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M1 Strength in 2ospb from (p,p') and (d, 3He) Reactions
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A strong 1+ state which has a large component of the ~(h&&/2 'h&/&) configuration was
found at 5.845 MeV of excitation in " Pb from the reactions 8Pb(p, p') and ~Bi(d, He).
The 4.841-MeV state which was recently suggested to be of 1+ is shown to be a 1 state.

PACS numbers: 21.10.Hw, 21.10.Jx, 25.40.Ep, 25.20.Qx

The missing 1' (Ml) strength in "'Pb has been
a big puzzle for some time. There is a group of
fragmented states at around 7.5 MeV of excita-
tion,"which together has about one-fifth of the
shell-model. limit of strength. ' In a simple shell
model two strong 1' states which are made of
m(h»~, 'h, ~,) and v(i»~, 'i»i, ) configurations are
expected at around 6 MeV of excitation. ' In more
elaborate shell-model. calculations reported by
Vergados' two 1' states which were al.most en-
tirely made of v(h»y, 'h, ~,) and v(i»i, 'i»y, ) con-
figurations were predicted to be at 5.45 and 7.52
MeV of excitation. Thus we may expect some 1'
strength in the region of the excitation energy
lower than 7 MeV, even if there is a significant
quenching of the M1 strength in "'Pb. There is
now ample evidence' for the M1 quenching in
medium-heavy nuclei. Recent studies' ' on f -p-
shell nuclei and zirconium isotopes by (e,e') and

(P,P') reactions suggest that the observed Ml
strengths in those nuclei are less than one-half
of the shell-model limit. We decided to undertake
a careful search for 1' states at the excitation
energy region between 4 and 7 MeV by the reac-
tions '"Pb(p, p')"'Pb and "'Bi(d, 'He). Our
scheme for finding 1' states was first to locate
the states with w(h»~, 'h, g, ) components via the
reaction "'Bi(d, 'He), and then to assign the spins
from the shapes of proton angular distributions
of the reactions "Pb(p,p')' 'Pb l.eading to the
states. In order to obtain successful results from
this scheme, an experiment on the reaction
"'Pb(d, 'He)"'Tl was also necessary for the
reasons stated later in the paper. The reaction
"'Bi(d, 'He)'"Pb was previously studied by
McCl. atchie, Glasshausser, and Hendrie. ' How-
ever, the energy resolution in their experiment
was not sufficient for resolving such weak states
as 1' states of m(h»&, 'h», ) configuration. In the
case of the reaction "'Pb(p, p') there is a fine
work by Wagner et al. with 35-MeV protons. "
Nevertheless at 35-MeV proton incident energy,

numerous collective natural-parity states domin-
ate the reaction yields, and unnatural-parity
states with simple particle-hole character are
expected to be weakly excited in the (p, p') reac-
tion. " With the 65-MeV protons which we used
in the present experiment, we hoped for a better
enhancement in exciting 1' states.

The experiments were performed at the Re-
search Center for Nuclear Physics, Osaka Uni-
versity. The reactions"'Pb(P, P '), "'Pb(d, 'He),
and '"Bi(d, 'He) were studied in the present work.
The 65-MeV proton beams and the 50-MeV deu-
teron beams obtained from the azimuthally vary-
ing field (AVF) cyclotron were used in the experi-
ments. The same self-supporting "'Pb target
with thickness of 1.0 mg/cm' was used in the (p,
p') and (d, 'He) experiments. The '"Bi target
was a self-supporting foil of 0.18 mg/cm'. The
outgoing particles were momentum analyzed by
the magnetic spectrograph RAIDEN" and detected
by a position-sensitive proportional counter of 1
m in length. " The energy resolution in the
'0'Pb(p, p') experiment ranged from 12 to 16 keV
[full width at half maximum (FWHM)], and the
measurements were made in the angular range
between 6' and 90'. A typical spectrum of inelas-
tically scattered protons is shown in Fig. 1. In
the reaction '"Bi(d, 'He), the energy resolution
was about 25 keV (FWHM). In the two (d, 'He)
reactions the 'He spectra were measured in the
angular range between 6 and 24 .

The purpose of the "'Pb(d, 'He)'"Tl experiment
was to obtain clean experimental shapes of 'He
angular distributions for the pickups of 3s,~„
2d~ j~ 1ki I j2 and 2d», proton orbitals in the an-
gular range where the differences in the shapes
for different orbitals were the largest. Another
purpose of this experiment was a consistency
check for the absolute values of the cross sec-
tions with the previous result at 50 MeV. " When
we compared the cross sections for the four
states of 1/2' (ground state), 3/2' (0.35 MeV),
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11/2 (1.34 MeV), and 5/2' (1.67 MeV) in "'Tl
between the two experiments, it was found that
our results were 10%-15% lower than theirs" in
the angular range between 16' and 22 where all
the angular distributions showed plateaus. Our
results of the '08Pb(d, 3He) experiment are shown
in the lower half of Fig. 2.

In the reaction '"Bi(d, 'He)'"Pb, the absolute
values of the cross sections for the ground state,
the 3.708-MeV 5" state, and the 3.96-MeV 5

state obtained in our measurements were in an
excellent agreement with those by McClatchie,
Glasshausser, and Hendrie. ' We estimated that
the average difference in the cross sections be-
tween the two experiments was less than 3~i~.

Thirteen states which had L= 5 character were
found in the energy region between 4.5 and 6.0
MeV of excitation. The summed yield of the
thirteen states amounts to (89+10)% of the yield
of the 11/2 state at 1.34 MeV in "'Tl obtained
from the present reaction "'Pb(d, 'He)'"Tl. Spin
values are already known for four of the thirteen
states from previous studies of the '"Pb(e, e')
and "'Pb(p, p') experiments. '"" They are the 8'
state at 4.610 MeV and three 10' states at 4.895,
5.072, and 5.922 MeV. The excitation energies of
the other nine states are 4.861, 5.087, 5.159,

FIG. 2. Measured cross sections for the reactions
~Bi(d, 3He) Pb (5.845-MeV state), and Pb(d,

3He) ~07TI leading to the ll/2 (1.34-MeV), 1/2+ (ground)
and 3/2+ (0.35-MeV) states, respectively. The solid
lines for the VTl states are drawn merely to guide the
eye. The solid line for the 5.845-MeV state indicates
the shape of the experimental angular distributions for
the 11/2 (1.34-MeV) state in 0 Tl.

5.195, 5.214, 5.320, 5.341, 5.720, and 5.845 MeV,
respectively, with errors of 5-12 keV.

When these nine states were examined in the
reactions '"Pb(P, P '), it was found that all of
them were very weakly excited. And there was
only one state among the nine which showed for-
ward-peaked angular distributions, indicating a
low spin value. This state was the one at 5.845
MeV of excitation (see Fig. 1). The precise value
of the excitation energy was determined from the' 'Pb(P, P ') experiment. The 'He angular distribu-
tion for this 5.845-MeV state is shown in the up-
per part of Fig. 2. The solid line indicates the
shape of the experimental 'He angular distribu-
tion of the reaction '"Pb(d, 'He) leading to the
11/2 state at 1.34 MeV of excitation in '"Tl.
The proton angular distribution for the 5.845-MeV
state is shown in Fig. 3. In the lower gart of the

1625



VoLUME 49, NUMBER 22 PHYSICAL REVIEW LETTERS 29 NovEMBER 1982

10

10

E
Qo
~ 10r

10

10'

10'

10

20 40 60 80
0 c.m. (deg. )

FIG. 3. Comparison of the measured inelastic angu-
lar distributions for the 5.845-, 4.086-, and 4.841-MeV
states with the theoretical calculations. The fit for the
4.086-MeV state was obtained with a 2+ collective form
factor. For the other fits see the text.

figure the angular distributions for the 2' state
at 4.086 MeV and for the 4.841-MeV state which
was recently suggested to be of 1' are shown for
comparison. " The shape for the 5.845-MeV
state is clearly different from those for the other
two states. Monotonic decrease and lack of strong
diffraction pattern are the characteristics of the
angular distribution for the 5.845-MeV state.
These features are the same as those found in
the shape of 1+ states in the reaction 48Ca(p, P')
at 65 MeV. ' Shapes for higher-spin states with
positive parity, namely 3', 4', . . . states, are
quite different and any possibility of a higher
spin for the 5.845-MeV state can be easily ruled
out. The solid line for the 5.845-MeV state is a
distorted-wave calculation with Michigan State
three-range Yukawa interactions (M3Y)" which
were obtained by a computer code DWBA74." The
spin and parity of 1' were assumed for the state
and Vergados's wave function,

g, '= —0.779 ~A„g, 'h9»& —0.61 ~r, »2 'i, ,~2
&',

was used, and the exchange effects were included
in the calculations. The dot-dashed line is a
similar calculation with the pure (h»» "h», ) pro-
ton configuration for the 1' state. No renormal-
ization was made in the fits shown in the figure.
The former fit is clearly better than the latter
one. However, we found that when the proton
amplitude of the (h»~, 'h», ) component was in-
creased from Vergados's 0.779 value to 0.90 with
the corresponding decrease in the neutron ampli-
tude the shape of the angular distribution was
very similar to that with Vergados's wave func-
tion with an increase of about 40o/o in magnitude
at the forward angles.

The dotted line is another distorted-wave calcu-
lation for a 2+ state with the pure (h„/, 'h», )
proton configuration. The angular distribution
for the 2' state has the maximum at around 12'
and decreases at very forward angles. This fea-
ture did not change even when a more realistic
wave function for the 2' state" was used. Thus
the distorted-wave analysis is consistent with the
1' assignment for the state.

The experimental spectroscopic factor S' of the

n(h»/, 'h, ») component for the 5.845-MeV state
was deduced from the "'Pb(d, 'He)"'Tl and "'Bi(d,
'He)"'Pb reaction results. We define the spec-
troscopic factor S' as

o,„&(5.845-MeV 1' state)

=(38'/120)v, „~(h„» '),

where c,„&(5.845-MeV 1' state) is the reaction
yield of the 5.845-MeV state in the reaction
'"Bi(d, 'He)"'Pb, and cr,„&(h»» ') is the reaction
yield of the 1.34-MeV 11/2 state in ' 7TI from
the reaction '"Pb(d, 'He)'o7TI. The number 120 in
the equation comes from p ~', 2J + 1 for the
n(h»» 'h», )~ configuration. The number 3 is due
to the assigned spin value of 1 for the 5.845-MeV
state. The S' value extracted from our experi-
ments was found to be S'=1.0 +0.1. The literal
meaning of S'=1 is that this state is a pure
(h»» 'h», ) proton state, if we assume a simple
shell model and disregard minor kinematical dif-
ferences between the reactions '"Bi(d, 'He)'"Pb
and "'Pb(d, 'He)"'Tl. As we mentioned earlier
our 5,„&,(h»» ') value is about 10/o-15%%uo lower
than that obtained by Parkinson et a/. " Adopting
their experimental value for o,~z,(h»/, ') we es-
timated the lower limit for the S' value to be
0.75. This value of 0.75 is larger than the values
obtained from shell-model calculations. Verga-
dos's wave function for the isoscalar 1' state,
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which we used in the present analysis, gives S'
=0.61 for the m(h»i, 'h, i,) component.

In the lowest part of Fig. 3, the proton angular
distributions for the 4.841-MeV state are shown.
This state was recently suggested to be 1+ from
a nuclear resonance fluorescence experiment. "
However, no (h»i, 'h, i, ) component was found for
this state in the (d, 'He) experiment, and the pro-
ton angular distribution shape was clearly differ-
ent from that for the 5.845-MeV state. Instead,
we obtained an excellent fit for this state with an
L=1 form factor which was recently derived by
Harakeh and Dieperink for isoscalar dipole reso-
nance, "which is shown in the figure as a solid
line. We suggest that J' of this 4.841-MeV state
is 1 .

Recently Wienhard et al."found an isoscalar
1' state at 5.84 MeV of excitation with B(M1)
=0.5p.„' by a nuclear resonance fluorescence ex-
periment. Another work on the 5.841-MeV 1'
state with the reactions '"Pb(P, P ') and (d, d')
was recently reported to be in progress. "

In summary we suggest that the 5.845-MeV
state in '"Pb is a 1' state which exhausts more
than 75oi~ of the m(h»i, 'h, i,) strength. And we
also suggest that the J' of the 4.841-MeV state is
1 contrary to the recent suggestion" of 1+.
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