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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 of 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 of 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 angular 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 calculation of molecule-
-like states of ?Li, treating its structure as a superposition
gf the following two-cluster molecular structures: b + “He and

Ii + n.
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1. Two centre generator coordinate wave functions

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

058 = J18,, (x0eeimas) 25, G e Xagisg) )

E = ‘§1\ = EB A= (1‘,12) x = (51‘52""§A43) (1)
The functions ¢Ai, and @5, are Slater determinants construc-
ted out of single particle functions which are eigenfunctions
of harmonic oscillator potentials centred at S, and §; ,
respectively, The indices %, and %, denote particular shell
model configurations. In order to avoid the problem of spurious
centre - of - mass motion we shall restrict 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 Jb 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 projection operator

J 2+ Jr

P * Zgnz del Dy (2) Rea)

Here R(N) is the rotation operator that rotates the coordinates
S

of all the nucleons x through the Euler angles 42 and :;.;K(.Q)

are elements of its matrix repres2ntation.
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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 §

R(Q) B,(x8) = ) e, () #,xH, 5-=ra0"s ©)
xeX .

where the coefficients c,“cCQ) are expressible in terms of the

D functions and X is the set of all different configurations

of valence nucleons in the major shellonly.,

We shall establish the relation (2) for the nucleus 71i
treating it as a composite of two clusters 6Li and n. This
cluster structure contains all relevant information concerning .
the method of angular momentum projection.

Let the single particle potential of the nucleons in
the cluster "Li be a harmonic oscillator potential centred
at S, and let the remaining neutron move in a harmonic
osciilator poteetial centred at §3.

We shall use the Cartesian representation for single
nucleon wave functions: Orm (x,S ), i e{A,B}, for the
ground state and Gn,N X, S ), ne {1,2,3}, which )pas an
additional node along the Carte51an axis x,, for the first excited
state. when the nucleons of both clusters occupy the lowest
possible states, a GC function of such a. system has the form

NeOp My O, X,

(5;5’_‘3) = Jat{go’ __21,’_% (}Q!Ea) ﬁO, '%}"f (2_:2;,_5,4)

(XJ‘S ) g [ 1(x;‘1 ) g n (55t§A) gn Gn tf(sﬁ'gﬂ)

0,+%,- 0,+%+3 Ne, O, ~%

1

g, (x50} (3

LIS
The effect of tke rotation operator on the single particle
functions is as follows:
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B .
ii) The lp single-particle wave function @

because the space part of a 1ls function is an exponential
function depending on |x - S;jl only and the spin part trans-
forms in the following way

1 i
2 Digm @X,

]

R X}

(x,8,) is a
n,mgm. “A'<A N
product of @ " (x,5,) and the first degree polinomial
my 22

0,m,
(x, - 8,,)-

)

The effect of the rotation of the Cartisian coordinate

x, is given by

R(Q)x, = Zah:n (a) xp

nf
where the coefficients a,, can be expressed by the D fune-
tions, for example

a, =3 [0 - D@ - B+ D).

Then we have

1
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If «we apply thes rotation operater to thz &0 Juncsicn (I. wz have

to replace ths single particle wave fuac=ions

o
prees 51 cge in the resultiag Fumetien easbh of the fou ol vTl
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single particle states is occupied, the terms of the rotated
1p single particle state (eq. 5) which contain ¢0:'"s',mc (5,5‘\)
do not contribute to the rotated many-particle GC function
and we have

B B, o, (5B) = 2 ann, @ B @

I"\; O‘" na Gn‘ x

@ D Dy ) g

maing o) F)

Xa
non

which is a particular example of eq. (2).

By using relation (2) we can now establish the following
statement: the vector space spanned by the set {P;,I}K ¢“(§,§°)|
-JSEKSJT & xe:}(.} where S, is a fixed vector, does not
depend on the direction of S . Proof: Let us choose a confi-
guration s2te { and a vector S, which has the some length as S,
Let 2 be the Euler angles such that S, = R(2)S. The function
P:K g (x,8) can be expressed in the form
P’ ¢ (x,8) = P? B(2) B™'(a) @,(x,8)
nko RS MK AR

=] P:KR(D_) Z cxz,x ( -0,-1) ng (§$§°)

F

e 4
- 2 Z,c""(n"') faw D7) W) Ka) 8 (x.8,)
= 2;;: Zcﬂ(n-ﬁ jdu i)i:&.,) R(2w) 2 (%.8,)

'y

If we denote the combined rotation .. by o, then

D = ) Do) D

ard therefore

M %

PJ g (x,5) = %‘.‘1 chk, (ah Jdo ;ﬂ):‘;(o) ‘t:m (2)

x
x R(o) 8 _,(x,8,)
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S Y cantah Di@) B 8 x8)
% m

Any element of the set of projected wave functions corres-
ponding to S can thus be expressed as a linear combination
of functions corresponding to § , which completes the proof.

3. 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: -

KB (@I, )*{ “} Pl ABL (') = <¢x(§)l{?} PRI 18, (SD
=21 5" fag DVea) e, (@) (¢x(§)l{?} | (5" Y

8wt

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

G {3} 8 G» - 3y { e '(ss’} NG x\‘.ﬂ.,(éo

' X" )()x Xt\p."(sls,)

Ty {H,%x-f,ﬂss’} ¥} (s) :’,D.,(o)r (8"

1[" aft/l- NIA,‘“,“'\/L'(SS

and choosing S and §’, according to the statement proven in
the previous section, in the z direction, we get

Hj - e | UG- 00 N TTUI % P
G {1} 19,0 5T Iorness lpmrna,
=t

Y} SN - Coaedd
Naan w53 4 “
Defining then
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w )

nally we obtajin
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Since the coefficients ¢ ,+, () are given in terms of functions
D we can express the coefficients ¢ from eq. (7) 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 Schrédinger
Wwithin the space spanned by the set of functions {P;Lﬂ;(;,s)l
-JS KT &reHe SE[qaﬂ} . This differential eq. is equi-
valent to the Hill-Wheeler integral equation of the form

sts <0()(P), ) (B - ED) ) 10,.(8) £,,,(s) =0 (8

K

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

For illustration eq. (8) has been solved for the nucleus
7Li first treating it as a composite of two clusters "He and
3H. Both clusters were described in terms of Slater determinants
constructed out of 1ls single particle functions. As the nuclear
two-body interaction the ‘hlkov effective two-body potential5
#as used. The two-body Coulcab interaction was represented by
2 sum of Gaussian functions. This representation is reliable
fr erparticle distaaces from 0.2 fm to 20 fm. Outside
Tals i“:erval the exact Coulonbd interaction is stronger.

Thz erarsy levels of 7Li calculated with the angular
Dozsntum ani parity projected generator coordinate basis wave
fur.ctions are shown by th2 dashed lines in fig. 1. The results
without Coulomb interactions are shown by the lower two full
lines. The diagram sussests that the system has only fuwe
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degenerate states stable with respect to desintegration into

e and 2H. FPor 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 state is E(J = ’2’ g—) =
a (-35.54 + 0.02) MeV. Let us note that the ground state energy
calculated by the GCM is 1.0 MeV below that obtained by the
projected Hartree-Fock method“ , where the same effective
interaction was used.

Wext we treated the nucleus 7Li as a composite of the
cluster 6Li and n, where the cluster 6Li was allowed to be
only in the ground state configuration. The energy of 7Li in
a state with Jf= %. calculated with projected GC basis func-
tions is shown by the upper full line in fig. 1.

Finally we described the ground state of 7Li by a
superposition of wave functions for clustering in 3H + 4He
and 6Li + n. The ground state energy of 7Li was then 0.1 MeV
below that corresponding to clusters 5lEI and 4He only.
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Fig. 1.

8 9 10 S(fm)

Encrgy levels of the nucleus 7Li as functions of the
distance between the centres of single particle po-
tentials of the constituent clusters. When the Coulomb
interaction is nerlacted the calculation gives the
lower two full lines for the cluster structurs 3H+4He
and the upper full line for 6Li+n, where 6Li is
allowed to be in tie ground state configuration only.
The Coulomb int.iaction shifts the lower two full
lines into the¢ -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 3He + 4He
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 effect is large, namely where the
energy-surface difference is large between the calculation
with 3He + uHe only and that with 3He + 4He 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
SHe + ﬂﬂe and ®Li + n only for the states of /Li with J" = 1/2
The energy of the lowest such state was O.1l MeV below the ene-
rgy of the same state when only the configuration ;g 4He
was allowed. For states with J* = 5/2° » 7/2° only the confi-
guration 38+ 4He was considered. The inclusion of the confi-
guration 6Li + n is in progress.

BGGiraud: 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, namely if the quanti-
zation axis is the generator coordinate vector S 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.





