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The ̂ -factors of several shell-model states in the Pb region are summarized from the viewpoint
of the nuclear shell model. Almost all the ̂ -factors of many-particle states in this region satisfy the
shell-model additivity relation of the p-factor. Empirical values of 5g, and Pp are compared with the
calculated values. Blocking effect of the type core polarization on the ̂ -factors of the
7rh9/2 states has been observed in the experimental data, in agreement with the theoretical expecta
tion. The ̂-factors of the several states, which involve the (7rhi/2)s+ and vifs/i configurations, are
discussed in the last part.

§1. Introduction

In these past few years a lot of data on the magnetic moments in the lead region have
been accumulated, and they have provided important new information on nuclear physics,
such as the anomalous gf, factor of the nucleon. In this paper we summarize recent experi
mental data, in particular, the data presented at this Conference, and try to extract some
systematics from the data.*'

A compiled data-table is shown in Table IV in the Appendix. The table is divided
into four parts according to the character of the state of interest. Single-particle states are
listed in the first part, and many-particle states are listed in the subsequent three parts. In
making the table attention has been paid to the corrections for the Knight shift and chemical
shift, because different values of such corrections were used so far, the values being dependent
on the choice of each author. For non-metallic samples we have corrected the chemical-
shift by —1.4 ± 0.4%,^' and for metallic samples the chemical-shift plus Knight-shift by
0.0 + 1.0%.^-'"

With regard to the single-particle states, the vfj^i moment was remeasured by Schroeder
and Toschinsky^' in a very strong magnetic field. The Munich group®' determined the mag
netic moment of the 15/2" state of ̂ "Po and demonstrated that this state has configurations
of vj,5/2 and also of 3" (in ̂ "^Pb) ® vgg/j. The ̂-factor of the vifj'/z state of ̂"'Po was deter
mined by the Berlin group.'" These interesting data have been contribute to this Conference.

§2. Additivity of ̂ -Factor

One of the characteristic features of the lead region is the presence of a large amount
of high-spin many-particle isomeric states whose configurations are relatively simple in
view of the shell model. The half-lives of these high-spin states usually range from a few 10
ns to a few /rs, and these half-lives are suitably long for an accurate determination of the

♦ The masonic exchange effect revealed in this lead region has been discussed by Yamazaki" and Arima^'
in I.C. and Ill.b., respectively, so that we do not enter into this problem in this paper.
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Fig. 1. Additivity of the ̂ -factor. Experimental values of many-particle states are indicated by
black-closed circles. Open circles show the calculated values obtained from the observed single-
particle moments by using the additivity relation. Open squares are the Schmidt values. An inter
esting datum presented in this Conference is the core-excited 13" state of ̂'"Po whose configuration
is 5-(in ̂ o^Pb) (g) Even for such a core-excited state the additivity relation holds well.

magnetic moment by the application of ordinary experimental methods. Therefore, the lead
region is one of the best regions to test the additivity of the ̂ -factor. In Fig. 1 the observed
0-factors of such many-particle states (indicated by black-closed circles) are compared with
the calculated ^-factors (indicated by open circles) which are obtained from the observed
single-part"cle moments by using the shell-model additivity relation,

g{J) = i • {gij^) + gUi)} + - hih + D. r.r ^ .•
2J{J + 1) {giix) - giii)}.

for (y, ® A; J) state.

The Schmidt values, that is, the single-particle estimates for these many-particle states cal
culated by using the free nucleon and 3, values, are indicated by open squares in Fig. 1.
Although the experimental values often disagree with the Schmidt values, the additivity
relation holds roughly for all the cases listed in the figure. This fact is significant, because
an experimental value involves many corrections whereas the additivity relation is based
on the pure single-particle picture. If almost all the corrections to the ̂ -factor of a single-
particle state could approximately be renormalized into the one-body effective operator,
with some state-independent parameters, then we would expect the additivity relation to hold
for the experimental values. In what follows we shall discuss this point.

For the ̂ -factor of a single-particle state the following corrections to the Schmidt mag
netic moment are to be noted:

1. Configuration mixing in nuclear wavefunction

/first order core polarization \
\higher order Qg^ mixing j

2. Mesonic exchange effect
3. Effect of two-body L ■ S force

4. Other corrections

(relativistic correction, heavy boson mixing, etc.)
Among these, the first two are relatively important in view of the magnitude of the correction.
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Suppose that the magnetic-moment operator of a single particle is written as

fi = g^s + 9il +

9 s = Yr + ̂9s

9, = 9'r + S9i .

Then, if we use the microscopic theory of Arima and Horie,®^ we can prove"" that the first-
order configuration mixing can effectively be renormalized into two state-independent para
meters 59, and 9p, to the extent that we can ignore the exchange term. The main term of the
one-pion exchange current can also be renormalized into Sgi and dg^. Therefore, the main
part of the correction can effectively be described by the state-independent three parameters
in the one-body effective operator. Thus we would expect the additivity relation to hold.

In Table I the experimental values of 89^ and 9p are compared with the calculated values,
where the calculated values have been obtained with the use of the (5-function type interaction
applied by Arima and Horie.'' Because of the fact that the experimental values include not
only the core polarization part but also the mesonic exchange part and several other cor
rections, the magnitudes of the empirical values are expected to be even larger than the cal
culated values. A rather good agreement between the theory and experiment thus indicates
that the main contribution to dg^ and 9p is due to the core polarization. The isovector char
acter of dg^ and 9p is somewhat peculiar to the lead region, since in this region the quantity
i9s ~~ gd ' where n is the number of particles which can be polarized, has almost the same
absolute value but has the opposite sign between the proton h-orbital and neutron i-orbital.

A useful application of the additivity is an extraction of a single-particle magnetic mo-

Table I. Comparison of empirical values of dg^ and with the calculated values.

Experimental

Maier et al. (ref. 19)*

Nakai et al. (ref. 20)

Present analysis*

/ proton state
1 neutron state

neutron state

(■ proton state
\ neutron state

* Isovector character of Sg, and g^ is assumed.

Theoretical (Arima-Horie theory)

7rhri^/27rh9/2 -1- vii3^/2viii/2 — Sum

proton state
neutron state

-f -0.50
-b 0.50

= -2.50
=  2.48

a) Contributions from 7rhri'/2rth9/2 and vii3'/2viji/2 are listed separately.
b) According to the Arima-Horie theory the ratio Sgjgp is exactly —4.
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Table II. The ̂i-factors of single-particle states deduced from the ̂ -factors of many-particle states.

Orbital ^-factor

; 1.27 ± O.tM")
1 1.37 ±0.04"
-0.155 ± 0.004

-0.30 ± 0.01

Origins for the deduction"*

^(11-; ̂'lopo), ̂ (9/2-; ̂'o'Bi)

^(12+; 206pb)

g{l- and 5"; ̂'"Bi), ̂ (9/2"; "'Bi)

a) Number of each ̂ -factor is given in Table IV in the Appendix.
b) Deduced by assuming the wavefunction of the 11" state as

111 ) = 95%'|7rh9/2'rii3/2) + 5 %-|(;rh9/2)8* ® 3").
c) Deduced by assuming the wavefunction of the 11" state as

111") = 76%-|7rh9/2mi3/2) + 20%-|;rh9,27rf7,2 O 3") + 4%-|(;rhi,2)8-(g) 3").

ment from the observed ̂ -factor of a many-particle state. The g-factors of the 7tii3/2,
and vgg/2 states thus extracted are listed in Table II.

§3. Breakdown of the Additivity

So far, we have stressed the fact that the additivity relation holds well in the lead region.
However, a more careful study reveals a slight breakdown of the additivity. Investigation
of such a slight breakdown often provides some new information which otherwise would not
be obtained. In this section we shall discuss this point.

3.1 The nhg/2 states
First we discuss the 7rh5/2 states. In this Conference several g-factors of these states

have been reported. The ̂-factor of the (7rh9/2)8"'' state of ̂^"Po has been remeasured by the
Munich group''^ and also by our group.'^'* An interesting result for the (7rh|/2) 21/2"
state of ̂ ^'At was obtained by the Erlangen group.^^' In addition to these contributions,
the g^-factor of the (;rh9/2) 8"^ state was already determined by Maier et in Berkeley.
The data are summarized in Fig. 2, from which we see that the observed ̂ -factor slowly
decreases as the number of particles in the 7th9/2 orbital increases.

The origin of such a decrease is schematically illustrated in Fig. 3. For the proton state,
the largest contribution from the first-order configuration mixing is due to the 7thj"i/2^h9/2
particle-hole excitation. The probability of making such particle-hole pairs is proportional
to the number of particles in the hi ,^2 orbital and also proportional to the number of vacancy-
sites in the h9/2 orbital. For the h5/2 state the number of vacancy sites is 10 — n. Hence, if
we increase the particle number in the h9/2 orbital, then we would expect that such particle-
hole excitation will become blocked with a probability proportional to 10 — n. In other
words, the magnitude of the correction to the ̂ -factor due to the 7rhi~i'2'rh9/2 excitation will
become smaller by increasing the number of particles in the h9^2 orbital.

A calculated blocking effect is shown in Fig. 2, in which three different parameters so far
reported® are used. The gradient of each line in the figure is proportional to the mag-

• The ̂-factor of the (;rh9/2) 6'*' state of ̂ '"Po was also determined by the Munich group."' The difference
in the ̂ -factor between the 8"^ and 6* states is of interest from the viewpoint of the state-dependence of the
blocking effect. This point is discussed in Ill.h. and VI.c. of this Conference.
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Fig. 2. Summary of the ̂ -factors of
the Tthg/a states. Shown are the ex
perimental values (black-closed
circles) together with the calculated
values, where the latter were obtained
within the framework of the first-

order configuration-mixing theory by
taking the blocking effect into ac
count.

n- particle
state

Fig. 3. Mechanism of the blocking effect of the nhiiiirthgn
particle-hole excitation.

nitude of the correction to the moment due to the 7th['i'2'^li9/2 excitation. The experi
mental gradient is a little bit smaller than the calculated gradient but roughly agrees with the
calculated one. This fact further indicates the following. If we assume that the large devia
tion of the ̂ °®Bi moment from the Schmidt value should be due to the nhi"i/2^h9/2 excitation
only, then the relevant calculated-gradient would become too sharp to explain the experimental
variation, and therefore, the experimental results indicate that the ;thj"i/2'^h9/2 core polariza
tion is not the sole contributor to the large deviation of the ̂ "'Bi moment but a part (nearly
the half) of the observed deviation should be ascribed to other mechanisms, such as Sgi-

3.2 The high-spin states in light Po-isotopes

In this Conference several ̂ -factors of neutron-deficient Po-isotopes are reported. The
^-factors of the {nhhi) 8"^ states of ̂ oe.ioapQ determined by the Berlin group.^^* The
fii-factors of the [(7th^/2)8+ ® 17/2" state of ̂ °'Po and the gi-factors of the (7th^/2)8'^
states of 208.206.2<"^Po were reported by our Tokyo group.'^' These are summarized in
Fig. 4.

With regard to the S"*" states, the gi-factors are almost constant, although there still re
mains a problem for the 8"^ state of ̂"'^Po. Why are the g-factors almost the same for such
neutron-deficient nuclei, being insensitive to the neutron number? For neutron-deficient
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Fig. 4. Summary of the ̂ -factors of the high-spin states in light Po-isotopes. Calculated values for
the (trhi/j) states of 2io,208,206.204pQ ̂ gj.g obtained from the formula of Arima and Horie"
with use of the calculated Fj-values^'* for the neutron orbitals. The wavefunction listed in ref.
18 was used for the evaluation of the ̂ -factor of the [(7rh9,2)8+ ® vpf/i] 17/2" state of ̂ °'Po.

Po-isotopes we should consider two eflfects on the gi-factor. The first one is the correction
due to the neutron core polarization. The situation for possible particle-hole excitation is
different in each of these isotopes. As shown in Fig. 5, the vpi/g orbital is empty in ̂ °®Po
so that the vpj^jvpi/j excitation will take place, and in ̂ °®Po the vfylvfs/z excitation comes

Fig. 5. Isotope dependence of the Ml core polarization for Po-isotopes.
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in. According to Ar.'ma and Horie,®' a slight increase of the gf-factor is expected in going
from ̂ '°Po to ^""^Po (see Fig. 4). The variation is not large because the effect of neutron
particle-hole excitations on the g-factor of a proton state is expectedly small. The second

effect which we should consider is the correction due to the mixing of collective states. This

effect will make the ̂ -factor closer to g^; in this case = 0.3. Because of the fact that the
effective charges for the transition between S"*" and 6"^ in light Po are rather larger than that
in ^'°Po, the collective-state mixing will induce a slight decrease of the ^-factor in going
from ̂ '°Po to ̂ °'^Po. Thus, we expect almost the same value for the gr-factors of the S"*" states.

A kink is observed in Fig. 4 at the 17/2" state of ̂ "'Po. The direction of the observed
kink is opposite to that of the kink of the Schmidt value. If we consider a small mixing of
the [(7rh9/2)8+ ® vpJ/2] 17/2" component into the main component of [(7th9/2)8+ ®
17/2",'®' then the observed kink can be well explained as we show by the calculated line in
Fig. 4.

3.3 The yiizji states
The variation of the ̂ -factor of the vi^'s" 2 states is shown in Fig. 6. In this case, however,

the situation for the correction coming from the core polarization and the collective-state
mixing is more complicated. We show in the figure the calculated values obtained from the
first-order configuration mixing, but we cannot find a detailed explanation for the observed
variation, so that this is open to further investigations.

§4. Concluding Remarks

In conclusion we shall make a comment. The accuracy of experimental data has recently

become higher, and as a result, differences between several data have become appreciably
noticeable. Of course, some data still lack accuracy and have to be remeasured, but one

of the important problems left in the future is not only to understand the gross structure of
the whole magnetic moments but also to evaluate their fine structures.

V--.

"Pb "Pb ""Po

Fig. 6. Summary of the ̂ -factors of the vifa'/j states.
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Discussion

L. Zamick (Rutgers): You showed that as one adds protons to ̂ °®Bi the g factors he

on a straight line. But the slope of the line as calculated by Arima and Horie, Mavromatis

and Zamick, or Blomqvist is too steep compared to experiment. Is that correct?
Nagamiya: Because of the relatively large errors we cannot say conclusively whether

it is correct or not. But, it may be correct.

Zamick: I would like to note that one pion exchange is not involved. As you point
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out, the slope is due to a blocking effect: protons interacting with protons. But two protons

can only exchange a neutral pion and hence there is no contribution from the exchange current.

Probably the slope is determined mainly by configuration mixing.
A. Arima (Stony Brook and Tokyo): I agree with Dr. Zamick. However, there is one

interesting point, namely, the g factors of the b"*" and 8+ states in ̂ '°Po are even larger than
that of ̂°®Bi. The core polarization reduces the gr-factor because of the blocking effect. This

is something which we do not understand yet. Possibly there is some contamination of the
configuration which we are not aware of at this moment.




