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Recoil-distance techniques have been used to measure mean lives of some two-hole, particle-hole, and two-

particle states in Tl, Bi, and ' Bi. A comprehensive comparison is presented of these results and all other

known E2 and M1 matrix elements for two-body states with calculations. The calculations are made using

wave functions of Ma and True and of Kuo and Herling together with known effective single-particle matrix

elements. Reasonable agreement is obtained, particularly with the Kuo-Herling wave functions. From measure-

ments of the 1 —t0 M1 transition rate in ' 'Tl, the magnetic moment of the 3s»2 proton-hole state in

Tl is determined to be LtL = (1.83+0.18)p,„.

NUCLEAR REACTIONS ~Tl( ~O 80) 209Bi( ~O, 80), and 209Bi( 70, i~O) at 75
MeV. Recoil-distance Doppl. er-shift measurements used to deduce T&y2 of

states in product nuclei.

I. INTRODUCTION

In recent years several systematic studies of
electromagnetic properties for nuclear states near
the ' 'Pb doubly-closed shell have appeared. ' 6 At
present about 13 M1 and 10 E2 matrix elements
for single particle states are known experimen-
tally and are reasonably well accounted for by cal-
culation of renormalized "effective" g factors' '
and charges. ' ~ Of specia1 importance for the
measurement of single particle matrix elements
(SPME) has been the existence of essentially pure
two-component states of high spin and long half-
life. The isomerism of these states is a result of
the energy splitting of multiplets by the effective
nucleon-nucleon interaction. The SPME are de-
duced from the measured half-lives and g factors
using "additivity" relationships of the nuclear shell
model.

On the other hand, there is little information on
transition rates for the shorter lived (v &1 ns) two-
component states near '~Pb although the majority
of states have ha1f-lives in the subnanosecond re-
gion. The only study reported, by Olin et a/. ' for
2"Bi, made use of the 2~Pb('Li, o.2ny)'OBBi reac-
tion together with the Doppler-shift attenuation
method.

In the present work we have measured lifetimes
of two-component states in' 'Tl, 'Bi, and" Bi
by the recoil-distance method. The states were
populated by the ("0, '80) and the ("0,"0) heavy-
ion transfer reactions to impart sufficiently large
velocities to the recoiling nuclei. Several M1 and
E2 transition matrix elements were deduced from
the measured lifetimes and are compared to theo-
retical estimates based on the work of Kuo and
Herling and of Ma and True. The authors use
different effective nucleon-nucleon interactions

which generate energy splittings in good agreement
with the observed energy spectra in nuclei with
masses 206, 208, and 210. These comparisons
have been extended to all known M1 and E2 matrix
elements for two-component states, and provide an
extremely sensitive test of the wave functions and

of the effective SPME used in the calculation.
For one of the transitions studied here, the 305-

keV transition between the two (s,&P, &,) states in
'"Tl, an estimate is obtained for the Ss,&2 proton-
hole magnetic moment.

II. EXPERIMENTAL PROCEDURE

Excited states in 2™Tl, ~Bi, and 2 Bi from the
reactions Tl( "0 ~0) Tl, ~Bi( 0 0)
and 'O'Bi("0, "0)"'Bi, were produced by bombard-
ing targets of '"Tl and 2 'Bi with 75-MeV "0 ions
from the Munchen MP tandem accelerator. The
targets were made by evaporating approximately
1 mg/cm' of '"Tl and bismuth onto stretched al-
uminum foils which were 0.15 mg/cmm thick. De-
excitation y rays were detected at 0' in a germa-
nium diode with a volume of about 70 cm', and

those y-ray pulses in coincidence with backscat-
tered particles were analyzed and stored together
with the particle pulses in a PDP-10 computer.
The arrangement of target and stopper was such
that the "0beam passed first through the "Tl
or "'Bi target, then through the aluminum foil, and

finally through a stretched 3-mg/cm' Au stopper.
The beam was stopped about 4 cm from the target-
stopper assembly by thick bismuth. Kith this ar-
rangement, oxygen ions backscattered from the
2"Tl and '"Bi could be resolved in energy from
those scattered by the thicker Au stopper. By us-
ing an appropriate window in the particle spec-
trum, y rays from gold couM be nearly completely
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FIG. 1. The reciprocal of the capacitance of the tar-
get-stopper assembly plotted, in arbitrary units, as a
function of the setting of the micrometer on the plunger
apparatus. The difference between the intercept of the
curve and the micrometer reading at a particular set-
ting is the target-stopper separation D at that setting.

eliminated from the y-ray spectrum.
The plunger apparatus and target construction

used in these experiments were similar to those
used at Chalk River, which have been described
in detail elsewhere. " An important feature of the
design is the fact that the target and stopper form
a parallel-plate capacitor whose capacitance is
accurately inversely proportional to the separation
of the target and stopper. Figure 2 shows a plot
of the reciprocal of this capacitance vs target-
stopper separation obtained in beam with a '"Tl
target and a stretched gold foil stopper. As can
be seen from the curve, we were able to take data
at a separation of 8 p. m. In addition, a linear ex-
trapolation of the curve shown in Fig. 1 enabled us
to determine the position of zero separation of the
target and stopper to an accuracy of 2 IU, m. As will
be seen, this accurate knowledge of the position of
zero separation proved to be very important in the
measurements of short-lived states, expecially
when such states were only weakly excited by the
transfer reactions used in this work. The capac-
itance of the target-stopper system was monitored
continuously, and its instantaneous value was
stored with each particle-y-ray coincidence. For
y rays from a particular state, spectra from the
germanium detector obtained at each target-stop-
per separation, D, were fitted to a functional form
of two Gaussian peaks superimposed on a linear
or quadratic background. The positions and widths

of the Gaussian peaks were determined from an
analysis of a sum of the data collected at all target-
stopper separations. The recoil velocity was, on
the average, v= [(1.06+0,03)%]c, and, for all tran-
sitions analyzed, the separation between stopped
and shifted peaks exceeded the detector resolu-
tion (-2.5 keV for 1.33-MeV y rays) Th. e ratio
R =I,/(I, +I,), where I, is the area of the stopped
peak and I, is the area of the shifted peak, was
obtained for each value of D, and a plot of B vs
D was fitted to obtain the mean life of the state
under study. The computer program used to ob-
tain these fits could be made to include cascades
from higher states. Such cascade corrections will
be discussed for individual cases below.

Since the yield of the transfer reactions was
usually small, statistical uncertainties limited
the precision with which mean lives could be mea-
sured to between 10 and 3lF/p The. refore, no cor-
rections were made to the data for second-order
effects.

III. RESULTS

A. States in thallium

Figure 2 shows a spectrum of y rays in coinci-
dence with backscattered ions resulting from the
bombardment of a '"Tl target with 75-MeV "0
ions. This spectrum was obtained with a detector
lot.p,,l, ed at 90' to the direction of recoi1ing thallium
nui:hei, and is a sum of all the data accumulated
in a period of about 40 h with a beam of about 30
nA of 7' "0 ions. Measurements made on individ-
ual y rays are described below and the results are
listed in Table I. The column in the table labeled
R„ indicates the magnitude of the ratio R =I,/
(I, +I,) at very large values of the target-stopper
separation. These long-lived backgrounds pre-
sumably result from cascades from very long-
lived states.

1. 305-ke V (1 ) state

The 305-keV y rays seen in Fig. 2 are from
transitions between the 305-keV (1 ) and the (0
ground state. Since both of these states have pre-
dominant configurations of (vs, I,)(vp, I~), the ~1
transition rate between them is directly related
to the 3s,~, single-proton magnetic moment, and

is of particular interest. However, the determi-
nation of the mean life of the 305-keV state is
complicated by the fact that it is fed by cascades
from the 635-keV state, as indicated by the pre-
sence of 330-keV y rays in Feg. 2. In addition,
there is a very long-lived component present in
the stopped peak. Figure 3 shows a plot of the
quantity R =ID/(Io+I, ) as a function of the target-
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FIG. 2. Spectrum of y rays observed at 90' to 75-Mev ~obeam incident on a Tl target. This spectrum is the sum
of spectra collected at all observed target-stopper separations. The energy dispersion of the system is about 1 keV/
channel.

stopper separation distance D. In this plot a con-
stant background with the magnitude indicated in
Table I has already been subtracted. The data
shown in Fig. 3 were fitted with a computer-cal-
culated curve in which the fraction of the feeding
from the 635-MeV state, the mean life of that
state, and the zero position of the target-stopper
separation obtained from Fig. 1 were known in-
puts. The fraction of the feeding from the 635-keV
state was obtained from the data illustrated in Fig.
2, and the determination of the mean life of this
state is described below. The value of the mean
life of the 305-keV state was then adjusted to give
the best fit to the data. Because of the uncertain-
ties in the properties of the 635-keV state and be-
cause of the poor statistical precision of the data,
the mean life of the 305-keV state could be deter-
mined with a precision of only 33%.

2. 635-keV (2 )state

Figure 4 shows a plot of g vs D for this state.
The data shown in the figure represent a sum of

the intensities of the 330- and 369-keV y rays
emitted as this state decays to the 305-keV (1 )
and 266-keV(2 ) states. No correction for cas-
cades from short-lived states was necessary, and
the data were analyzed to yield values for the mean
life of the 635-keV state and the long-lived back-
ground component B„. This background has been
subtracted from the data illustrated in Fig. 4.

3. 802-keV (3 ) and 951-keV (4 ) states

Plots of R vs D for these two states are shown
in Figs. 5 and 6. The 802-keV state decays by
emission of 536-keV y rays to the 266-keV (2 )
state. It has a relatively short mean life, and
only an accurate knowledge of the zero-separation
point allows a determination of this mean life.

The 685-keV y rays emitted in the 951-keV (4 )
to 266-keV (2 ) transition were used to determine
the mean life of the 951-keV state. The solid
curve in Fig. 6 is a fit to the data in which the
amount of long-lived background g„was consid-
ered as one of the variables.

TABLE I. Experimental results.

Initial state, energy (keV)
Nucleus Principal configuration (n, v) Final state Rp T (ps)

206 Tl
206Tl
208Tl
208Tl
208Tl
208Bi
208Bi
2fOBi
2fOB1

210Bi

1"(305)s f/2p f/2
2 (635)sf/2ps/2
2 (635)s f /2 ps/2
3 (802)sf/2 f5/2
4 (951)d3/2 fg/2
6 (510)hg/2 f5/2

"f
4 (601)hs/2f5/2 f

2 (319)he/2gs/2
8 (582)hs/2 gs/2

10 (669)hg/2 if f /2

0 (0)sf/2pf/
2 (266)s f/2 f5/2+de/2pf/2

1 (305)sf/2pf/2
2 (266)sf/2 f5/2+d3/2p f/2
2 (266)sf/2 f5/2+d3/2p f/

5+(0)hg)2pg(2 &

5'(o)qg, p, i,-&

1 (0»9/2ge/2
9 (271)h9/2 gs/29"(271)he/2 gs/2

0.1 ~0.1
0.32+0.03
0.28 +0.06
0.15+0.03
0.17+0.03
0.13+0.06

3.5 + 1.0
60+15

170+20
8+3

7.5 + 1.5
(2.5

144+ 25

0.25 + 0.04 6.1+ 2.0

0.24 + 0.04 5.8 + 1.3
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FIG. 3. A decay curve for the 305-keV state in 6Tl.
The ratio R = Io/{Io+ I,) is plotted on a logarithmic
scale as a function of the target-stopper distance D. In
the ratio R Io is the area of the stopped peak and I, is
the area of the shifted peak. A constant background R„
has been subtracted from each point.

B. Statesin ~ Bi and ' Bi
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l0 20 30 40
D (p. rn)

Figure V shows a spectrum of y rays in coinci-
dence with backscattered particles from a bismuth
target. As in Fig. 2, this spectrum was collected
with a Ge(Li) detector placed at 90' to the incident
beam and recoil direction, and is a sum of data
taken at six target-stopper separations. The time
of accumulation for this spectrum was about 50 h,
and the beam was about 20 nA of 7+ '~Q.

y rays from only two of the ten lowest excited
states in ' Bi are seen with any appreciable in-
tensity. These are the 398-keV y rays from the
669-keV (10 )-271-keV (9 ) transition, and the
211-keV y rays from the 582-keV (8 ) -271-keV
(9 ) transition. Most of the other low-lying states
in ' Bi decay with the emission of y rays with

FIG. 5. A plot of the ratio R, on a logarithmic scale,
as a function of target-stopper separation D for the
decay of the 802-keV state in STl.

energies less than about 200 keV. The electronics
used in these experiments strongly discriminated
against y-ray energies less than 200 keV.

Plots of 8 vs D obtained for the 398-keV and 311-
keV y rays from ' Bi are shown in Figs. 8 and 9,
respectively. The solid curve in Fig. 8 is a com-
puter fit to the experimental data. In this calcula-
tion, the value of B„was considered variable. In
the results presented in Fig. 9 for the 311-keV
transition, a measured value of R„has been sub-
tracted. Only an accurate knowledge of the zero-
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FIG. 4. A plot of the ratio R, on a logarithmic scale
vs D for the decay of the 635-keV state in 2 6Tl. Defini-
tions of R and D are given in the caption of Fig. 3. A
constant background R„has been subtracted from each
point.
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FIG. 6. A decay curve for the 951-keV state in 208Tl.

The ratio R is plotted, on a logarithmic scale, as a
function of the target-stopper separation D. The solid
curve is fitted to the data and includes a single decay
curve and a constant background.
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FIG. 7. Spectrum of y rays observed at 90 to a 75-MeV 0 beam incident on a 9Bi target, This spectrum is the

sum of spectra collected at several observed target-stopper separations. The energy dispersion is about 1 keV/channel.

separation point of the target and stopper makes
possible a determination of the mean life of the
582-keV state.

In contrast to the case for OBi, y rays can be
seen in Fig. 7 from all of the low-lying states in
2"Bi which have as their predominant configura-
tion (who~2)(vf, ~,) These s.tates are formed by
stripping an f,~, neutron from ~~Bi, and the yields
of y rays shown in Fig. 7 indicate that they are all

I.O

produced with comparable intensities However

only the mean life of the 510-keV (6+) state could
be deduced from our results. y rays from the
626-keV (5+) and 683-keV (3+) states with energies
of 5B5 and 5'70 keV, respectively, could not be re-
solved, and those from the 661-keV (4') and the
651-keV ('l') states were too weak to be analyzed.

Results for the 510-keV y rays emitted in the
510-keV (6+)-0-keV (4 ) transition are shown in

Figs. 10 (a) and 10 (b). As can be seen from Fig.
10 (a), the spectrum contains a large long-lived
unshifted component. The intensity of this long-
lived component is consistent with the supposi-
tion that it results from the cascade decay of the
B51-keV state through the 510-keV state. The

1.0—

O. l

00~0 l000 2000
D (+m)

FIG. 8. A plot of the ratio R, on a logarithmic scale,
vs target-stopper separation D obtained for 398-keV y
rays from the 669-keV state in Bi. The solid curve is
a best fit to the experimentaI. points.

O. I
I

lO 20 50 40
0 (pm)

FIG. 9. A plot of the ratio 8, on a logarithmic scale,
as a function of target-stopper separation D obtained
for the 311-keV y rays from the 582-keV state in Bi.
A constant background, B„, has been subtracted from
each point.
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141-keV y rays emitted in the cascade transition
are strongly converted, and in addition, as men-
tioned above, could not be detected in this experi-
ment. If, indeed, the long-lived component comes
from the 651-keV state, a limit to the mean life
of that state of 7 &1.5 ns can be given. Because of
the behavior of the 510-keV peak as a function of
the width and position of the window used in the
particle spectrum, we conclude that not more than
6%%uo of the 510-keV y rays arose from annihilation
radiation.

IV. COMPARISON OF EXPERIMENTAL AND THEORETICAL
TWO-BODY MATRIX ELEMENTS

O.I
I

I 000 2000
D (pm)

FIG. 10. The ratio A vs target-stopper distance D for
the decay of the 51O-keV state in sosgi. The data in (a)
include a long-1ived background, and the solid curve is
a fit to these data. jn part (b) the 1ong-l. ived component
has been subtracted.

All experimentally known magnetic moments,
quadrupole moments, B(M1}, and B(E2) values
for two-component states near 2~Pb have been
collected in Tables II-IV. The data take calcu-
lated internal conversion coefficients and experi-
mental branching ratios into account. For com-
parison theoretical predictions are also shown,
using either pure configurations or the full wave
functions of Kuo and Herling' or of Ma and True. '
The two-component matrix elements were deduced
using the formula

&j,j.j IIT'll~",jj'& = (-)'( ""'(2j+»' "(2j '+»"~(i,ii,'i ',i.l )&i, ll7" llj l& 6...;
+( )' "-' "-(»+1-)'~(»+»~~(j~~~;j,»&j.ll&llj:&6..., .

The single-particle matrix elements (jill llj '&

have been taken from experiment or from theoret-
ical estimates as indicated in Table V. Great care
has been taken to ensure that the coupling of spin
and angular momentum and the definition of radial
wave functions agree with Befs. 8 and 9. It was
also essential to take the change of sign for E2
matrix elements into account when going from
single-particle to single-hole states. The cal-
culations were performed using a computer pro-
gram. The correctness of the program was veri-
fied by exactly reproducing the calculations of
M1 and E2 transition rates for states in 2~Pb

by T rue and Ford.
The matrix elements are related to magnetic

moments, static quadrupole moments, and re-
duced transition probabilities by the following
formulas:

16m ' ~ 2I(2I —1)
(2I, 2)(2I,2)(2I„) &IIIE2II

1/2 21 1/2
& IIIM1 ill&

Ii
'& I'

2r+1

as2 I-' =I"ll 'll" I'.
2I+ 1

To deduce matrix elements from measured
transition rates, it is necessary to know multi-
pole mixing ratios. In all cases where mixed
transitions are possible, multipole mixing ratios
were calculated using both sets of wave functions.
The calculations show that where M1 and E2 mix-
tures are allowed almost all of the transitions
studied were overwhelmingly M1. However, for
the 6+- 5+ transition in ' 'Bi, Ml matrix elements
effectively canee1 and the transition is predomi-
nantly E2. Branching ratios used in the calcula-
tions were taken from the work of Proetel eI'
a/. "'"for '"Bi and "'Bi, and from the Nuclear
Data Sheets'2 for 2OOTI.

V. DISCUSSION

The over-all agreement between the calculated
and experimental electromagnetic properties of
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TABLE II. Moments of bvo-particle states.

Pure
Nucleus (keV) J " conf. Kuo-Herling Ma- True

Magnetic moments (pN)

P xp
Reference

20SBi

210Bi

210po

2200
2384
4027

1571

0
433.1
438.9

1472
1552

7 -0.41
6 -1.49

12 -1.85

10 2.61

0.31
2,14
1.53

5.44
7.25

-0.13
-1.59
-1.85

2.61

0.04
2.16
1.54

5.45
7.27

-0.18
-1.54
-1.85

3.20

-0.86
2.12
1.50

5.45
7.31

-0.152 +0.003
0.78 +0.42

-1.86 +0.05

2.666 +0.027

-0.044 +0.0001
2.11 +0.05
1.53 +0.05

5.58 +0.12
7.28 +0.08

16
16

20~Pb 803.1 2

Quadrupole moments (e fm2)

16

18

25 +15

13kl

two-body states near Pb is relatively impres-
sive. It gives credence to both the single-particle
matrix elements of Table V and to the two-body
matrix elements used to calculate the configura-
tion mixing, particularly those of Kuo and Herl-
ing. ' Several observations can be made after a
closer inspection of Tables II-IV.

(1') For magnetic dipole moments agreement be-
tween theory and experiment is good. In most
cases, calculated and experimental numbers are
within a few percent of one another. An obvious
exception is provided by the 6 state in" Pb,
where the moments disagree even in sign, causing
some doubt on the identification of the 2384-keV
state.

(2) Of the 16 Ml transition rates listed in Table
III, all but three are within a factor of 2 of calcu-
lated rates, and half of them agree with calcula-
tions within experimental error. The two transi-
tions from the 1033-keV state in 'Bi are very
slow, and according to Olin et al. ,

' calculations
could be made to agree with experiment if this
state included a 10% admixture of (lh, ~, ) (SP,~,) '.
The reason for the large disagreement for the
2 -1, 319-keV transition in "Bi is not clear.
It is possible that an unobserved cascade caused
us to measure a mean life that was too long.

Almost all of the measured transition rates of
Olin et al. ' in '"Bi are systematically smaller than
calculated rates, and a sma11 change in slowing
down powers used to interpret their Doppler-shift
measurements would improve the agreement.

(3) The B(Z2) values of Table 1V show better

.agreement for the Kuo-Herling wave functions and

indicate that configuration mixing in the Ma-True
wave functions is too large. The experimental
B(E2) values for the 4 -2 transition in "'Tl and

the 4'-2' transition in "'Pb disagree with both
calculations.

(4) The 305-keV, 1 -0 transition in 20~T1 is
predominantly a (vSs, ~,) (vSp, (,)- (nSs, ~,) (vSp, (,)
transition. The M1 matrix element for this tran-
sition can be written in terms of single-particle
magnetic moments as

Using our measured value for B(M1) 1 -0 in
'O8Tl, a value of g(P, ~2) =0.59, we obtain the re-
sult

p, (s, l2) = 1.83 + 0.18

The error includes uncertainties in the configu-
ration mixing estimated from the difference in the
wave functions in Refs. 8 and 9. The deduced ma, g-
netic moment is strongly reduced from the single-
particle value p, =2. 't93, and is found in good
agreement with the theoretical estimate
p. (~0'Tl, s», ) = 1.935',„, by Bauer et af., ' which is
based on the theory of finite Fermi systems. Be-
cause of the vanishing orbital angular momentum,
mesonic contributions are expected to be small
and the observed deviation from the Schmidt value
is therefore almost entirely attributable to core
polarization.

The result obtained is somewhat larger than the
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TABLE IH. Ml transitions between two-particle states.

Nucleus (keV) J'll J7l
Pure
conf. Kuo-Herling Ma- True

a(m1) ...
Reference

206Tl 305

206Pb 2384 6, -7,
20ZBi

208Bi

2iOBi

886

1033

1069

5g 4(

5(

44- 4',

+ +44~5)

33 -42
33 -4~
62 53

62 5g

2g ~lg
10( 9g

22 -2i
801.6 3g ~ 2)

951 4) ~ 3g

305 0.435

330 0.409

536

149 0.023

184 0.23

823 0.16

886 0.25

970 0.0001

1033 P,004

468 0.008

1oo7 o.41

208 Q.83

1095 0.41

319 3.31

398 0.010

0.310

0.074

0.036

0.071

0.017

0.14

0.32

0.29

0.0001

0.O04 ~

0.16

0.14

0.36

2.96

0.014

0.284

0.081

2x10 ~

0.24 ~0.08 Pr sent work

0.33 0.10 + 0.03 Present work

0.021 0,036 + 0.009 Present work

0.16 0.075+ 0.024

0.24

0.33

0.18 + 0.07

0.15 + 0.06

0.001 0.17 +0.005

0.006 0.035 + 0.010

0.20

0.17

0.30

0.13 + 0.05

0.070 + 0.025

0.64 +0.32

0.21 + 0.07

1.58 0.16 + 0.03 Present work

0.007 0.005 + 0.001 Present work

0.11 +0.02 Present work

0.077 + 0.017 Present work

Reference 7 claims that a 10% admixture of (1A'ey2) (3P3g2) in the 44 state wiO give agreement with experiment.

TABLE EV. E2 transitions between two-particle states.

E; E Pure &%'2) exp
(keV) J, J& (ke V) conf. Kuo-Herling Ma- True (e2 fm4) Reference

206Tl 255 2g" 0) 266 112 12

951 4g 2) 685 71 46 +12 Present work

206Pb 803 2g 0( 803 85

4027 12 10 69.6 (24)

190

(24)

183 184 + 10

(24) 24 + 2

12

208Bi 510 6g 5i 510

936 32 5g 936 1.7
89

0.3 7.8

114 137+ 20 Present work

i Pb 1091 4g 2g 296 141 150 367+61

210Bi

210po

433 7g 9g 162 25

439 5, -3s 91.3 16

1426 4g 2 245 242

1472 6( 4i 46.5 167

1552 8( 6( 83.7 67

269

68 43 +1

65 73 +6

159

231 285 ~32

161 247 +33

19

19

19

19
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TABLE V. Single-particle matrix elements.

L11itial
state

3S~/2
2&3/2

Ms/2
2d3/2

Ms/2
47/2
2' 5/2

187/2
lhg) /2

1hs/2

2fs/

2fs/2
3P3/2

Final
state

3Sg/2
3S)/2
3Sg/2
2d3/2

283/2
243/2
2d 5/2

lg7/2
1hg)/2
lhs/2
lhs/2
lhs/2

2f7/2

&fllM&ill&

(VN)

2.32
-0.30

0.96
-1.90

4.69
12.71
6.97
0.18

8.41
2.14

Reference

Proton

20
20

20
20

20

20
20
23

22, 6

&xll~2ll'&
(e fm2)

-33.5
37.1
29.6
20.5
35.8
40.1

43.1
74.5

-51.3
-15.5
-62.9
-53.5

19.9
-54.4

Reference

21
5
5
5
5
5

5
5

22
6
5
5

5, 6
5

2fsg2
3~3/2
3P1/2
1ii3/2
3~3/2
3Pf/2

3P1/2
3~3/2
2fs/2
3~3/2
2fs/2
2f7/2

2fs/2
2f7/2
2f7/2
1~13/2
lhs/2
2&s/2

»S)2
2fs/2
2fs/2
l~i3/2
3~3/2
3P3/2
3P i, /2

3~ &/2

3~ S/2
3~ i/2
3P3/2
3P3/2
3~3/2

2fs/2
2fs/2
2f7/2
ii)3/2
1hs/2

2gs/2

2.42

15.71
3.95
1.51

-0.10

0.71
1.28

-1.60

1.08
1.98

-2.01
-1.96

1.18
2 02 7

20

23
20
20
20

Neutron

20, 3
24

23
6

20, 3
23
20
23

-46.5
-20
-38.7
-90.7
-32.4

33.2

15.6
20.6
16.9

-11.2
27.7

25.9
11.7
48.5
54.2
31.1

-39.2

5
5, 6
5, 6

5
5, 6
28

5
5

27

&t/2

3~5/2

2g7/2
lips/2
2g7/2

~is /2
3ds /2
4S&/2

2gs/2
2gs/2

&S/2
lz)(/2
l~ |i/2
1~&s/2

&5/2
Ms/2

0.35

-1.96
1.07

-2.68
-1.90

25

20
20
20
20

6.9
-32.9
11.7

-39.3
-40.0
~4.0
-18.1

1707

5, 6
6

5, 6
5

5, 6
5
5

26

2g7/2
3Cf3/2
4Sg/2
M
2A/2
M3/2
M3/2

Ms/2
M 5/2
4sg/2
4Si/2
2g7/2
2g7/2
3d3/2

-1.63
-1.47

1.49

1.12

20

20

20

6.9
9.4

14.1
3143

23%2
-14.1

5, 6
5, 6

5, 6
5

5, 6
5
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magnetic moment for the ~" ground state of ' Tl and ' 'Tl ground state moments.

p P "Ti) =1,635+0.007.

The '"Tl ground state is, however, a three-
hole state, containing collective admixtures which
can be described by coupling single-hole compo-
nents to the 2 first excited state in'o'Pb. These
admixtures may cause a difference in the '"Tl
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