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States of the compound nucleus formed in a nuclear , 
reaction play an important role in the microscopic R-matrix 
theory of reactions1 ) as well as in the variational approach
to collisions2) . If the colliding nuclei are tightly bound
it is likely that the compound nucleus has a two-cluster mo­
lecular structure , the clusters 9f which are the colliding 
nuclei . If only the projectile or the target is tightly 
bound, in the compound nucleus some nucleons might be trans­
fered between the clusters and such a state can suitably be · 
described as a superposition of two or more molecule-like states . 

The purpose of this paper is to study the molecule-like 
states of p-shell nuclei in the basis or two-centre generator 
coordinate wave functions . Firstly we describe the basis wave 
functions , secondly we outline a new method for the projection 
of a basis wave function onto the space of �lar momentum 
eigenstates , thirdly we describe the_ calculation of matrix 
elements of .the Hamiltonian and the identity operator and 
finally we present the results of the calcula�ion of molecule­
-like states of ?Li , treating its structure as a superposition 
of the following two-cluster molecular struct�res :  � + 4He and 
6Li + n .
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1 . Two centre generator qoordinate wave functions

In order to construct a pasis of wave functions appro­
priate for the de scription of states of a compound nucleus 
we start with two-centre generator coordinate functions of 
the form 

( 1) 

The functions �A �, and �B xL are Slater determinants construc­
ted out of single particle functions which are eigenfunctions 
of harmonic oscillator potentials centre4 at § A and B

B
, 

respectively� The indices -x.1 and X 2. denote particular shell 
model configurations . In order to avoid the problem of spurious 
centre - of - mass motion we shall re strict ourselves to con­
figurations with no holes in the closed shells and to the cases 
where the oscillator parameters of both wells are equal . The 
antisymmetrizer dt, takes care of the exchange of nucleons 
between the two fragments .  

2 . Projection of angular momentum eigenstates from the
two-centre generator coordinate functions 

The generator coordinate basis wave functions are 
obtained by applying to functions ( 1 ) the proj ection operator 

J 2J + 1 J Or\ J 1t 

PMK = 81l'2 dI2 J...JMK ( .Q )  R<.Q ) 

Here R( .n )  is the rotation operator that rotates the coordina"tes 
of all the nucl eons ; th.rouf",... the Euler a:J.0·,.les  D. and �. J C ll J  ·- � ""'MK 
a.re elements of its �atrix rep�P. 5�n�a�ion .  
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Our method of projection is based on the following rela­
tion which expresses the effect of the rotation of coordinates 
x in terms of the rotation of the generator coordinate S - -
R(n) � (x ,s) =

?( ,..,, ,..,, 
' c , (.n) � , (x ,S) ,L X 'X 7C - -
'X.'e J{ 

( 2) 

where the coefficients c "'" (11) are expressible in terms of the 
ID functions and J{ is the set of all different configurations 

of valence nucleons in the major shel l only. 

We shall establish the relation (2)  for the nucleus ?Li 
treating it as a composite of two clusters 6Li and n . This 
cluster structure contains all relevant information concerning . 
the method of angular momentum. proj ection . 

Let the single particle potential of the nucleons in 

the cluster 6Li be a harmonic oscill �tor potential centred 

at 2A �nd let the remaining neutron move in a harmonic 

oscillator uotential centred at S� . . . -n 

Ne shall use the Cartesian representation for single 
nucleon wave functions : "10 rn m (x ,S. ) , i e {A ,B}, for the 

/ l) t ,.., -1 
ground state and 0 n, ms , rnc l�: , _�A) , n E l 1 , 2 , 3 } , which has an 
additional node along the C artesian axis xh , for the first excited
state . ·Jhen the nucleons of both c lusters occupy the lowest 
possible states , a GC function of such a. system has the form 

The effect of the rotation operator on the single particle 
functions is as !allows : 

i ) 

( 3)  

( 4)
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because the space part of a ls function is an exponential 
function depending on I � - �i i  only and the spin part trans­
forms in the following wa:y 

R(Q) X I 
ms 

&.1.. 
ii) The lp single-particle wave function � n , mi, mr (�,§A ) is a
product of 0 (x ,SA ) and the first degree polinomial 

,., o, rns ,rnt "' - . ... 
(xn - .:;An ) · 

The effect of the rotation of the Cartisian coordinate 
xn is given by 

R(n)x n 

where the coefficient s a n'n can be -expressed by the � func­
tions, for example 

Then we have 

( 5 ) 

I !'  ·,:e ap?lY the rotation opera tc:::- to .;�-; G<J .::::-.;; :: :.c� ( ;  '. ·.: e !!ave 
to replac e the single particl9  wave f��c�ion R  by the rotat 3d 



single particle states is occupied ,  the terms of the rotated 
lp single particle state ( eq . 5) which contain 0 o, m;,

mt (�,t )
do not contribute to the rotated many-particle GC !unction 
and we have 

which is a particular example or eq. (2) . 
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By using relation ( 2) we can now establish the following 
statement : the vector space spanned by the set {P�� ��(! ,§0 ) f
- J � K ' J & ')U: X }  where eo is a fixed vector , does not 
depend on the direction of �0 • Proof : Let us choose a confi­
guration ,u J( and a vector � ,  which has the some length as �0 • 

Let ..Q be the Euler angles such that S0 m R(.a)s .  The function 

p �K � .. <. (ic ,e) can be expressed in the f�rm ,., 

P J fa (x,S)  = PMJ"R{.o.) R- \a.) � .... (�,�) 
t11(. ,... ,., " ... 

If we denote the combined rotation .O .w by a, then 

an.c. therefore 

p J � (x ,S)  Ma<. ?l - -
2 J  .. 1 = --
3-rr.:. 

m 

L c ?t'?<. ( .tr 1
) J do- L ��: (er) <:C�m (a) •

X m 

X R( a) {,\, (� ,e0 )
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� \ '*' J  J
L L c ?t'x ( .n-

1
) -.ul( tn (.o) p Mm f6./�,�) 

?t' m 
A:ny element of the set of. projected wave functions corres-
ponding t o � can thus be expressed as a linear combination 
of functions corresponding to £

0
, which completes the proof . 

} .  Matrix elements of the Hamiltonian and the identity operator 

The matrix elements of the Hamiltonian H and the identity 
operator I between two projected GC wave functions can be cal­
culated in terms of overlaps of the unprojected functions (1 )  
in the following way : · 

(ft1x.(§) l (P�K )
t 

{ �} P�KAf6x; (§
1

)) = <f6?t (�) I  { �} Pjl<, I  f6 4, (§ ' ))

= 2J � !  L } d.n t;;c.n) c?t',t (.n) (f6?t (§) 1 { ;} I ftjx,, (§' ))
8 1r  -x.'' 

By expanding the matrix elements of H and I between unprojec­
ted GC wave functions in terms of spherical harconic functions : 

{ H 1 { H >. "x• ,: (S S"J } " " <ft1 cs) 1 1 � 1 �. " Cs' )> = \ ,  x ,u..,.,. r , Y; cs)  Y.,,, ,,cs')
?(. .... J ;c - L L N " " If (S S'J AJA. -

""' ,.. 

')./J. >.".;' X X;c,, " ):. ),4 I ( ( 

' '  { H -x. >. ,c' ').: II ( S, S'J } 

= L_ L._  
�, F 

• , , N -x. >..u, "-" >."JJ,• (5, S'J
'>.r "f.!'t ( I C 

� ).. ", -J.} I 11(� ) y ).'' I ( s )rt t -
.• I 

and choosing § an� § ,  according to the statement proven in 
the previous section , in the z direction , we c;et 

Defining then 

( 6) 
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2J + -,  \ \ \ [c2 x+1)(2 )." +l)J± { H x >. o, x.' ).f-" (s, s 'J} 'e. J ).� ., ,  , (7)
�'iii. L L L t,.'!r N >. " >." • CS 51

) KK 'X X or 
'44.' A ).t" 'X. 01 'l( f I 

Since the coefficients c �· � (a) are given in terms of functions 
ID we can express the coefficients � from eq. ( ?) by the vector 
coupling coefficients . The projection process is 'then an alge­
braic one rather than a numerical integration. 

4. Molecule-like states of 7Li

In order to find the two-centre molecule-like states of 
nuclei one has to solve the wave equation of Schrodinger 
within the space spanned by the set of functions { P;'< S!((c , S )  f 
- J � K � J & x.eJ{ & S E [O,oo)}  • This differential eq. is equi­
valent to the Hill-Wheeler inteeral equation of the form

L.�cIS· <o:it(s) l (P�K. )
-; 

(H - EI) P;l(. 1 9 ": (s' )) r,t',/s ) ... o (a)
1t'I(.' 

the kernels of which are given by eq. ( 7) . 

For illustration eq. ( a) has been solved for the nucleus 
7Li first treating it as a composite of two clusters �He and 
'H . Both clusters were described in terms of Slater determinants 
constructed out of ls single particle functions . As the nuclear 
t �lfo-body interaction the 'hlkov effective two-body potential3 )  

·,19.s '.lsed . The t·.-10-body Coulo:ib interaction was represented by 
.'.l su,-:i of Gaussian fu.�c tio::.s . This representation is reliable 
f� r interparticle dista�ces from 0 . 2  fm to 20 fm . Outside 
��� 3 i�� ar.�l �he ex�c t Cc�lo�b interact ion is stronger .  

I�s e��r� levels of  7Li calculated with the angular 
wo:::.e11t1. ... -: a.:1:i parity ?=-:, c ec -ced generator coordinate basis wave 
fur!::tions s.re sho• • .-:: b:, th-a dashed lines in fig .  l .  The results 
·,d thout Coulomb in-ce.:-3.c tions are shoirn by the lo·.·1er tn-o full
L.nes.  The diagram au5�e sts that the system has only t·,;C" 
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degenerate states stable with respect to desintegration into 
4He and 2H.  For these two states eq. ( 5) has been ·solved by
replacing the integral over S by the sum of few terms. The 
result for the energy of the ground stat� is E(J = !� �) = 
a � -35 . 54 * 0 . 02) MeV.  Let u� note that the ground state energy 
calculated by the GOM is 1 .0 MeV below that obtained by the 
projected Hartree-Fock method4) , where the s�e effective
interaction was used . 

�ext we treated the nucleus ?Li as a composite of the
cluster 6ti and n, where the cluster 6Li was allowed to be
only in the ground state configuration. The energy of ?Li in 
a state with J�= ±- calculated with projected GO basis func­
tions is  shown by the upper full line in fig .  1 . 

Finally we described the ground state of ?Li by a 
superposition of wave functions for clustering in 3H + 4He
and �i + n. The ground state energy of 7Li was then 0 . 1  MeV
below that corresponding to clusters 3H and 4ae only .
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Fig. 1. Energy levels of the nucleus 7Li as runctions of the 
distance between the centres of single particle po­
tentials of the constituent clusters .  When the Coulomb 
interaction is ne�lacted the calculation gives the 
lower two full lines for the cluster structure 3a+4He 
and the upper full line for 6Li+n ,  where 6Li is 
allowed to be in ti. e ground state configuration only. 
The· Coulon;tb int _J:;.a.Ction shifts the lowe.:- two full 
lines into th� : ashed lines . 
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DISCUSSION 

M. Kamimura : I would like to know whether or not you made the
calculation in which the two kinds of configurations 3ae + 4ile
and 6Li + n are diagonalized at each separation distance? If
so it must be very interesting because one can see where the
strength of rearrangement e�fect is large , namely where the
energy-surface difference is large between the calculation
with 3He + 4He only and that with 3ae + 4Be plus 6Li + n. Such
a calculation must be very helpful for the study of rearrange­
ment collision.

M. Poljsak : We have taken into account both configurations
�+ 4Be and 61.i + n only for the states of ?Li with J,r 

c 1/2-.
The ener�y of the lowest such state was 0 . 1  MeV below the ene­
rf!;'J of the same state when only the configuration 3a + 4Be
was allowed . For states with J7 = 5/2- , 7/2- only the confi­
guration 3H + 4Be was considered. The inclusion of the confi­
guration 6Li + n is in progress .

B.Gpiraud : 'When rotating the generator function containing 
clusters with spins , it is not necessary to sum over the spin 
labels if you use a helicity formalism , nam�ly if the quanti­
zation axis is the generator coordinate vector ! itself . 

M. Poljsak : The use of the helicity formalism simplifies the
projection onto the space of eigenfunctions of angular momen­
tum operators , but the projection on parity eigenstates is mo­
re complicated.




