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EFFECT OF CORE POLARIZATION IN THE REACTION ' 'Bi(P, P')' 'Bi(1.61 MeV) AT 39.5 MeV*
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The cross section for the 1h&y2-ii&3~2 single-proton transition in the reaction Bi(P,
P') Bi* at 39.5 MeV has been measured. It is shown that most of the observed cross
section is due to admixtures of the state formed by coupling the valence proton of 2 ~Bi

to the highly collective 3 state of 2 BPb at 2.614 MeV. An estimate of core polariza-
tion, based on the work of Kuo and Brown, grossly underestimates the L=3 component
of the cross section.

In ' 'Bi there are two low-lying —',"states of
very different character. The 1.609-MeV level
lies near the expected position of a single proton
putside a clpsed ' Pb core and shpws up strongly
in "'Pb('He, d)"'Bi.' Some ('He, d) strength is
observed in the —',"state at 2.602 MeV. Both of
these states decay to the ground state by strong
E3 transitions. " In the simplest picture the
ground state is a 1h», proton outside a closed
' 'Pb core, and the 1.609-MeV state is a li]3/2
proton outside the same core, whereas the 2.602-
MeV state is a member of a weak-coupling septet
formed by coupling the 1h», single particle to the
strongly cpllective 3 state of Pb at 2.614
MeV. A perturbation calculation by Mottelson'
has shown that the two ~' states are mixed. The
admixture of the 2.602-MeV state into the 1.609-
MeV state is e'=4.8&&10 '. In this calculation
the coupling matrix element was estimated from
the y decay pf the 3 state pf Pb. The mixing
of the states accounts for the observed ('He, d)
strengths.

In this Letter new experimental data on the
1.609-MeV, —",

+ state in ' 'Bi are presented. The
differential cross section for the excitation of
this level in the (p, p') reaction was obtained us-
ing 39.5-MeV protons from the Michigan State
University cyclotron and a self-supporting Bi
foil. The scattered particles were detected in a
lithium-drifted germanium detector in a side-en-
try configuration. The energy resolution was
typically about 50 keV overall, and the peak-to-
valley ratio was over 2000 to 1. Figure 1, a
spectrum obtained at 35', illustrates the difficul-
ties of seeing the relatively weak single-particle

states, which are shown underlined.
Recent progress has been made in understand-

ing the (P, P') reaction in terms of "realistic
forces. " The main features of the differential
cross sections for several transitions in the re-
actions "C(P,P') and 'OCa(p, p') at incident ener-
gies from 25 to 55 MeV can be reproduced in lo-
cal distorted wave calculations using Kallio-Kollt-
veit (K-K) force' as the projectile-target interac-
tion with an approximate treatment of antisym-
metrization. "The K-K force is a good approxi-
mation to the central part of the shell-model re-
action matrix. This same approach has been suc-
cessful in describing the inelastic proton scatter-
ing from low-lying states in ' Ti, "Y, and "Zr."
Core polarization, which is important in these
transitions, has been estimated by including 2p-
1h (two-particle, one-hole) or 3p-1h components,
whichever is appropriate, in the target wave
functions. These components are calculated us-
ing first-order perturbation theory, and only
those states formed by coupling the valence nu-
cleon to particle-hole excitations of the core with
energies up to 2kco are considered. This is es-
sentially the approach first used by Horie and
Arima to calculate effective charges. ' The same
picture is used by Kuo and Brown in their work
on the bound state problem. '

Kuo has suggested" that the particle-hole treat-
ment of core polarization may not be adequate
when there is the possibility of contributions
from highly collective phonons of the core. This
appears to be the case for this transition. Be-
cause of this we calculate the cross section in
two ways: (1) including only 2p-1h components
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FIG. 1. SpectrUm of protons from the reaction 20~Bi(P, P')~08Bi taken at 35' in the lab. The resolution is about
45 keV. The peaks shown underlined are single-particle states in 2 ~Bi.

in the wave functions, (2) repla. cing the compo-
nents with p-h coupled to angular momentum J,
= 3 by components which contain the 3 core
state of "'Pb. In the latter calculation we use
the macroscopic vibrational model to describe
the core. The procedure is essentially that de-
scribed by Mottelson in Ref. 4. The calculation
could have been kept completely microscopic by
using the random-phase approximation vector of
Gillet to describe the 3 state in ' 'Pb."

The wave functions which contain only the 2p-
1h admixtures will be designated Set I. They are
defined as follows:

ljm& =ljm&-Z~, &j(ph)~, )llj (ph)~.)j &, (l)

where the sum is over j' and phJ, and

&,&j'(ph)&. ) = -(~) '&I j'(ph)&, l jl G I j&.

Here
l jm& specifies the state of the va. lence pro-

ton in the presence of a closed core. The quanti-
ty (ph)J, refers to a particle-hole state of the
core with angula, r momentum J and excitation
energy ~. This is coupled to a valence proton
in the state j' to give j. G denotes the coupling
interaction which is taken to be the K-K force.
Particle-hole pairs are formed from the shells
shown in Table I. Harmonic-oscillator wave
functions have been used, and the energy denom-
inators were taken in part from experiment" and
in part from the Nilsson scheme at zero deforma-
tion. The size parameter h~ is 6.8 MeV.

The wave functions used in the second calcula-
tion will be designated Set II. They are the same

as Set I except for the replacement

Z~, (j'(ph)~. = 3) II j'(ph)~. = 3]jm&

-~,(j ) lj'»-;j. &,

~,(i') =(E, ~; k,)-'& -j»-;jl~lj&,

(3)

&j '»; jl&l j&- &k&(~~.l'2c, )'"&j'llew', ll j&, (5)

i' = -k(&) &&i~i"r.~(~).

Table I. Particle and hole orbitals used in micro-
scopic calculation. The absence of total angular-mo-
mentum subscript indicates that both j=l +& orbits are
included.

Particles
Protons Neutrons

Holes
Protons Neutrons

lh)/)
2f
3p
1i
2g
3d

1&15/2

2h(g/2

lii1/
2g
3d.

4s

1j
2h

3f7/2

1.4

1f
2P
1g
2d
3s
1h((/2

2p
1g
2d
3s
1h

3p

13/2

Equations (3)-(6) are the usual expressions en-
countered when the macroscopic vibrational mod-
el is used in the treatment of pa, rticle-vibrational
coupling. The quantity k(x) =RdU(r)/dr, where
U(r) is the single-particle potential seen by the
extra-core proton, R specifies the nuclear radi-
us, &k& denotes a radial integral, hu, is the ex-
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citation energy of the 3 phonon of ' Pb, and C3

gives a measure of the core stiffness to this low-

est octupole vibration. Reference 4 gives (k) =60
MeV and C, =649 MeV. Analyses of the reaction
' 'Pb(P, P')' 'Pb give P, -0.13 for this state"
which is the only sta.te with a large value of P in
"'Pb. The relation P, = 7'"(R&u, /2C, )'" implies

C, =543 MeV which is smaller than the value
from Ref. 4 and corresponds to an admixture e'
=5.5x10 ' of the 2.602-MeV, ~' state in the
1.609-MeV, —',"state. The smaller value of C3
was used in this work.

The cross section for this transition has 20
components each designated by (I.SJ) referring
to orbital, spin, and total angular momentum
transfer. Details for calculating the cross sec-
tion from the wave functions being considered in
this work are given in Ref. 8. In this work, as a
matter of convenience, we have used a pseudopo-
tential for the projectile-target interaction which
is known to give results consistent with those ob-
tained using the K-K force and treating antisym-
metrization approximately. The 2p-1h compo-
nents of the cross section have been included
only in the S =0 terms in the cross section be-
cause it is only in these components that they add

coherently. In using wave function Set II the corn-
ponents of the wave functions defined by Eqs. (3)-
(6) contribute only to the (ISJ}= (303) component
of the cross section. The remaining 19 compo-
nents are the same in Sets I and G.

Figure 2 shows the total differential cross sec-
tions obtained with wave function Set I and Set.II.
The (303) components are also shown for both
cases. The differential cross section (II) gives
a good fit to the experimental data. The (303)
(II) component is dominant at forward angles.
The enhancement due to core polarization, i.e.,
ratio of integrated cross sections with and with-
out core polarization, of (303) (II) is about 200.
Because of this large enhancement the valence
contribution to (303) (II) is small. Considering
only this component and neglecting the valence
contribution, the data place an upper limit on e'
=10 '. Wave function Set II gives B(E3) =2.4
x10 'e' b' which is slightly larger than the ex-
perimental values (1.3-2.0) x10 'e' b', "ob-
tained from Coulomb excitation measurements.

The particle-hole model fails to reproduce the
effect of the 3 phonon of "'Pb. The enhance-
ment of (303) (I) is about 13 which is an order of
magnitude smaller than the value obtained for
(303) (II). This model predicts that many com-
ponents make important contributions to the to-
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FIG. 2. The experimental data compared with the

theoretical results obtained with both sets of wave
functions. The total differential cross sections and
the (303) component are shown for both cases.

tal differential cross section. In particular,
(303) (I) is comparable in magnitude with (112)
which involves the lowest allowed I. and J trans-
fers. As the lowest J transfer is highly favored
in y transitions, the particle-hole model predicts
that the 1.609-MeV, —',"state will decay to the
ground state predominantly by an M 2 transition
which is in contradiction to experiment. In a pre-
vious analysis of the reaction "Y(p, p')"Y(0.908
Me&), ' which involves a single proton going from
the 2p„, to the 1g„, level, the particle-hole mod-
el gave a good fit to the experimental angular
distribution and predicted appreciable contribu-
tions from both the (314) and (505) components.
Here the levels are known to be connected by an
M4 y transition. " In this case there are no
strongly collective core states contributing be-
cause "Sr has no strong low-lying 5 state.

It is concluded that highly collective core pho-
nons can play an extremely important part in the
core polarization process, and that care must be
exercised in applying the uncorrelated particle-
hole model for core polarization.

The authors are indebted to Dr. C. N. Davids,
Dr. R. A. Paddock, Mr. I. D. Proctor, and Mr.
S. Fox for their help in taking the data. This ex-
periment would not have been possible without
the germanium detector fabricated by Professor
C. R. Gruhn and Mr. T. Kuo. Thanks are due to
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Mr. R. Trilling for providing the program which
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The effects of pairing correlations on the ground-state band of Ne are investigated.
It is shown that tbe computed low-lying excited-state spectrum is significantly affected,
whereas the &2 transition probabilities are almost unaffected by the pairing correlations.

It is generally found' that the small energy gap
between the last occupied and the first unoccu-
pied single-particle Hartree-Fock (HF) orbital
in the even-even nucleus indicates the impor-
tance of pairing correlations in the nucleons. As
a probable consequence of this, the energy spec-
trum projected from such an intrinsic HF state
of the nucleus is quite compressed. ' It should be
mentioned in this connection that the fault is not
with the projection method, the accuracy of which
is found' to be quite good. The compressed na-
ture of the projected energy spectra then sug-
gests that the HF state, due to a small HF gap at
the Fermi surface, cannot be trusted as a good
intrinsic state of the nucleus. In view of this
fact, the next step is to construct a better intrin-
sic state of the nucleus by including the pairing
correlations between nucleons. Though the pair-
ing correlations can be self-consistently included
in the framework of Hartree-Fock-Bogoliubov
(HFB) theory, ' the projection tormalism in con-
junction with the intrinsic HFB state of the nu-

cleus becomes complicated' because of number
and angular momentum projection. It is never-
theless essential to investigate the effect of pair-
ing correlations on the projected nuclear spectra.
This is done for the first time and the results of
such calculations in "Ne are presented in this
note. It should be mentioned here that the effect
of pairing correlations on the ground-state bands
of sd-shell nuclei has been investigated recently'
by performing HFB calculations in a model space
of single sd shell by treating "O as an inert core.
The HFB calculations" for ' Ne show that the in-
trinsic mass quadrupole moment is only slightly
changed, whereas the energy gap at the Fermi
surface of neutrons is substantially increased by
the onset of pairing correlations. These HFB
calculations" only demonstrate the effect of
pairing correlations on the gross properties such
as the intrinsic deformation and the single-parti-
cle structure of the variational state of the nucle-
us. The motivation behind the present work is to
investigate the effect of pairing correlations on
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