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Space correlations and the pairing interaction in nuclei
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We study the space correlations induced by the pairing interaction in a superconductive nucleus. We find
that it is possible to have pairs that present short range space correlations when they are described in the full
Hilbert space, while the use of a reduced Hilbert space introduces complicated structures in the space corre-
lations. The same types of phenomena are present wigiuraction is described in the full or in a reduced
Hilbert space[S0556-28188)01810-X

PACS numbds): 21.60.Jz, 21.30.Fe

The importance of elementary excitations constructed by It is convenient to use for the single particle wave func-
pairs of nucleons as building blocks to describe the nucleations those of the harmonic oscillatgiO). The wave func-
excitations has been known for a long tifiie2]. During the  tions in terms of center of mass and relative coordinates in
1960s it was realized that the pairing interaction was relevarthe HO case can be written by using the Brody-Moshinsky
in the description of two particle transfer reactions in normalbrackets. In this case E¢R) yields
and superconductive nuclg3,4]. Nevertheless, the problem
of the spatial structure of the Cooper pairs in nuclei has not nn on
attracted much attentiofiRefs.[5—7]). The spatial structures ~ S(r,R)= > Bal,alBaz,azz L ol ey
obtained have many peculiar features, as can be seen in the e -

figures of Ref[5]: the pairs are not well localized in space, |a1 |a1 L |a2 |a2 L
they depend on the shells considered in the description of the
system and the maximum of the probability does not occur Xy 3 + L : 3 L
for small relative distances. The relation between particle J ] 0 j J 0
transfer reactions and correlations in space induced by the M %2 %
interaction has been studied before by many autf@+9].

We will follow the nomenclature of Ref5]. For a pair of X > (nal,l apNayl al,L|n,)\,N,A,L>
nucleons moving in the full coordinate space the total wave nn",NN" N A
function can be written as ><<na2,|a2,na2,|aZ,L|n',?\,N’,A,L>¢m

- - - - X (1) édna(R) dnn (1) dnra(R). )
W(ry,x1ir2,x2)= EB Ba, sl ha(ri,x1)® ¢p(ra x2)1, "
' (1) We performed our study ingSnt* using as two-body

Hamiltonian the schematic pairing interaction. We choose
where this wave function is the general antisymmetric wavdlifferent sets of single particle levels to study the effect of
function describing these two particles.corresponds to all  the Hilbert space size on the structure of the “Cooper pairs.
the quantum numbers needed to fully describe the single !tiS convenient to use the BCS approximation to treat the
particle states. pairing interaction. In this case the correlated ground can be

In order to display in a simple way the space distributionWtten as
of the nucleon pair it is convenient to introduce the center of
mass and relative coordinates and to integrate the square of

— 4 \.aTal
the wave function over the angular and spin variables, i.e., |BCS>_£[O (UitViaia; )10)
> > 245 B = NxexpD, Vi aTa1|0>—NexprT|O) (4)
SR~ [ (1 a3z o) PO (@) Ve |G Jalaio- ’

The variable displayed in Ref5] P(r,R) is related to wherea/ creates a particle with quantum numberandI'"

S(r,R) in simple termg P(r,R) =r?R?S(r,R)]. creates a pair of nucleonE! can be considered as an opera-
tor that is proportional to the one that creates a “Cooper
pair” and as we only want to display relative probabilities,

*Permanent address: The Harrison M. Randall Laboratory ofve will not take care on the normalization bf .

Physics, University of Michigan, Ann Arbor, Ml 48109. We can then use this two particle wave function as the
on leave of absence from the Comisidlacional de Enefgi  one of Eq.(1). ThusB, z= 46, 4(V,v2j,+1/U,) and Eq.
Atomica. (3) can be used to evaluafr,R).
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FIG. 1. Countor plots of(r,R) [(a) and(b)] andP(r,R) [(c) and(d)]. In (a) and(c) we use the larger Hilbert spacH{£0 to N=6 with
G,=14.5 MeV/nucleon) while irb) and(d) we use the reduced ortéive levels withG,,=21 MeV/nucleon).

Spherical HO levels including corrections due to the cenparticle levels that are usually considered in the description
trifugal and spin-orbit interactions were used as single-of 5,Sn'*% As the value of the pairing gap depends on the
particle levels[10,11]. We used these single-particle levels size of the Hilbert space we used two different strengths: one
starting atN=2n+1=0 up to N=6 (2 shells above the is the value that gives the right when using five levels
Fermi energy, except for the levels close to the Fermi sur- (G=21 MeV/nucleon), the other one yields the same value
face, were we used those from REf2]. Those substitutions for A when using all the levels froolN=0 to N=6 (G
were done so that the sum of the single particle energy times 14.5 MeV/nucleon). The fact that the gaps have the same
the degeneracy of the levels involved remains constant.  value implies that the resulting andV factors for the levels

The contour plot of the functionS(r,R) andP(r,R) de- near the Fermi surface will almost be the same, but for the
pend strongly on the size of the Hilbert space considered itevels away from the Fermi surface, tbeandV factors will
their evaluation. We used two different Hilbert spaces: thenot be exactly 1 or zero.
first one was formed by all the single particle levels from In Fig. 1 we display the contour plot of the functions
N=0 to N=6. The other was formed only by the five single S(r,R) [(a) and(b)] andP(r,R) [(c) and(d)]. In (a) and(c)
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plicated structures. In the larger space the pairs have strong
short range correlations not only in the square of the wave
function, but also in the probability distribution. The maxima
of the former take place for reasonable values not only for
the relative distances but also for the value of the center of
mass.

The results obtained when using the reduced Hilbert space
have similar features than those obtained in RB}. the
inclusion of the (,,,, state makes the probability distribu-
tion more asymmetric, shifting it to larger values Rfand
correspondingly to smaller values of Besides, the number
of maxima is similar toN, as was noted in Ref5].

When using the larger Hilbert space it is difficult to com-
pare in detail our results fogSn'**with those of Ref[6] but
their wave function(that includes all the shells frol=0 to
N=5) has its most important feature in common with ours:
it is strongly peaked for small values of

It was difficult to understand how an interaction of short
range, as one believes the pairing interaction is, may induce
spatial structures so complicated and clearly not of short
range when working in a reduced Hilbert space. A possible
explanation can be that the effective interaction in the re-
duced Hilbert spacéimplied by the use of only five shells
close to the Fermi surfatés not really of short range but has
a complicated structure. These structures are artifacts due to
the fact that in a reduced Hilbert space one can only repro-
duce functions similar to those of the basis.

To check this possibility we consider the influence of the
Hilbert space size in the representation of §re0 part of a

short range function, such a@r—r’)S(R—R’). Itis

S(r—r")8(R—R’")

1 - -
=7 (r.R.S.Mg|ajBj5.IM)
S8’ Mg,Mg ,a=8,3,M

X<ajaBjBv‘]M|F,;ﬁ’,S,,Ms/>. (5)

In order to look at the existence or not of complicated
structures depending on the Hilbert space size, it is conve-
nient to use the HO wave functions as a complete basis to
write down the space representation of thése functions.
Using Eq.(2) we can integrate over all the angles and sum
over all the spins using for the intermediate states two par-
ticle HO antisymmetric states. In this way we obtain for the
J=0 part of thed's

() R [fm )
[fm] L 1, A
FIG. 2. Countor plots ofP4r,r’,R,R’) usingr’'=0.01b and Ss(r,r',RR)= 2 2 )‘(ﬁi}% 11\
R'=2.7%. In (a) we use the larger Hilbert spacé&N€0 to N a=p \ i .
=6) while in (b) we use the reduced ortéive levels. Ja g 0
we use the larger Hilbert space withG x> (Nal gl pA[NINLN)
=14.5 MeV/nucleon, while inb) and (d) we use the re- nINLn'N’
duced one withc=21 MeV/nucleon. snd o aaln’IN'LA Dbt
It is found that once the system is superconductive the (el angl oM Yon(1) ban(1)
results are almost independent of the strength of the pairing X dnL(R) L (RY). (6)

interaction. It can also be seen that the square of the wave

function S(r,R) has less structure than the probability Of course here we do not have tBg ., factors as in Eq.
P(r,R). On the other hand, the consideration of a larger(3) as we are considering a short range function and not the
Hilbert space decreases dramatically the appearance of contwo particles wave function. In a similar way as we did with
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the square of the wave function, we can definetion of the force as one moves to levels away from the Fermi
Ps(r,r',R,R")=rr'"RR Sy4(r,r',R,R"). surface. We have been able to use up to 7 major shells ob-
In Fig. 2 we displayPs(r,r',R,R") for the é functions taining the same value for the gap parameter, therefore using
using both the large and the reduced Hilbert spaces consié BCS wave function that in the region near the Fermi sur-
ered in the model calculation ghSn*“ In order to have a face is similar for both types of Hilbert spaces. The simili-
similar display as those in Figs. 1 and 2, we used the valuegde between these wave functions makes plausible the ex-
r'=0.01b andR’=2.7%. Itis seen that in the small Hilbert planation that the increase in the Hilbert space size does not
space thes functions are poorly reproduced, while in the jnquce big changes in the pair wave function but allows for

larger space their representation is more appropriate. Thge cancellations of small parts that in the reduced Hilbert
similarities between the results shown in Fig. 1 and Fig. 2 argpace seem to produce long range correlations.

remarkable, and prove that the assumption that connects the one may conclude that the complicated structures found
existence of complicated structures in the two particle correj, the pair wave functiongs] are mainly due to the small
lations with the reduction of the Hilbert space is basicallygjze of the Hilbert space used. The pairing interaction in a

correct. _ _ _ larger Hilbert spac¢13] will in general yield structures for
The pairing interaction, which usually is thought of as the,e pairs that are short range.

short range part of the interaction, is a phenomenological one

and it is considered by many authors to be schematic. Nev- The authors wish to thank H. M. Sofia for helpful discus-
ertheless recentlf13] it has been found that the pairing in- sions and comments. This work has been supported in part
teraction is the most important part of the phenomenologicaby the Carrera del Investigador Cidito y Tecnico, by
interactions derived from several realistic forces. These ausrant No. PICT109 from ANPCYT, Argentina, and PID
thors also suggested the convenience of using a renormaliz&rant No.Ex-085/97 of the University of Buenos Aires.
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