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The splitting of the magnetic dipole states in o Pb due to the admixture of two-particle,
two-hole configurations is calculated. The qualitative structure of a one-particle, one-
hole calculation remains but about 30'„of the M1 strength is distributed over many levels
above 8 MeV. The influence of the spin-dependent part of the interaction on the results
is critically discussed.

For more than ten years experimentalists and theorists have investigated magnetic dipole states in

nuclei. Originally most of the work was done for light nuclei. " Recently, however, these investiga-
tions have been extended also to the heavier ones. From a comparison of the experimental data with

the theoretical results one expects information about the spin-dependent part of the interaction. ' Among

all the heavy nuclei, ' 'Pb is the best example for such a comparison because the assumptions of the

theoretical treatment are most reliable here. The structure of the magnetic dipole resonances in "Pb
is mainly given by the two spin-orbit partners ~1h», -vlhyy/2 ' and vli»»-vli»&2 '. Therefore, in a one-
particle, one-hole (1p-1h) approximation [Tamm-Dancoff approximation, random-phase approximation
(RPA)] one expects to obtain two 1' states which practically exhaust the total Ml transition strength to
the ground state. The relative strengths and the energies of the two states, however, depend sensitively
on the particle-hole interaction used. "
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Here the Ansatz of Migdal' has been used:

E (ri r2) C5(ri r 2)+0+f0 Ti. T2+govi. o2+go (vi. o2)

Only the spin-dependent part of the force con-
tributes to the magnetic properties. From an
analysis of magnetic moments and transition
probabilities' nearly equal values of g, and g, '
follow:

In this Letter we present the results of a 2p-2h
RPA calculation of magnetic dipole states in 'O'Pb.
We have performed this calculation in order to
investigate whether the inclusion of 2p-2h corre-
lations changes qualitatively the ip-1h result of
Ref. 5. Such an effect has been reported by Lee
and Pittel.

The present calculation has been performed in
the core-coupling RPA. ' Here we take into ac-
count the splitting of the single-particle (or sin-
gle-hole) states due to the admixture of the low-
lying states of Pb. The wave functions within
this approach are written as

I +& =Z (x'.; x. 'x; -I'.;x, 'x.) I v.&, (2)

t are shown. Here an effective magnetic operator
was used which reduces the absolute values of the
transition probabilities. This operator cor rects
for mesonic and higher-order (e.g. , 2p-2h) con-
tributions. "' For comparison, in Fig. 1(b) the
same RPA result is given but without using the
effective operator. In the lower half we show the
2p-2h results. In a first approach [Fig. 1(c)] we
investigated the influence of only the lowest .3
state on the spreading of the 1' states. The
strength of the upper 1' level is reduced and we
obtain two additional strong 1+ levels about 1.0
and 1.8 MeV higher in energy. The structure

I I 1

1'(1p-1h)
EFFECTIVE MAGNETIC OPERATOR

(a)

with
1'(1p-1h)

NO EFFECTIVE MIIO~C OPERAIO8

The amplitudes X and F are determined from
RPA-like equations, ' and a ~ and B ~ are shell-
model single-particle creation operators and the
usual RPA phonon creation operators, respec-
tively.

In a first step, using the methods of Ring and
Werner, ' we determine the coefficients C and
C~„I I of Eq. (2), i.e., the distribution of the sin-
gle-particle (or hole) strength due to the admix-
tures of the core states. In this step of the pro-
cedure (but not in the following 2p-2h calculation)
we neglect the Pauli principle. This is justified
since the single-particle states involved are high-
ly degenerate. Experimentally we know that the
single-particle (or -hole) strengths in the neigh-
boring odd-mass nuclei of "'Pb deviate only a
little from unity, except for those single-particle
states which possess the "wrong" parity. This is
connected with the fact that these levels (e.g. ,
vh»12

' and vi»» ') admix easily with the prevail-
ing levels of the opposite parity and the low-lying
collective 3 state of ' 'Pb. Therefore, in the
present approach, we only take into account the
splitting of the hole states.

In Fig. 1(a), the 1p-1h RPA results of Ref. 5
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FIG. 1. Different RPA results of the magnetic dipole
states in 0 Pb. The splitting of the 1+ states presented
in (c) is due to the admixture of only the first excited
(3 ) state of Pb. In the calculation shown in (d) all
the states up to 4.32 MeV (4+) are included. For com-
parison in (a) and (b) the 1p-1h RPA results of Ring
and Speth (Ref. 5) are shown with and without use of
their effective magnetic operator, respectively. The
level at 8.30 MeV in (b) and (c) is reduced by one half.
In the four calculations the parameters g+~ = 1.30 and
g~" =-0.15 are used.
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TABLE I. Comparison between the experimental results (Bef. 14) and
two different 1p-lh plus 2p-2h BPA calculations of 1 states in Pb.

(Me V)

Experiment

2)

Theory I (g~" = —0.15)
F B(M 1)i

(MeV) (po )

Theory II (g~" =+0.02)
E B(M1)~

(MeV) (po )

8.228
8.367
8.604
8.694
9.008
9.142
9.299
9.512

16.8

1.21 + 0.23
0.98+ 0.04
1.85+ 0.04
1.23 + 0.08
1.56 + 0.07
1.89+ 0.81
0.84+ 0.16
0.99+ 0.21

7.107
7.250
7.475
7.858
7.909

7.927
7.938
7.940
8.106
8.803
8.404
8.601
8.771
8.885
8.841
9.281
9.652
9.988

10.197
10.802
10.481
10.496
10.598
10.768
10.858

6.88
0.75
0.04
5.08
0.01

0.45
5.47
0.08
1.49
0.54
0.80
0.83
0.26
0.21
0.55
Q.BO

1.51
0.22
0.41
0.44
0.17
0.11
1.00
0.83
2.89

7.131
7.256
7.475
7.868
7.909
7.910
7.927

8.102
8.808
8.402
8.601
8.771
8.885
8.841
9.281
9.651
9.988

10.197
10.302
10.481
10.496
10.598
10.770
10.858

9.58
2.18
0.17
9.10
0.34
0.17
0.02

0.60
0.45
0.49
0.27
0.21
0.19
0.48
0.29
1.88
0.22
0.42
0.42
0.17
0.14
1.08
0.71
1.99

~Ref. 12. Bef. 18.

changes qualitatively if we include all low-lying
states of '"Pb up to 4.32 MeV (4'). Now the
strength of the new high-lying 1' states in Fig.
1(d) is distributed over many additional 1' states
and the strong state at around 8 MeV is split into
two pieces. If we add these up, then the MI-
strength distribution between 7 and 8 MeV is very
similar to the original one of Ring and Speth;
however, we now have used the bare (Schmidt)
MI operator. This would only be justified if the
main contributions to the effective operator are
of 2p-2h character, which is probably not the
case. From the meson-exchange currents, how-
ever, we might expect even an enhancement of
the transition probability.

In Table I we compare these results (theory I)
with the present experimental data. The new 1'
states between 8 and 10 MeV agree at least qual-
itatively with a most recent experiment. " If we
make this comparison for the three strongest lev-
els then one notices that the theoretical strength
distribution is just reversed. From the Ip-Ih

RPA investigations of Ref. 11 one knows that this
distribution is strongly influenced by the (very
weak) spin-dependent proton-neutron interaction
g ". If g "&0 (theory I) the proton and neutron
amplitudes add coherently in the upper state; if
one reverses the sign of g" the lower state is the
coherent one. In Fig. 2 and Table I (theory II) we
show theoretical results calculated with different,
weakly repulsive g ". The most surprising re-
sult here is the disappearance of the splitting of
the strong state at around 7.9 MeV. This effect
can be understood by looking at the wave func-
tions of the two states. For g "=0 the 7.85-MeV
level is predominantly a 1p-1h neutron state (i»i,
xi»~, '), whereas the dominant structure of the
7.93-MeV state is of the form [5, xw3s, &, ']»I,
x n Ih, &~ plus a rIh, &, x rib»» ' admixture of 0.2
in amplitude. A finite proton-neutron interaction
g "g0 gives rise to a mixture of the two states.
The Ip-1h MI components of the two states add
coherently in the upper state if g "&0 and de-
structively for g "&0. For small positive g" they
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peaks depends very sensitively on the spin-de-
pendent proton-neutron interaction g ". The
present experimental data seem to favor a small
positive g" value (g, '(g,). This does not neces-
sarily mean that the originally small negative g

"
value (g, ' &g,) which has been deduced from mag-
netic moments and low-lying M1 transitions' is
incorrect, since we have used a zero-range force.
This might indicate a finite-range effect, because
this force is determined by the one-& exchange,
which reduces the g, ' parameter" and from which
one expects that it gets more important with in-
creasing transition energy.
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FIG. 2. RPA results of the magnetic dipole states in
"'Pb, using different proton-neutron interactions g~".

nearly cancel each other. The structure of the
7.10-MeV level is predominantly m1h», xmlh»1, ',
whereas the levels between 8 and 11 MeV are of
2p-2h character with small 1p-1h admixtures.
The higher states in Figs. 1 and 2 are due to the
2S~ excitations. "

In conclusion, we have calculated the splitting
of the low-lying M1 resonances due to the admix-
ture of the 2p-2h configurations. Because of this
effect about 3 of the M1 strength is shifted to high-
er energies and is distributed over many levels
between 8 and 11 MeV. In addition we have shown
that the Ml-strength distribution of the main
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