy dependence

and radial shape of the ,optical potential . The first genuine

microscopic approach is due to Toepffer et a1 . 1 6 >

Their work is based on the G-matrix concept of Brtickner . For

simplicity they treat fragments A and B as two Fermi spheres

approaching each other with relative initial momentum K. At

given mean distance r between A and B ,  the system is described
N 

by a Slater determinant 4> ( r  , K)_ built from single-particle states

(IV. 1 ) · 

for, e .g . ,  a nucleon in fragment A .  Here 

(IV . 2 )  r = r - r _ A  - B  K = ! ( K  - K ) - 2 - A  - B 

The energy expectation value E C: ,!> for A and B being separated 

by r and K in ordinary space and momentum space , resp . ,  is cal-..., -
culated as : 

( IV . 3 )  E (r , K) = <4> ( r ,K) I T + G l 4> (r , K) >-- ... ....... ... .... � 

where T is the kinetic energy and G the two-body G-matrix, 
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( IV .  4 )
. 

00 G = V + V (w-T+in)  G 

The Pauli operator 00 excludes single-particle states occupied 

in � (� , �) as intermediate states ,  hence G = G (r , K) . V is a 

realistic nucleon-nucleon interaction and w the starting energy . 

The optical potential O ( r , K) is then identified with the inter­

action energy 

( IV .  5 ) J r <mn ; r , K j G (r ,K) lmn; r, K> = O (r , K)
m•A 
n t B  

contained in ( IV . 3 ) . In contrast t o  ordinary Brilckner theory , 

U (r ,  K) is com_plex for K > O .  Apart from virtual excitations , 

responsible for the dispersive part of G ,  there can be real ex­

citations when kinetic energy of . relative motion is converted 

into internal excitation energy , giving rise to an absorptive 

part , 

( IV . 6 )  
0 

G = V + v'?(-2...) G - i iTVOo6 (w-T) Gw-T 

There are a number of shortcomings of the method of Toepffer et  

al . in  its present form : 

i ) Surface and shell effects are neglected when using the plane

wave basis ( IV . 1 ) . To improve on this point we switch to a

basis of moving oscillator functions

(IV .  7)  

where 

( IV .  8 )  
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for particles belonging to fragment A .  Technically this step 

amounts to calculating the expansion coefficients 
I 

< aB ; r , K l k , k  ; r , K> of two-particle states by Fourier trans-,.. ...,,  - ..., ..... ....  
formation . 

ii ) Toepffer et  al . approximate the operator 00 in the model of

overlapping Fermi spheres such that the exclusion principle is

fulfilled on average only . In the moving osci llator basis  the

Pauli operator 00 reads 

( IV . 9 )  -
1 1  I - 1 - r Bay aS ; .: , �> <y o ; E , � B8 0 cxSy o 

occupied
where B is the overlap matrix in the non-orthogonal basi s of 

moving oscillator states ( IV . 8 ) . As expected Q0 tends to 1 for 

high energies since 

( IV .  1 0 )  

the influence of the Pauli principle on absorption disappears 

with increasing energy . 

iii ) The simplest way to connect the G-matrix ( IV . 4 )  with two­

nucleon scattering data is  to iterate eq . ( IV . 4 )  and replace

V by the two-nucleon 7-���rix ,

( IV .  1 1 ) 
Qo G � V + V w-T+in 7 + • • • •  

To improve the convergence of this expansion we introduce a 

reference matrix 

( IV .  1 2 ) G = G ( r � � , K  + 0) 



which i s  related to G through 

( IV . 1 3 ) G 

The Paul i operator Q0 of the reference problem as well as G 

are real as they refer to a bound state problem ( separated 

fragments at rest) . One expects th�t the iteration of ( IV . 1 3 )  

converges faster than for ( IV . 4 ) . We obtain to second order : 

( IV . 1 4 )  Re G = 

and 

( IV .  1 5 ) Im G = 

-
G + - Q0-50 -G'P'--) G 1 w-T 

- --
- lT GQ0o ( w -T )  G 

As reference matrix we may take a Volkov or Skyrme force . 

129 

iv) Relative moti on is treated incorrectly when interpreting c ;v . S )

a s  optical potential since the parameter ! differs from the

dynamical variable of relative motion f · In other· �ords , eq . 

( IV . 5) neglects non-diagonal elements <� (r  , K) I G l $ C r , K) > . They,,,,, .... ...... ... 
can be taken care of by using the above matrix elements as input 

for the Hill-Wheeler eqs . ( I I . 2 )  in the symmetri zed form: 

( IV . 1 6) 

This procedure is  not fully self-consistent since the above G 

is  calculated with respect to a single configuration $ (: , !> of 

the two-center shell model ,  which covers only part of the GCM­

space of functions defined by ( I I  .• 1 )  • 
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It remains to investigate whether it is justified to use the 

G-matrix of eq . ( IV . 4 )  as effective force in the elastic

channel .  Following Feshbach8 ) the effective Hamiltonian can

be expressed as

( IV . 1 7 )  "e f f  = P{ H + HQ (E-QHQ+in ) - 1 QH } P

where P proj ects onto the elastic channel defined in ( I I . 1 )  and 

( IV . 1 7 ' )

Let us split H into 

(IV . 1 8 ) 

\uch that 

{ IV . 1 9 )  

Q = 1 - p 

H Ho + V 

then eq • . ( IV . 1 7 )  can be rewritten as 

( IV . 20) 

where 

(IV . 2 1 )

8e f f  = P { Ho + " }P

� = V + V Q . �-
7 E-H

0+in 7

is in general a many-body operator . In the independent pair 

approximation � reduces to the two-body operator G of eq . ( IV . 4 )  

if  we choose H
0=T .  

Within their G-matrix concept ·roepf fer e t  al·. 1 6 ) have studied 
1 6  1 6  elastic o- O scattering . The imaginary part of the optical 

potential ( IV . S ) is shown in Fig . 6 for various energies . It 

shows surface transparency and the energy dependence -!s almost 

.linear upto 80 MeV c .m .  energy . The latter point will be modi­

f�ed when shell effects are inclu�ed as described in  IV . i ) . 

Surface transparency may become more pronounced if the GCM 
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diagonal elements are replaced by the proper resonating group 

kernels . The excitation function (Fig . 7 )  at e = 90 ° i s  C .m . 
in satisfactory agreement with experiment , in particular at 

high energies . At low energies  the calculation shows too little 

structure which is probably due to the poor treatment of the 

real part of the optical potential , chosen as phenomenological 

local potential  of Woods-Saxon type . This can be improved by 

proper calculation of the real  part within the RGM where 

resonance st,ructures are found (Fig . 8 )  at low energies 1 7 > • 

They will be modified regarding width and position when 

absorption i s  included . 

v .  Conclusion . 

A method has been presented by which Pauli principle and 1 8 ) 

absorption can be treated cons istently on a microscopic level . 

Once the internal fragment wave functions and the effective 

nucl�on-nucleon force at infinite fragment separation are 

chosen , there is no free parameter in the theory . The method 

is rather flexible since the intermediate states in the G­

matrix equation depend on the separation � and include two 

par �icle-two hole excitations in the compound system as well  

as particle-hole excitations of the individual fragments . 

In view of the substantial numerical work involved , the 

method wil l  not be suitable for large scale calculations 

throughout the periodic table but only for a few s imple 
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representative systems .• . This should suffice to learn about 

proper parametrization of optical potentials to be used for 

analyzing experimental data . 
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Fig . 1 .  

er 

Fig . 2 .  Qualitative features o f  the 

elastic scattering cross section . 

(lUalitative behaviour of sCl!le heavy ion potent.ials 

for various energies . 

O.S 

o..J-........ -....--,.--.-..--...--......----.--,,--....--...--....----r--,.---.-.--...-,--.-""".":""'�, 
0 O.S fO IS 20 k {fm· / 

Fig . 3 .  s-wave phase shift caused by the Pauli principle in 

dineutron-dineutron scattering , taken from ref . 1 3 .  l • The 

d4shed curve refers to b • b'  • 1 fm and the solid line 

to b • 2b' .. 2 fm; near resonance the phase is displayed 

for various step lengths d .  
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1"19 . , .  a- 160 phase shifts for even partial waves, taken frcm 

ref·. 1 4 . ) . The upper part refers to ba • b 1 60
, the lovor 

one to ba + b 160 • 
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Fig . 5 .  

5 

a- 1 60 phase shifts for odd partial waves , taken from 

ref . 1 4 . ) . The upper part refers to b0 • b1 60
• the lower 

one to b0 � b1 60 • 



Fig . 6 .  Imaginary part of the 1 6o- 1 6o optical potenticl cs 

function of the separctlon distance at various c .111. energ1e11 

(ref . 1 6 ) . 
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Experim�:1tal exei tation !unction ( f ul l line) at 

Ge . in. • 90° for elastic 1 6o- 1 Eo scattering . Dashed and 

dashed-dotted l i nes are obtained with the G-::ustrix a?p:oach 

by Toepffer et al , tref . 1 6 1 for the illlac;inary p�rt o! 

the optical potential1 the real part i s  sho.m in the insert . 
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1 6o-1 6o elastic scattering cross section at ;c . m .  = 901 • 

The ·theoretical curve (ful l l ine) stems from a resonating 

group calculation by Friedrich ( ref . 1 7 )  where absorption 

is neglected completely . 



DISCUSSION 

� .  1chsa'·d-:,juzu}:i : fie)\·: c.o you connect the ?.GH and the GCi·i 
�ernels for the C£&e of ecatterinc of nucl ei described by dif­
:'erent oscillator ?ara::et ers ? I think the effect cominfS from 
the c . r.1 .  r.:otion plays a :::in.or rol e  in the scatterinG problem 
without compound proc ess . Do you think so ? 

A ._ ',:eir:un_y� If you work within the GCI·i a further ( 3-dimensi­
onnl ) inte0ration is  required to  remove spurious c enter-of-mass 
effects when usin[ different oscillator l encths . A method to 
c cJ.culate :aGi·i kern el s  from GCh matrix el em ents for fraem ents 
�ith ei fferent oscillator l en�ths haP .been proposed by Giraud 
a:::c. Let,:rnrnn1x. 

;:_. _ }J..:.:.).F_?..:. taviri; ::1:.croscopic results of �.i e ould. you tell  us 
'.·:bic:. pher..o:: en i:,lof:ice.l a�s or:,tion pot entials  fit in.tz,  this 
picture . 

� . _  ·.:ei --unE �'rcn "t:::e results o f  Toe-pffer et al . we · 1ea·rn that 
a:i�. or·ptior: does  not t:.':E ,1ac e on the surfac e .  Cne has volume 
3:.,sorption with so1r,e eu=-�ac e transparency. 

Y . C •• _ l'an ,-· : i'hroucl; tte cenerali z ed L evinson theorem , you seeI:l 
to suz.�cst that the effective int ernucl ear potential i s  a deep
�ot entiRl �el l . Do you have any su�gestion to justify the use 
of a repul sive-core potential to repres ent the effective inter­
ac tion between two nuclei?

A._',·i'ei_f;uny: Ther e are many phase-equival ent local approxima­
tions to the c0rrect non-local effective int ernucl ear potenti­
al . The deep  attractive pot ential is  one possibili_ty where the 
ef feet of the Fauli principl e is sinulat ed wi tr-. the help of 
tte f,eneralizec L evinson theore� . The repul sive core potenti­
al  i s  the sir1pl est \·:ay to account for the repulsive nature of  
the Pauli principle .  

K . Goeke : There exists a rather old problem in applying the
GCM, and probably the RGM: In the ease of uniform translations 
it is known that the GCM gives a mass , which is not identical
to the total mass of the moving system , as it should be due 
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tQ Galileian invariance.  This gave rise to the introduction
of a conjugate generator momentum (the double projection 
formalism o! Peierls and Thouless ) . O! course , one can make
the particular case of translations right , but nevertheless
this raises doubts whether GOH is , strictly speaking, cor­
rect i! one uses it in the usual way • .Another example :  the 
mass o! adiabatic time dependent Bartree-Fock and GOH are 
different . However , if one uses also the integration over the
conjugate momentum in GCM, then they are identical. 

A. Weiguny: The problem concerning the total mass for translati­
onal motion appears when the generating functions violate Galile­
ian invariance. There is. no such invariance principle !or rotati-
ons and vibrations . In general , the choice of the generating
functions requires some intuition. I! you don 't  trust your 
intuition,  you can test the initial choice o! geDe rating 
functions by admixing other configurations , as mentioned in
Prof . Tang ' s  talk. I agree with you that , when transforming 
the GCM integral equation into some differential equation 
of Schrodinger type ,  one should use both position and momen­
tum like parameters. This is connected with well-known ma­
thematical peculiarities of the GOH. 




