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Pair clustering and giant pairing resonances
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Giant pairing resonances, i.e., collective two-particle excitations built upon high-lying single-particle
states, are studied in the lead region. Two-particle 0+ states (T=1) outside the 208Pb core are found to
be clustered in the nuclear surface. Our calculation shows that these states are the most excited in two-

particle transfer reactions.

Although giant resonances may be considered as collec-
tive modes in which a considerable portion of the nucleons
move together, one may also think of them as excitations of
high-lying shell-model configurations. '2 In this case, one
finds that all these configurations contribute in phase to the
electromagnetic transition matrix element that describes the
decay of the giant resonance mode. This property applies
also to the first excited state with spin and parity the same
as those of the giant resonance. But the number of confi-
gurations that contribute to the giant resonance is much
larger than the corresponding number contributing to the
first excited state. As a result, the giant resonance takes
most of the transition strength, i.e., it exhausts 20'/o-90/o of
its sum rule. From a microscopic point of view, giant reso-
nances are generally considered to be particle-hole excita-
tions of various kinds. So, the Gamow-Teller resonance
consists of a proton-neutron particle-hole excitation. 2 Both
Gamow-Teller and multipole giant resonances have in the
last decade been the subject of intense studies.

It is well known that particle-hole and particle-particle ex-
citations are formally related to each other. The collectivity
of the particle-hole modes. is measured in terms of the value
of the matrix elements of the corresponding electromagnetic
transition operators, while the pairing collectivity is mea-
sured in terms of the value of the two-particle transfer ma-
trix elements. This analogy may be brought further by
considering also giant pairing resonances (GPR), i.e., col-
lective two-particle excitations built up from high-lying
shell-model configurations.

One important feature of the pairing states is that they
should be strongly excited in two-particle transfer reactions.
This can be seen by writing the pairing (two-particle) wave
function in terms of its single-particle configurations. One
finds that all these configurations contribute in phase to the
two-particle transfer form factor. 6 It is for this reason that
one usually states that the proper probe to analyze the col-
lective features of pairing modes is two-particle transfer
reactions.

Recently, it was shown that in normal pairing modes the
corresponding pair of nucleons have a strong tendency to
cluster in the nuclear surface. 7 8 The formation of the clus-
tering of the pair of particles found in Ref. 7 proceeds
through many configurations. These configurations are
needed to take into account the influence of the continuum
part of the single-particle spectrum. Although the GPR is
built up from high-lying single-particle states, one may ex-

pect that the corresponding GPR wave function is also local-
. ized in space. One may then think that this clustering
favors the transfer of the particles as an entity.

Pairing modes play an important role in the formation of
the u particle in n-decay processes. The inclusion of proton
and neutron pairing states to describe the mother nucleus is
necessary in order to obtain a value of the cx width which is
close to the corresponding experimental value. In fact, one
obtains an enhancement of the calculated o, width of as
much as five orders of magnitudes by including those pair-
ing modes within a large shell-model configuration space. '
The physical reason for this tremendous enhancement is
that through the neutron (proton) pairing mode the pair of
neutrons (protons) becomes clustered in the nuclear sur-
face. In Refs. 9 and 10, where the decay of ' Po was stu-
died, the pairing modes were the ground states of "OPb

(neutron pairing) and 2toPo (proton pairing). Yet, through
this mechanism no neutron-proton interaction was included
in the formalism (i.e., no neutron-proton cluster was
present) and the enhancement of the n-decay width was not
enough to obtain the corresponding experimental value. In
Ref. 11 it was found that there was a state in ' Bi which
was as much clustered as the pairing modes. This state is
the first calculated 0+ state in ' Bi which lies at approxi-
mately S MeV of excitation energy. : This state actually cor-
responds to the neutron-proton pairing excitation, where the
neutron moves in the shells above N =126 [i.e., the shells
that originate the pairing state ' Pb(g. s.)], while the proton
moves in the equivalent isobaric analog shells. This
neutron-proton pairing state is of great importance to cluster
neutrons and protons. Together with the proton-proton and
the neutron-neutron pairing states, the neutron-proton pair-
ing mode induces the clustering of the four nucleons that
eventually constitutes the ot particle. What we are saying is,
in fact, that in n decay the neutron-proton giant pairing res-
onance plays a fundamental role. Moreover, to each pairing
state should correspond two other T =1 states. In our case,
to the ground state of 2' Pb shouM correspond the state
2'oBi(0+;1) discussed above plus a 0+ state in "OPo which
corresponds to the pairing excitation of the second major
shell above Z =82.

In this paper we analyze the clustering features of these
states. At the same time we calculate the two-particle
transfer reactions leading to the T=1 states analogous to
"OPb(g.s.). The single-particle states are those of Ref. 10,
which include five major shells. Within this single-particle
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representation we diagonalized a surface delta force to ob-
tain the pairing wave functions. As expected, the main
components of the ground state (i.e., collective) wave func-
tions agree within 10% with thos( of the Kuo-Brown interac-
tion. '2 The calculation of the two-particle transfer cross sec-
tion was performed within the distorted-wave Born approxi-
mation (DWBA) using the code DwucK4. '3 One may argue
that two step processes are known to play an important role
in two-particle transfer reactions. ' ' But the contribution
of these processes seems to be proportional to the first or-
der contribution given by DWBA. ' ' Moreover, in Ref. 17
no reason was found to question spectroscopic conclusions
computed with one-step codes. Therefore, relative cross
sections (as those calculated in this paper) would not be af-
fected by two step processes.

As in n decay, only the singlet (S=0) component of the
wave function enters in our calculation. Although we do
not mention it explicitly, it is this component we discuss
here.

The clustering features of 2'OPb(g. s.) and "OPo(g.s.) were

already shown in Ref. 7. In Fig. -1 we present the square of
the wave functions of ~'OBi(0+;1) and ~'oPo(0+;GPR). One
can indeed say that the nucleons in these states are
clustered at least as much as those in the pairing ground
states.

We carry out the calculation of the two-particle transfer
cross sections leading to the three T =1 pairing states men-
tioned above for different projectiles and laboratory ener-
gies. As projectiles, we use light ions because the corre-
sponding cross sections have a very typical angular distribu-
tion. ' This feature would favor light ion projectiles in an
experimental search of the GPR. Moreover, we also used
heavy projectiles in our calculations (using code TWOFF'9)
with the optical model parameters of Ref. 6 and with labora-
tory energies of 104 and 200 MeV. We could reproduce the
low energy cross section given in Ref. 20, but the calculated
heavy ion cross section leading to the GPR was smaller than
the one corresponding to light projectiles.

The results of our calculations will be discussed separately
for each case. The '08Pb(t, p)~'OPb(g. s.) reaction has been
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FIG. 1. Square of the two-particle wave function as a function of the angle 8 between the position vectors r ~ and r 2. In this figure it
is r~=r2=7. 8 fm. (a) The first two 0+ states in Bi. (b) The first (ground state) and the seventh (GPR) states in Po. This fjgure
shows that the two particles in the GPR state are even more clustered than in the normal pairing state.
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abundantly analyzed in the past (see Ref. 4, and references
therein) and it will not be discussed here.

The 2osPb(3He, p)2'oBi(0+;I) reaction was calculated using
the optical model parameters and laboratory energy (40.8
MeV) of Ref. 21. In this reference a number of low-lying
states in 2' Bi were measured. We calculated the corre-
sponding cross sections with the code DwUCK4 which uses
the zero range approximation for the projectile. Since the
low-lying states in ' Bi are produced by neutrons and pro-
tons moving in different major shells, no 0+ state was ob-
served in Ref. 21 (in contrast to the other nuclei studied in
this paper). Therefore, we could not calculate a relative
cross section between the GPR and any observed 0+ state.
In cases like this, one needs to estimate the absolute cross
sections. We did this estimation proceeding, as usually
done in the literature, 2' introducing a normalization con-
stant X between the experimental cross sections and the
corresponding theoretica1 values. The value of N might be
very dependent upon the spin and parity of the excited state
(in which case one may doubt the validity of the approxima-
tion used in the calculation, e.g. , zero range approximation,
etc.). With the definition of N used in Ref. 22 [for details
see Eq. (1) of Ref. 22] we obtained all the measured abso-
lute cross sections of Ref. 21 with N in the range
20 & N &30. We feel, therefore, confident that the same
factor would be needed to obtain the cross section leading to
the 2toBi(0+;I) state. Using this normalization factor we
obtained a value for the cross section which lies between 54
and 81 p,b/sr. This value is about five times larger than the
largest cross section measured in Ref. 21.

The 'os(3He, n) 2'oPo reaction was measured at a laboratory
energy of 33.3 MeV in Ref. 22 and the 2'oPo(g. s.) and
2toPo(0+;2) states were observed. Defining a relative cross
section (at Oo) as

R ()t) = ["Po()t) ]/ ["'Po(g.s. ) ]

the experiment of Ref. 22 gives 8 (0+;2) =1.2 +0.3.
Using the same optical model parameters and laboratory

energy as in Ref. 22, we obtained R(0+;2) =0.6, a value
that can be considered reasonably good. The state
"Pb(GPR) lies, according to our calculation, at 13.3 MeV
of excitation energy. Our calculated cross section gives
R(GPR) =1.1 which is, again in this case, the largest one.

In conclusion, we can say that the three T=1 pairing
states built over 2o Pb are highly excited in two-particle
transfer reactions. The results of our calculation indicate
that the giant pairing resonances are the most excited states
in these reactions. One may then wonder why the GPR
states have not been observed experimentally so far. One
reason may be that contaminations of different kinds (in the
case of ' Po the isotope '2C is an important source of con-
tamination ') may be present at high excitation energy. It is
to be hoped that this experimental hindrance can be over-
come.
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