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Effect of core vibration on the neutron-hole states of Pb
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Three neutron-hole states —li13/Q 2f7/2 and 1h9/, —in ' 'Pb are found to be affected strongly due to the
coupling of these states with the 3, 5, 2+, 4+, and 6+ vibration states of ' Pb. The unperturbed shell
model energies of these states are found at 2.00, 3.00, and 3.90 MeV, respectively. The fragmentations of
li»/2, 1h9/2 and 1h»» states, as observed in a recent ' 'Pb ('He, a) reaction, can be quantitatively
accounted for in terms of these altered level positions together with the hole-core coupling scheme.

[NUCLEAR STRUCTURE Deduced shell model energies of Pb.]

It is universally believed' that 8Pb is a very
good closed shell nucleus. For this reason the
nuclei in the neighborhood of 0 Pb offer a good
testing ground for studying the validity of complex
shell model calculations. In all .such calcula-
tions the observed single particle and hole states
in 2 ~Pb, 2 ~Bi, 'Pb, and 'Tl are taken as the
zeroth-order shell model states. But these states
are actually the renormalized shell model states
and they may differ from the zeroth-order shell
model states due to the effect of core excitations.
The importance of such core excitations was rea-
lized by Mottleson' and later Hamamoto showed
that two of the seven neutron states in Pb —2@~/2
and lj»/2 should have the unperturbed energies at
0. 30 and 2. 00 MeV, respectively, relative to the
observed 2g&/2 state in ' Pb. These noticeable
shifts in the energies are due to the coupling of the
collective vibrations of Pb with the neutron mo-
tion. Indeed, all four 1j&,/& states and four 2hff/Q
states, observed in the 208Pb(d, P) reaction work
of Kovar et al, can be understood in terms of this
coupling scheme. '0

In this work we shall see that the situation in
'Pb is far more complicated as a result of neu-

tron-hole core interactions. The 2f, &2, Ih&&2, and

li, 3/2 states are appreciably affected by such inter-
ac tions. The results of the present inves tigations
have found convincing support from a, recent"

8Pb(3He, n) reaction work with 206 MeV'Hepro-
jectiles. We shall see that the fragmentations of
the li)3/2, 1k~/2, and 1k f f /2 states, seen in the ex-
perimental work, ' can be quantitatively understood
in terms of the neutron-hole core interactions.

The details of the mathematical treatment are
given in Ref. 10. The energies of the collective
vibrations of BPb, together with the zeroth-order
shell model energies, e&, give the unperturbed en-
ergies of several Inj& states, where

These states interact with the zeroth-order shell

model state IX=0,j) through the interaction

H„, =k{~){2K+I)'~2(n~Y', )0.

The matrix element for this interaction is

&(j2&)ji I/f i.t I ji& = &j2 I
~(~)

I ji&&j2 I I
I'. ll jt&

(2)

TABLE I. Collective states of Pb Nef. 10).

E (MeV)

2.61
3.20
4.08
4.32
4.42

3
5
2'
4+

6+

0.046
0.017
0.025
0.024
0.015

x (2A+1) '"&ni&, (3)

where the amplitudes of the A-pole vibration &n, &

are listed in Table I for the various collective
states of 'O'Pb. In Eq. (2),

)
dVO

(4)

Vp being the spherical one .particle potential.
All the single hole states 3P, &2, 2f5&2, 3P, &2,

li, 3&2, 2f&&~, Ihs&2, and lh, i~2 are included in the
calculation. The energies e& for the first three of
these states are taken from experiments as these
states are found not to be fragmented. Energies
for the remaining four states are adjusted till the
positions of the observed li, 3&2, 2f, &2, and Ih, &2

states are correctly reproduced. The fragmenta-
tions of these three states together with those of
the 1h„/2 state are listed in Table II and are com-
pared with the 'o8Pb(~He, n) reaction data. "

It will be seen from Table II that apart from re-
producing the main components of the 1i&3/2 and

1h8/2 states, we get three groups of these states
at 4. 30, 5. 00, and 6. 00 MeV. The group at 4. 30
MeV contains, in addition, two 1k&&/2 fragments.
In the experimental. work" this group is identified
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'-TABLE II. The 1hg/2, lhii/2, and 1ji3/2 states in Pb.

State
nlj

E; (Cal)
MeV

E~ (Expt)
MeV

0.,„, (~= 2')
mb/sr

1z i3/2
lh 9/2
li i3/2
lh ii/2
lh 9/2

lh g/2
lh 9/2
lh g/2

lh 8/2
lh 9/2
1413/2
lzi3/2 .

1g i3/2
lh ii/2
lh ii/2
lb ii/2
lh ii/2

1.63
3.35
4.12
4.35
4.36
4.45
4.75
4.94
5.03
5.14
5.23
5.40
5 75
6.34
6.42
6.89
7.24
7.96
8.13
8.26
8.57

0.92
0.72
0.01
0.04
0.02
0.02
0.04
0.02
0.05
0.01
0.01
0.09
0.03
0.01
0,01
0.12
0.02
0.02
0.13
0.04
0.56

1.63
3.35

4.30

5.00

6.00

1.634
3.423

4.20

5.10

6.10

6,6
9.9

17.0
3.65

1.3
(0.9)

3.4
(1.1)

3.0
(1.0)

9.6

as li&3/» but we find that the major contribution is
from the 1h«/2 state through the (3, ii|3/2) and

(5, ii&3/2) core coupled states. The identifications
of the 5. 00 and 6. 00 MeV states are correctly done
in Ref. 11 as 1k&/2 and li„/2, respectively. In the
last column of Table II we have given estimates for
the (3He, n) cross section for the three bands as-
suming o'„«,(8=2 ) for li»/» 1h&/» and lhff/2 to
be 20. 0, 5. 0, and 10.0 mb//sr and multiplying
these 0't„„with the respective ao&, the single hole
strengths listed in the third column of Table II.
We get order of magnitude agreement between the
measured o(8 =2 ) and the calculated o(8 =2 ).
The Q-value dependence of o and the effect of the
two step process (3He, ~He', n) are neglected in
these estimates. They will increase the calculated
values of 0.

As will be evident from Table II, the 1h»/2 states
are considerably fragmented and are spread over
a region of 6. 89 to 8. 57 MeV as compared to the

observed 6. 6 to 9.9 MeV spread. This fragmen-
tation is due to the proximity of the unperturbed
ih] f /2 state with the (2', lh, /2), (4', 1h~/2), and
(6', lh9/2) core coupled states.

The zeroth-order shell model energies of the
neutron-hole states in 'Pb are listed in Table III.
The e/ for the 2f, /, and lh9/2 states can be modi-
fied by about 100 keV towards the higher excita-
tion region if the couplings of the 3s, /2 and 2d3/2
states (at about 7. 5 MeV excitation) with the 3 and
5 collective states of Pb are considered. Since
the energies of these two positive parity states are
not known, their effect on the 2f, /2 and lh, /2 can-
not be quantitatively estimated. But from the
208Pb(P, d) reaction'2'" data we can say that the
primary fragments of these two positive parity
states are not seen up to an excitation of 7. 5 MeV.
So the quoted corrections of 100 keV for the tab-
ulated ~~ of 2f, /, and lh, /2 states are the upper
limit of correction. It is probably less than 100

TABLE III. The e; for Pb and the ground. state wave function of 6Pb.

State 3~1/2 2f5/2 3~3/2 1 i3/2 2f7/2 1hs/2 lhfi/2

&, (MeV)

c,' (Gal)

C,'. (Empt) (Ref. 12)

0.59

0.60

0.570

0.24

0.17

0.897

0.07

0.14

2.0
0.06

0.05

3.00

0.02

0.03

3.90

0.01

0.01

8.00
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keV.
In Table III we have also listed the component

C& of the ground state wave function of Pb cal-
culated in terms of the pairing interaction using
the listed e; values. These are compared with the
experiment:al estimates of I,anford. " From the
agreement observed between these two sets of C&2

we can conclude that our adopted e&'s for ~Pb are
consistent with the observed ground state structure
of "Pb

To summarize, the present research advocates

the use of the revised zeroth-order energies for
the neutron-hole states, as listed in Table III. It
is necessary to examine to what extent these en-
ergies will modify the shell model calculations
on O~Pb, 'Pb, and Pb. It is also likely that
some of the proton particle and hole states of Pb
should be corrected for such particle-core inter-
actions. For quantitative estimates of such cor-
rections we need good reaction data for the weaker
fragments of the states in 9Bi and 7Tl.
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