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Isomeric states of Po isotopes from A =204 to A =211 have been investigated by means of the nanosecond
time analysis of Pb(n, xn) 7 rays produced in natural beam bunches of a cyclotron. In addition to those
already reported, new isomeric states have been revealed systematically. The following half-lives have
been measured: "4Po 190~20 nsec; 20'Po 160~40 nsec "8Po: 380+100 nsec; and»oPo: 110~10 nsec.
The possibility that such half-lives are associated with the expected 8+ state of predominant con6guration
hg/2'(P) is discussed. Another half-life (24 nsec) found in "Po was assigned as a (hgf2il3f2) 11—isomeric
state. Odd isotopes show three-particle isomeric states in addition to the iI3t2(n) isomeric state. Several
characteristic features revealed in this study are discussed.

I. INTRODUCTION

"N this paper, we shall report on a survey study of
. . isomeric states of Po isotopes (Z= 84) from A = 204
to 211 and relevant low-lying levels populated by
Pb(a, xst) reactions. The method of the nanosecond
time analysis of reaction y rays utilizing natural beam
bunches of a cyclotron, as developed by Yamazaki and
Ewan, "was employed. This method has recently been
applied to Sn isotopes. ' 4

In Ref. 1, new isomeric states of "Po resulting from
proton orbits of large j have been reported. These states
attracted much attention from the shell-model point
of view. Combined with a preliminary measurement of

g factors of these high-spin isomeric states, a discussion
of the electric and magnetic core polarization was made
by Vamazaki. ' Treytl, Hyde, and Yamazaki' studied
levels of "'Po in detail, from the decay of '"At and also
with the in-beam spectroscopy and interpreted a 380-
nsec isomeric state as the 8+ member of the hgt2' proton
configuration also appearing in '"Po. The occurrence of
the (hgtP) 8+ isomeric state in "'Po arises from the fact
that this state lies lower than neutron states of the same
spin, which helps retain the unique character of the
(hot2s)8+ state. Yamazaki and Matthiass observed a
100-nsec isomeric state in "'Po. They measured the g
factor of this state and concluded that it must be a
three-particle state of the (hgt2'(p))8+, p~t2(rt) con-

* Work performed under the auspices of the U.S. Atomic
Energy Commission.' T. Yamazaki and G. T. Ewan, Phys. Letters 24B, 278 (1967).' T. Yamazaki and G. T. Ewan, Nucl. Instr. Methods 62, 101
(1968).

3T. Yamazaki, G. T. Ewan, and S. G. Prussin, Phys. Rev.
Letters 20, 1376 (1968).

4 T. Yamazaki and G. T. Ewan, Nucl. Phys. A134, 81 (1969).
' T. Yamazaki, in International School of Physics "Enrico

Fermi" Course 40, edited by M. Jean and R. A. Ricci (Academic
Press Inc. , New York, 1969) p. 791.

W. J. Treytl, E. K. Hyde, and T. Yamazaki, Nucl. Phys.
A117, 481 (1968).' T. Yamazaki and E. Matthias, Phys. Rev. 175, 1476 (1968).

6guration. This is an interesting example to show the
occurrence of the (hgt22) 8+ isomeric state in odd-mass
nuclei as well.

There was some previous information on long-lived
isomeric states. Isomeric states of '"Po and ' 'Po were
studied by Hargrove and Martin. High-spin Q.-decaying
isomeric states of 211Po and 212po were studied by
Perlman et al.'

It was our aim to survey unknown region of Po
isotopes. The present work has established isomer and
level systematics in even and odd Po isotopes down to
204PO

II. EXPERIMENTAL PROCEDURES

A. Experimental Arrangements

The experimental arrangements employed in the
present work are almost the same as that reported in
detail in Ref. 4. Here we shall describe the experi-
mental procedures briefly. The n-particle beam from 24
to 50 MeV from the Berkeley 88-in. sector-focused
cyclotron was transported into a scattering chamber to
bombard Pb targets to yield Pb(n, xst) Po p rays.

The p rays were detected with a Ge(Li) detector.
In most cases a 30-cm' coaxial Ge(Li) detector was

used. The over-all accuracy of energy determination of
reaction p rays in this report was ~1.0 keV or so.

The targets were metallic foils of enriched isotopes
of '"Pb ' 'Pb, ' Pb, and ' 'Pb. The thickness was about
20 mg/cm'. Of these the enrichment of the "4Pb target
was so poor that y rays resulting from the other isotopes
were observed. Only the '"Pb target had an 800-
ttg/cm'-thick Mylar backing.

The y-ray signal from the Ge(Li) detector passing

C. K. Hargrove and W. M. Martin, Can. J. Phys. 40, 964
(1962) .

I. Perlman, F. Asaro. A. Ghiorso, A. Larsh, and R. Latimer,
Phys. Rev. 12'7, 917 (1962).
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through a fast preamplifier was split into one signal for
pulse-height (energy) analysis and another for time
analysis. The fast signal was used to generate the start
signal for a time-to-amplitude converter, and the rf
signal from the cyclotron oscillator was used to generate
the stop signal, thus yielding a time pulse height cor-
responding to the time between the p ray and the cyclo-
tron burst. Figure 1 shows a prompt time distribution
with the 30-cm' Ge(Li) detector (511keV), referred
to a NaI(Tl) signal in a coincidence mode. A time
spread of 6.3-nsec full width at half-maximum
(FWHM) was obtained and the half-slope for the
Ge(Li) delay was about 1.8nsec. For lower y-ray
energies the time resolution was worse. In a few cases,
planar-type Ge(Li) detectors were employed, which
showed better time resolution.

The energy and time signals were fed into a 4096-
channel two-dimensional pulse-height analyzer. For
survey runs 1024 channels were used for energy spectra
routed by four time segments (prompt, delayed 1, 2,
and 3). Such runs at once revealed delayed y rays and
gave rough estimates of half-lives. For a precise deter-
mination of half-lives, more time channels in a two-
parameter mode were used.

The time intervals of beam bursts were 182 nsec for
24-MeV 0., 163 nsec for 30-MeV o., 142 nsec for 40-MeV
n, and 127 nsec for 50-MeV 0.. Delayed p rays of half-
lives longer than 200 nsec were easily identified but the
half-lives could not be determined within these too-
short time intervals.

B.Analysis of the Experimental Data

The predominant reactions were of (n, xe) type and
typically (n, 2e) with 30-MeV n's, (n, 3e) with 40-
MeV a's and (n, 4e) with 50-MeV a' s. At 24 MeV the
(n, m) cross section is comparable to the (a, 2n) cross
section, and y rays from the (n, n) reaction are rela-
tively pronounced. Other reactions such as (a, pxl) are
assumed to be weak for these heavy nuclei. A reasonable
isotope identification was obtained as shown in each
figure by cross checking various reactions.

In general, a high-spin isomeric state proceeds to the
ground state via two or more y transitions. The isomeric
transition and subsequent ones appear in a delayed
energy spectrum, but the subsequent transitions have
prompt components because they are populated as well

through states other than the isomeric state. Most of
the delayed y rays turned out to be such prompt transi-
tions that are preceded by an isomeric state. Isomeric
transitions themselves are often missed because of their
low energies and high conversion rates.

The relative intensities of prompt components of
transitions following the decay of an isomeric state
served as a powerful clue to determine the order of the
transitions, since a lower-lying level receives more
prompt population than a higher-lying level.
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Fro. 1. Prompt timing curve with a 30-cm' coaxial Ge(Li)
detector (511 keV) examined with reference to a NaI(Tl)
detector (511 keV) in coincidence.

In case the ground state of a product nucleus is short-
lived ( &1 h), y rays following the electron-capture
(EC) decay or n decay of this nucleus may also be
present in delayed spectra. Such p rays should have no
prompt component. Therefore, the identification of
weak delayed p rays without prompt component were
carefully examined by considering the known decay
schemes' of reaction products.

III. LEVEL SCHEMES

A. '"Po

Figure 2 shows prompt and delayed p-ray spectra
from the ' 'Pb+30-MeU n reaction, which exhibits y

'0 C. M. Lederer, J. M. Hollander, and I. Perlman, TaMe of
Isotopes (John Wiley R Sons, Inc., New York, 1967), 6th ed.

The level scheme of '"Po is the most basic as this
nucleus consists of 82+2 protons and 126 closed-shell
neutrons. Therefore, we shall start with this nucleus
and proceed to lighter ones. The level structure of each
Po isotope may be compared with the two-proton
levels appearing in '"Po and with the neutron levels
appearing in the corresponding Pb isotope of the same
neutron number. Such a comparison was made for

'Po in Ref. 6 and for ' 'Po in Ref. 7 and showed that
higher-spin states correspond energetically either to
proton states or to neutron states. This fact is due to
the limited number of configurations for high-spin
states. In the following discussion, we shall attempt to
make such a comparison using known level structures
of Pb isotopes.
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rays assigned to '"Po. A proposed level scheme is
presented in Fig. 3. The 2+, 4+, and 6+ members of
the hgi~' configuration had been known from the decay
of 'roAt, "'~ and the half-lives of the 4+ and 6+ states
were determined by Funk et al."Yamazaki and Ewan, '
observing that the 1180-keV (2+~0+) and 245-keV
(4+~2+) transitions follow a half-life of about 150
nsec, which is much longer than the half-life of the 6+
state of 38 nsec, concluded the presence of the 8+
member above the 6+ state. The 8+~6+ transition
itself was missing because of its low energy (being
highly converted), but the 150-nsec half-life was
assigned to this 8+ state. Recently, Ishihara et al.ra

measured the time distribution of the 245-keV p ray
in a 1.17-psec time interval of beam bursts and obtained
a revised half-life of 110nsec. Their time distribution
showed a striking growth effect because of the popula-
tion of the 8+ state through a 24-nsec state which had
also been identified by Yamazaki and Kwan. '

The 1292-keV y ray followed a half-life of 24nsec
without prompt component, and was interpreted as
corresponding to a transition into the 8+ state. This
transition was assigned as E3 on the basis of its half-
life and an 11—spin was given to the 24-nsec state. '
This interpretation is supported by theoretical con-
siderations since an 11—state is predicted to be the

"E.G. Punk, Jr., H. J. Prask, F. Schima, J. McNulty, and J.
W. Mihelich, Phys. Rev. 129, 757 {1962).' S. G. Prussin and J. M. Hollander, Nucl. Phys. A110, 176
(1968l .

'3 M. Ishihara, Y. Gono, K. Ishii, M. Sakai, and T. Vamazaki,
Phys. Rev. Letters 21, 1814 (1968).
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FIG. 3. Proposed level scheme of "Po. The placement of the
highest two levels is very tentative.

i4 V. E. Kim and J. 0. Rasmussen, Nucl. Phys. 4'7, 184 {1963);
61, 173 (1965).

lowest member of the hgi~i]3/9 configuration. "This point
including the transition probability will be discussed in
Sec. IV.

ln addition to the above-mentioned delayed y rays,
two delayed lines of the 78-nsec half-life appeared at
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1473 and 1520 keV, of which the 1473-keV line has a
prompt component. Although the energy difference of
47keV agrees with the 6+-+4+ level spacing, a
placement of these transitions ending at the 4-lI- and
6+ levels would conflict seriously with the fact men-
tioned. Ao alternative placement as shown in Fig. 3
is likely but only tentative. The two transitions may

end either at the 8+ level or at the 11—level, but the
latter is preferred because (a) the time distribution
of the 1292-keV y ray seems to have a longer component
and (b) the two tran. sitions disappear at 24-MeV
incident energy, indicating that higher spins are
associated with them. This tentative placement is open
to further investigation. In any case, the nature of the
proposed isomeric state is unknown and seems to be
rather mysterious.
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FIG. 5. Proposed level scheme of '"Po. The 1064-keV 7 ray is
presumably preceded by a 120-nsec isomeric state, whose popula-
tion is, however, suppressed due to the trap of the 25-sec n-
decaying isomer. The level scheme is compared with those of »OPo
and of the corresponding '"Pb.

The spectra from the '"Pb+24-MeV cr reaction,
shown in Fig. 4, exhibit a delayed 1064-k.eV transition
assigned to '"Po. This energy agrees with that of the
13j2+~5/2 — transition in 's'Pb which could be
populated by the n decay of "'Po. However, this assign-
ment is rejected because of the presence of a prompt
component and its half-life of 120&40 nsec. Since there
is no delayed p ray of the same half-life and intensity,
this transition is readily placed between a 1064-keV
level and the ground state. The missing isomeric transi-
tion, which should have an energy lower than 100 keV,
is placed as shown in Fig. 5.

The 25-sec o.-decaying isomeric state observed by
Perlman et a/. is located at 1430 keV. This excitation
energy is approximately equal to the excitation energy
of the 8+ state in "oPo. A 25j2+ spin was assigned to
this state, which is the highest spin available with the
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/ging(p) g@q(e) configuration. The 21/2+ member of
this configuration should lie somewhere around the
25/2+ state, but the fact that the 25/2+ state is long-
jived indicates that it is located above the 25/2+ state,
thus yielding a large spin gap.

It is to be noted that the p-ray yield of '"Po from the
so'Pb+24-MeV n reaction is remarkably low. It was

observed that at E =24 MeV the 1180- or 245-keV y
ray belonging to the "'Pb (n, e)"'Po reaction has nearly
the same intensity as the 545- or 782-keV p ray belong-

ing to the "'Pb (n, 2e) '"Po reaction. On the other hand,
the 1064-keV y ray from the ' 'Pb(n I)'"Po reaction
at E = 24 MeV is about 10% as intense as the 1180-keV

p ray from the '"Pb(n, 2e) 2MPo reaction (see Fig. 4).
This fact is readily related to the presence of the o.-

decaying isomeric state of spin, 25/2+, which is sup-

posed to receive a considerable part of the total y
decay Qow from the continuum region.

209PO

D. 2o8I 0

The p-ray spectrum from the '"Pb+30-MeV n
reaction is shown in Fig. 8. The "'Po isotope was

p 8p ls/2+ 1633

ilpnsec 8+
38fjsec 8+ I+7 I ~~

4+ 1425
13/2-
9/2-

2+ 1180

missing

1527

IOQ nsec

782
E2

of "'At. Guided by the correspondence with the '"Po
levels and the pi~2 ground state of ' 'Pb, we may expect
two isomeric transitions as suggested in Fig. 7, but this
point has not been cleared up experimentally. Yama-
zaki and Matthias7 determined the g factor of this
isomeric state, and concluded that this state should be a
three-particle state with a configuration L(h@&'(p) )8+
or 6+, pi~2(e) $17/2 —or 13/2 —.

Figure 6 shows the p-ray spectra from the '"Pb+30-
MeV u reaction. There are two prominent transitions of
545 and 782 keV in the delayed spectrum. The half-life

mas determined to be 100 nsec, but the isomeric transi-
tion was missing. Based on the prompt intensities,
Yamazaki and Matthiasv placed them in cascade as
shown in Fig. 7. They also measured the angular dis-

tributions of these y rays and established the spin
sequence 2

—~~—~-', —.This level scheme is quite
diferent from that obtained by Stoner" from the decay

5/2- 570

I/2- 0 0+ 0
207 210

82 125 84 126

5/2 — 545

545
E2

I/2-
209

84 125

0 103 yp

Fxo. 7. Level scheme of 2 Po proposed in Ref. 7. This level
"A. W. Stoner (Ph.D. thesis), University of California Report scheme is compared with those of '"Po and of the corresponding

No. UCRL-3471, 1956 (unpublished) . 207pb
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studied extensively by Treytl, Hyde, and Yamazaki'
from the "'At decay as well as from the '"Pb (n, 4e) "'Po
and Bl(p, 2N)'8Po reactions. They placed the three
delayed transitions of 176, 660, and 685 keV with
380-nsec half-life in cascade by a coincidence experi-
ment. Furthermore, 'measurements of the angular distri-
bution and the conversion coefficients established the

0.13msec

4+ I 998

6+—+4+~2+-+0+ sequence, as shown in Fig. 9. The
half-life of the 6+ state was determined to be 4 nsec
with the delayed coincidence method in the '"At decay.
The missing transition was searched for with a Si(Li)
detector in the "'At decay and the upper limit of the
transition energy was found to be about 10 keV. The
147-keV transition, which was found to have an 8-nsec
half-life, ' ' is not placed in the level scheme of Fig. 9.

E. '"Po
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& I 0 keV
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The y-ray spectrum from the "4Pb+ 24-MeV a
reaction is shown in Fig. 10. Because of the poor en-
richment of this isotope there appear to be many peaks
resulting from other isotopes, but careful cross checks
led to reasonable identification of peaks. Two isomeric
states were identified by Hargrove and Martin' in the
'Bi(p, 3e)' Po reaction. They measured delayed p

rays with a scintillation spectrometer and obtained an
unambiguous level scheme based on the lifetime
measurements and multipolarity assignments from
x-ray yields associated with the isomeric transitions.
Figure 11 reproduces their level scheme with the more
precise energy values obtained here. Figure 10 exhibits
weak prompt and delayed lines, which appear to be
long-lived. They have not been placed in the level
scheme.

20
8 124

0 0+

21Q
84 126

2.9 y
208
84 124

F. "'Po

The r-ray spectrum from the '~Pb+30-MeV u
FIG. 9. Level scheme of ' SPo, proposed in Ref. 6. This level

scheme is compared vrith those of "0po and of the correspond- reaction is shown in Fig. 12. There is no Previous
ing "'Pb. information on this nucleus. Just as in the case of "'Po,
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n)"'Po reactions. Impurities in the target yielded other weak lines,

three delayed p rays of equal intensity were found.
These p rays follow a half-life of 160&40 nsec. The order
of these transitions were determined as shown in Fig.
13 from the prompt intensities. No further information
is available as to the multipolarities and spins, but it is
most likely that the isomeric decay sequence must be
just similar to that of '"Po. The isomeric transition
is again missing.

A weak. y ray of 566 keV was found to decay with a
100-nsec half-life. Since it has no prompt component, it
is an isomeric transition. If it is located up above
feeding the 8+ isomeric state, we obtain an isomeric
state around 2160 keV. There should be a 9—state in
"'Po corresponding to the 9—state in "'Pb. The 9—
state in "Po, if it exists, proceeds to the 8+ state via
E1, but this E1 transition must be highly hindered,
since to the zeroth approximation the 9—state is a
two-neutron state and the 8+ state is a two-proton
state. The isomeric state we postulate at 2160keV
might be such a state. This point will be discussed in
Sec. IV. |".2o5po

IIOnsec 9+
8nsec 6+ 1471

4+ l425 .I9/2- I 82
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30I
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in the "sBi(P, 5e)"'Po reaction. They found two
delayed p rays of 707 and 160 keV. From the relative
intensities of these p rays and the E x rays, they
assigned the multipolarity of the 160-keV transition as
M2. In the present p-ray spectra, two peaks at 151
and 720 keV appear, which must correspond to those
y rays observed by Hargrove and Martin. ' The 720-keV
y ray has a prompt component, being consistent with

The p-ray spectrum from the "'Pb+4O-Me'ir
reaction is shown in Fig. 14. The 0.6-msec '" Po was
found by Link, "and studied by Hargrove and Martins

'sW. T. Link, Ph.D. thesis, McGill University, 1957 (un-
published) .

5/2- 0 0+ 0
205 alo
saPblas .84Po,as

0 5.7 h
207
ef 01~

I'xo. 11. Level scheme of "7PO established~in Ref. 8. This
level scheme is compared with those of '"Pogand of the cor-
responding "'Pb.



ISOMERIC STATES OF Po POPULATED BY Pb(a, xa) 297

IO

IO—4

Pb+ 50 MeV a
Oe

0

a:

206p

207p
208p

209p
2 I Op

FIG. 12. Prompt and delayed
spectra from the 204Pb+30-MeV
a reaction. The "'Pb(o. 2N)'«Po
reaction is predominant.

IO~—

5-

e &0
A cd C)

Q

.~l60nsec

Co
Cd

I ~cn m-
cd

lo
IOO

I

200 500
I I

400
Channel number

I I

500
I

600

w ~ ~
~y ~ ~

~ ~

700

. 9- 218666.9ejn (9-) ~ 2160
I

~~~~' ~100 psec
I

I

1

sos

their level scheme in Fig. 15. The 0.64-msec state may
be interpreted as the i~3~2 neutron state appearing in
203Pb

In addition, a long-lived p ray of 873 keV without a
prompt component was found. Because its energy

equals the sum, 151+720keV, within the experimental
errors the 873-keV transition might be the crossover
transition. If so, it should then be the M4 transition
between the 13/2+ and 5/2 —states, but its intensity
(about 10% of the 720-keV y ray) leads to a partial
half-life of 6 msec for this transition, which contradicts
seriously the 3II4 assignment (the Weisskopf estimate
is about 10 sec). Therefore, this transition should be
located elsewhere. There are some other delayed
transitions, but they could not have been incorporated
into the present level scheme without much ambiguity.
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PIG. 13. Proposed level scheme of "'Po. The highestf level is
tentative This level sc.heme is comPared with thosefof '"Po and
of the corresponding "4Pb.

H. "4Po

The 7-ray spectrum from the "'Pb+50-MeV cr re-
action is shown in Fig. 16. There is no previous infor-
mation on this nucleus. Just as in the case of "'Po and
"'Po, three delayed 7 rays of equal intensity are ob-
served. The three p rays of 427, 517, and 686 keV follow
a half-life of 190~20 nsec and the order was determined
as shown in Fig. 17 from the prompt intensities. The
order of the 517- and 686-keV p rays, however, remains
rather ambiguous, since both had nearly the same
prompt intensities. A comparison with the level scheme
of "'Po suggests the order shown in Fig. 17. The iso-
meric transition was not observed. The level structure
is quite similar to that of ' 'Po and 2 'Po.

A weak delayed y ray of 589 keV, which decays with
a half-life of about 20nsec, was also identified. This
transition is placed tentatively as feeding the 8+
isomeric state. The same argument presented for the
case of "'Po may be applied here.
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IV. DISCUSSION

In this section, we discuss characteristic features
revealed in the present experimental study. Excited
states of Po isotopes should in principle be described by
combining the two-proton excitation appearing in
84'"Po~~6 with neutron excitations appearing in the
corresponding Pb isotopes. Such a detailed shell-model
calculation as performed for the case of '"Po by Glen-
denning and Harada'~ may be applied, but it is beyond
the scope of the present paper. Instead, we attempt to
use the weak coupling method, which was applied to
"'Po by Treytl, Hyde, and Yamazaki. '

A. Deduction of B(E2) from Half-Lives

The quantity I was calculated with the use of the
theoretical I and 3f subshell conversion coefficients of
Hager and Seltzer. "%e assumed that

o.'cot, =&r+o'm(1+a) ~

As seen from Fig. 18, I is nearly a step function of
Fv. It takes the following approximate values in the
two main regions:

X= 1.0X10 ' for E(E) &E~ &E(I2), (region I)

=4.0X10 ' for E(I3) &E7 &E(M~), (region II)

IIOnsec 8+
38nsec Q+ i47[

4+ l425

Since the 8+-+6+ isomeric transitions of E2 multi-

polarity are not observed, the transition energies are
unknown. It might then seem at first sight impossible
to deduce B(E2) values from the half-lives. However,
as the internal conversion process predominates in the
deexcitation below 100 keV and the conversion emission
probability is insensitive to the transition energy E~
(whereas the photon emission probability is propor-
tional to E7'), the half-life 3~~2 alone leads to B(E2).
Explicitly,

2+ IIBO

6/2+

l5I M2
720

720

i%2+825
9/2-820

9/2-

0.64 msec

where
4(g (sec) =X/B (E2) (e'fm4),

1 06'3
1.22X 10' 1+~„,I E~(MeV) )&

*

5/2- 0 0
20s 'P

e l2l 84 Qe

5/2- 'I 0

Oia

Fn. 15. Level scheme of ' 'Po proposed in Ref. 8. This level
scheme is compared with those of '"Po and of the corresponding
203Pb

N. K. Glendenning and K. Harada, Nucl. Phys. 72, 481
(1965). '3 R. S. Hager and E. C. Seltzer, Nucl, Data A4, 1 {1968).
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where E(I~) stands for the binding energy of an L~
shell electron, etc. Assuming that E~ be either in region
I or in region II, we can deduce B(E2) from experi-
mental half-lives, as listed in Table I.

B. (h9~~') J+ States of 'i'Po

According to the shell-model calculation of Rim and
Rasmussen, '4 the lowest 0+, 2+, 4+, 6+, and 8+
states are dominated by the kg~&' con6guration. The
calculated impurity (amplitude of other configurations)
is very small. It may be a plausible assumption that the
missing level spacing E(8+~6+) is nearly equal to
E(6+ +4+) or a little les—s (in region I of Fig. 18).
We may then deduce B(E2, 8+—+6+) as well as
B(E2, 4+—+2+) and B(Z2, 6+—+4+).

A discussion of these B(E2) values was made by
Yamazaio' and later by Ishihara et a/. is Each B(E2)
value within the pure h@~' configuration is expressed in

TABLE I. B(E2, 8+~6+) deduced from $11& when the transition
is assumed to be either in region I or in region II (see Fig. 18).

terms of a radial matrix element as follows:

B(E2, (hg)P)I~(hg~P)I')

= ~(I~I') (4ir) '
I V4w~ I

e «&'
I Iiw~& I'

where the statistical factor S(I~I') is

5'(I~I') =
I
2(5) '"L(2I'+ 1) (2I+1)3'"

XIV(jj I'2; Ij) (j-,'20
I jk& I'.

The deduced matrix elements are given in column 5 of
Table II. Recently, a precise value of the static quad-
rupole moment of the h9~~ ground state of "'Bi has been.
reported" as

Q("'Bi) = —0.379&0.015 b.

From the relation

2J 1
Q= — . (@9~~ I (e «/e)&'I hw~),

2( j+1)
the radial matrix element for '"Bi is derived as

(hw& I
e «r'

I he~& = 52~2 e fm'.

Isotope
tI(g (8+—+6+)

(nsec)
8 (E2) (e' fm4)

Region I Region II
Dividing this value by the radial integral of Blomqvist
and %ahlborn, '0 one obtains

210po

R08PO

206PO

204Po

110~10
380~100
160~40
190~20

90
25
63
53

100
250
210

e.«("'») = (1.50a0.06) e.

"G. Eisele, I. Koniordos, G. Miiller, and R. Winkler, Phys.
Letters 28B, 256 (1968)."J.Blomqvist and S. Wahlborn, Arkiv Fysik 16, 545 (1960).



300 T. YAMAZAKI

TABLE II. Reduced transition probabilities of the three transitions within the h»P band of ~~0Po. The deduced
e6'ective charge is compared with that (e,ff =1.50+0.06) of ~'Bi.

Transition
I;~If

Transition
energy
(keV)

t1/2

(nsec)
B(E2)&

(e' fm4) (hg/Q i eeffr' i Q/2)b e,«('"Po)/e, &/(~'Bi)

8+—+6+
6+~4+
4+~2+

{35)e

245

110a8~
38W5

1.8+0.2'

87&9
245a25
285~29

60&3
64&3
57&3

1.16&0.06
1.22&0.06
1.09+0.06

8 Relative error of about 10% is assigned to these values, supposed to
arise from uncertainty in deducing B (Z2) from ti/2 and from errors in tl/2.

Derived from B (R2) with use of Eq. (1) in which the pure configuration
of h9/2~ is assumed.

Assumed, as the y ray is missing.
~ Reference 13.

Reference 11.

~6 h„9- 2I7l

5- 204I

9- ~ 2260 ~ 20

The effective charge for '"Po is compared with this
value in column 6 of Table II. It is observed that the
effective charge for 2MPo is 10-20% larger than that
for "'Bi.

This increase may be, at least partially, due to the

configuration mixing by the outer two particles. Since
the spin-Rip E2 transition such as f7/2 +h9/2 is consider-
ably slow, only an admixture of the he/~ fv/~ con6guration
may not be sizable enough. On the other hand, a sub-
stantial increase of 8 (E2) may be expected if the h9/2 fe/2
state is mixed, although such an admixture is ener-
getically unfavored. Blomqvist" evaluated the increase
of B(E2) considering the wave functions

I I+ )= i hg/2, I+ )+nr I he/2 f7/2, I+)

+pr i he/2 f5/~& I+).

Then the E2 transition matrix elements become larger
by the following factors:

F(8+~6+)= 1—0.432net+0. 0508n8t —2.57pet,

F(6+ +4+ )—= 1—0.302n4t+0. 0943net —1.06P4t

—0.120Pet,

F(4+~2+) = 1 0 216n—2t+.0 134n4t .0 403p—2t.
—0.292P4t,

according to Ref. 20. The mixing amplitudes were
calculated with use of the Kuo-Brown matrix elements. "
Such admixtures, however, turn out to increase the
transition amplitude only by 2—

3%%u~.

The effective charge e,/f('"Po) corrected for the
above con6guration mixing outside the "'Pb core is thus

IO

Z =84

4+ l624

llOnsec 8+-—
58nsec

4+ l384

r

i 47I ~

l425

~
missing

l90 nsec
I650

427

-Mq

IO =:AM)

B(E2) (Pfm') = X/tl/2

2+ I I80 4+ " l203

2+ 96l 5I7

2+ ' 686

686

IO:
-RegionH

Region I

202
82 I20

2IO

84 I26

0+ 0 0+
204
84 I20

36 h

-8
I I I I I I I I

0 IO 20 30 40 50 60 70 80 90
Ey (keY)

Fxo. 17. Proposed level scheme of 2 'Po. This level scheme is com-
pared with those of '"Po and of the corresponding "'Pb.

"J.Blomqvist (private communication'); the author is indebted
to J. Blomqvist and A. Arima for discussions of this point.

»G. 18. The quantity X=t&/2(sec) QB{E2) (e' fm4)
function of the transition energy at low energy. The conversion
coeKcients are taken from Hager and Seltzer (Ref. 18).

2' T. T. S. Kuo and G. E. Brown, Nucl. Phys. 85, 40 (1966).
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still 10% more than e,n(2 'Bi) . This difference might
indicate a slight violation of the linearity of the core

~effective charge, namely, that the h9/2 proton feels an
increasing core effective charge when another h@~ pro-
ton is added. . However, it has been pointed out by
Arima" that a large hs~sf~~2 admixture responsible for
such a large increase can be caused particularly by the
Q-Q-type correlation between two protons.

Vamazaki' reported a preliminary measurement of
the g factor of the 8+ state, which was compatible with
the h9~2' con6guration, if the anomalous g factor of the
k9/2 state of "'Bi is persistent in '"Po

C. (hs(2')8+ States of Other Po Isotopes

24nsec
II- 2800

8+ l90nsec
1630

I203

517

2+

160 nsec 8+
l573 6+

5~5 4+
I I?8

477

699 2+

1292 E5

I IOnsec
400nsec Se /~senses

152 I ~~~ ', 'JSZL'6 I345 4+ i I425

I80

660

685
I I 80

It is obvious that the isomeric states we observed in
the even isotopes are characterized by the (h2~2')8+
configuration. The relevant level systematics is pre-
sented in Fig. 19.The positions of the 6+ and 8+ levels
remain nearly unchanged, constituting the 8+—+6+
E2 isomeric transition in each nucleus. The change of
the half-lives is related to both E(8+~6+)
B(E2, 8+—+6+). The longest half-life (380 nsec) is
observed in ' 'Po. This fact should be due either to a
very small B(E2) or to a very small level spacing
(region II in Fig. 18). Treytl, Hyde, and Yamazakis
searched for the missing conversion, electrons in the
"'At decay and concluded that the transition energy is
actually less than 10 keV (region II).

The 8+—&6+ level spacing and B(E2, 8+—+6+)
were studied theoretically by Treytl, Hyde, and
Yamazaki. ' They evaluated the effect of the E2 core
vibration on the (h2~22) I+ states with the weak
coupling method. We now apply their procedure to the
other isotopes. In this procedure, the effect of neutron
excitation is replaced by a quadrupole vibration. The

0 I I I I I I I I I I

l.8—

c
e,ff

eeff(2IOPO)

l.4

l.2

I.O

OSSUITled
8+

1500—

Er
(WeV)

l400—

interaction Hamiltonian is thus

III.,= —k(5oI/2C)12+ (f„+(—)nb „+)jF',„(e,, y)

+I"2,(02, 42) l,
where the coupling constant k has a magnitude of
40 MeV according to Bohr and Mottelson.

The vibrational amplitude happ ls given in terms of
B(E2) of the corresponding core " 'Pb as follows:

LB(E2, 2+~op &-2Pb) )»2'

(3/4. ) Z.'E:

In the following qualitative discussions we leave k~po

as a free parameter which changes from nucleus to
nucleus. To the lowest order of the coupling of the two-
particle state with vibration, the perturbed states are
given by

I I)=gtr I (hs(22) I, (05o1)0; I)
+a,' I (hg(2')I —2, (15co) 2; I)

+as' I (hg)22)I, (15oI)2; I)
+asr I (hs(22) I+2) (15'))2; I)

208p0 206p0

l 300 I I I I I

0.2 0.4 06 0.8 I.O

ka„(MeV)

Fzo. 20. Calculated energies and enhancement factors of the
h@2' states which are weakly coupled with the E2 vibration of the
Pb core.

686 699 685 and

0+
204P

84 I20

0+
206

e4POI22

0+ I 0
20S

84 I24

0+ I 0
210
S4Pol2e

"A. Arima (private communication) .

FIG. 19. Isomer systematics of even Po isotopes. These 8+
isomeric states are characterized by the k@22 proton configuration.

B(E2,I eI 2,"Po)—
I glr 2a KALB(E2 I~I 2 210PO) $

I gtI 2g2?+ ( (2I 3) /(2I—g 1)ju2gtrg4I —2 }

XLB(E2, 2+-+0+ " 'Pb)g'" I'.

'4A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
Selskab, Mat. -Fys. Medd. 2'7, No. 16 (1953).
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The energies and the amplitudes a; were obtained by
diagonalizing the interaction Hamiltonian. Detailed
expressions are given in Ref. 6.

The coupling of vibration always increases B(E2,
I~I'), and this increase is represented by an effective
charge which is larger than that for '"Po. The calculated
energies and the enhancement factor Le,«/e, «('"Po) j'
are plotted in Fig. 20 as functions of happ. Such an
expected enhancement of B(E2) is observed in the
176-keV 6+—+4+ transition of ' 'Po ' where the
enhancement factor is 1.8.

While the calculated B(E2) increases only by 50%,
the calculated 8+—+6+ energy decreases rapidly, and
with larger kapp the level order would be reversed. This
calculation implies that it may be mainly due to
E(8+~6+) that ti/~(8+~6+) changes from nucleus
to nucleus. The fact that the experimental half-lives
pf 2o4pp 2o6pp and 2ospp are all lpnger than that pf
2MPo implies that the 8+—+6+ energies of the former
isotopes may be considerably less than that of "Po
(in between region I and II or in region II of Fig. 18) .

Experimental values of B(E2, 2+-+0+, Pb) are
known" for ' 'Pb and "Pb. The happ values for "'Po
and ~«Po with a fxed P value pf 40 Mey 4 are indicated
in Fig. 20. This calculation predicts a longer half-life
for "'Po, but the observed one is shorter. On the basis of
the present data, we shall not go into further discussion.

D. 11—State of "'Po

The 24-nsec state of ~' Po must be the 11—state,
which is predicted as the lowest member of the h9/~i~3~~

con6guration. '4 Vamazaki5 reported a preliminary
measurement of the g factor of this state, which is
compatible with the (hg/qiia/&) 11—configuration.

The E3 transition probability is easily estimated by
assuming the shell-model configurations. " In the
present case,

B(E3, 11—~8+) h ii d i= 146 e fm. .

On the other hand,

B(E3, 11—~8+),„~t——8500e' fm",

which is considerably larger than the shell-model
estimate. This fact implies a large contribution of the
octupole vibration appearing in the "'Pb core (5~3 ——

2614 keV). Assuming wave functions of the form

~
8+)= (1—n8')'"

~
(h&/2')8+)

+~s
~

3—,(h9/2&isg) 11 8+),
(

11—)= (1—~ii') ' '
[ (h9/2113/2) 11 )

+~ii
~
3—,(h9/2') 8+; 11—),

"P. H. Stelson and L. Grodzins, Nucl. Data A1, 21 (1965).
"The author is indebted to B. R. Mottelson and J. Blomqvist

for discussions of this point. See also, B. R. Mottelson, J. Phys.
Soc. Japan Suppl. 24, 87 (1968).

one obtains

2L)3B E3 = 146 '/2&aii
5o)3+E(11—) —E(8+)

2

XLB(E3, 3——+0+ "'Pb) )'" e' fm'.

which yields
agg'~~0. 05,

if the plus sign is chosen.
This situation is equivalent to the case in "'Bi. The

(d, d') experiment on '09Bi by Diamond" indicated that
the lowest 13/2+ excited sta, te involves a similar
admixture of the octupole state coupled to the 9/2—
ground state.

It is to be noted that no isomeric state of the
(h9/2ii3/2) 11— configuration is found in other Po
isotopes. This fact may be due to the presence of other
states (for instance, 9—state) below the 11—state in
question.

E. Possible 9—States in ' 'Po and ' 'Po

As discussed in Sec. III, 9—isomeric levels are
tentatively assigned tp Pp and Pp from the cpr-
respondence with the known Pb excitation. The delayed
transitions are then interpreted as E1 transitions
between the 9—and 8+ levels. The hindrance factors
are 7.4)(10 '(' Po) and 3.2&(10 '("'Po) . These large
hindrances may be ascribed to the nonoverlapping of
the wave functions, if the 9—state is mainly the
neutron state of configuration f~/2ii3/2 while the 8+
state is mainly the proton state of h9~2'.

F. Odd Isotopes

The n-decaying isomeric state of '"Po is supposed to
be the 25/2+ state in which the g9/2 proton is coupled
stretchwise to the 8+ state of 2'OPo. 9 The large spin gap
is explained by the shell-model calculation of Auerbach
and Talmi. "The tentative level scheme shown in Fig.
5 does not, however, seem to correspond to the pre-
dicted levels.

The 100-nsec isomeric state of "'Po was interpreted
by Yamazaki and Matthias" as the 17/2 —state in
which the pi/~ neutron hole is coupled stretchwise to the
8+ state of "'Po. This interpretation is supported by
the fact that the spin of the ground state of "'Bi with
a predominant configuration pi/2 '(ii)hg/2(p) seems to
be 5+ rather than 4+.' The measured g factor and
B(E2) are compatible with this interpretation, as
discussed in Ref. 7. It was shown that the following

2'R. M. Diamond (private communication}; see also Ref. 26.
~' N. Auerbach and I.Talmi, Phys. Letters 10, 297 (1964) .
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identities hold quite well:

gL(hs/")~~ j-= z' I=~.+z "'Poj
=L(2I—1)/2Ijg(hs/s, "'Bi)+(1/2I) g(pr/s, '"Pb),

~(hs/s')I. ',j.; I'=~.'+j.]
=BLE2, (hs/s') J„-+(hs/s') J„'j.

The level structure of '0~Po is rather diGerent from
that of '"Po. In the "'Po nucleus the ground state is the
1~/2 neutron hole state and the i13~2 neutron hole state
lies only at 1 MeV. The 47-psec state may be the its/s
state. The highest spin of the fs/s hole coupled to the 8+
state of "'Po is 21/2 —,but the E3 character of the
2.5-sec 268-keV transitions limits the spin-parity of this
long-lived isomeric state to 19/2, which is 2J„+j„—1.
This fact is consistent with the spin-parity 6+ of the
'ssBi ground state in which the f7/s '(e) and hs/s(P)
orbits are coupled to I=j„+j„1in accord—ance with
the Brennan-Bernstein rule. "'

In '05Po, only the i&3~2 isomeric state is established.

"M. H. Brennan and A. H. Bernstein, Phys. Rev. 120, 927
(1960).

The experiment is not conclusive as to the presence of
another isomeric state involving the (1'ss/s')8+ state
of 210PO

G. Concluding Remarks

The present survey work has revealed a systematic
presence of isomeric states in even and odd Po isotopes
which involve the (hs/ss) 8+ configuration. The Present
study has shown quite complex structures of isomerisms
in these isotopes, and much should thus be done in the
future, such as measurements of conversion electrons,
decay measurements in expanded time scales and
coincidence studies.
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Lifetimes and Nuclear Moments in Os'" and Pt'"
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Lifetimes, nuclear g factors, and A'2/Ml mixing ratios have been determined in Os"' and Pt'", and
some previous determinations reevaluated. The following values have been established. For Os'~: g2=
+0.29~0.05; b(484) =+7'.6 18+'4. For Pt'~~: T2 ——50.0~3.4 psec v2'=29~3 psec g2=+0.296+0.022;
g2 +0 29&0.05; 3 (604) = +2.5+0.2; S(308) = —6.3 O.s+". Nuclear magnetic moments are analyzed
in terms of Greiner s vibrational-rotational model, transition probabilities and F2/M j mixing ratios are
compared to the theoretical predictions of Kumar and Saranger's model.

I. INTRODUCTION

& 1HE application of internal magn, etic fields in iron.
alloys enables one to determine a great number of

short-lived excited-state nuclear magnetic moments.
Lifetime and nuclear moment data (until August 1967)
are summarized in Ref. i. The results on the Grst
excited states in Pt nuclei show g~+0.3; in Os" the
results on the erst excited state are contradictory.
Moreover, g factors of second excited 2+ states are very
scarce: for Dy' ', gs. ——+0.18&0.06'; for Os', gs~=

'HyperfI, ne Structure and 37uclear EaCiations, edited by K.
Matthais and D. A. Shirley (North-Holland Publishing Co.,
Amsterdam, 1968).

2 R. Simon, I. Arens, R. S. Raghavan, and H. J. Korner, Phys.
Letters 288, 590 (j.968).

+0.43&0.08 ' or +0.57&0.14,4 reevaluated with recent
lifetime and internal Geld data by Shirley' and for Pt'",
g = +0 15&004 ' '

Our knowledge on lifetimes of second excited states in
Pt nuclei is also very poor. The lifetime of Pt"', deter-
mined by delayed coincidence of conversion electrons
72 =34&19psec, ~ has a large error; that of Pt"4, estab-

s J. Murray T. A. McMath, and J. A. Cameron, Can. J. Phys.
45, 1597 (196 ).

4 L. Keszthelyi, I. Demeter, I. Dezsi, and L. Pocs, Nucl. Phys.
A91, 692, (1965).

'L. Keszthelyi, I. Berkes, I. Dezsi, and L. Pocs, Nucl. Phys.
71, 662 (1965).

6 Y. K. Agarwal, C. V. K. Baba, and S. K. Bhattacherjee, Nucl.
Phys. 79, 437 (1966).

r D. K. Butt and D. A. Jackson, Proc. Phys. Soc. (London)
86, 3~ (1965).


