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Isomers in three doubly odd Fr-At-Bi a-decay chains
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The Fr~ At~' 'Bi, Fr~ At~' Bi, and Fr~' At~' Bi a-decay chains have been
studied by standard spectroscopic techniques using an on-line isotope separator. All the studied doubly
odd isotopes have at least two isomers, which decay by a combination of the following decay modes: a
emission, P /EC (electron capture) decay, and internal transition (IT). The internal transition, a highly
retarded E3, is the j-forbidden transition between the [vh9i28vi»iz] and the [trh9&zevf&&2] +

states. The 8(E3) values of these IT's together with their energy behavior as a function of the neutron
and proton number, compared to the energy difference between the ", +(—vi,3i2) and ,'(vf,—i2) states in

the odd-mass Pb isotones, indicate that these proton-neutron-coupled states have a rather pure shell-

model character.

PACS number(s): 23.60.+e, 27.80.+w, 23.40.—s

I. INTRODUCTION

and

""Ir(5 mg/cm )[ Ne( & 245 MeV), xn ]

The neutron-deficient nuclei around the Z=82 shell
closure show at low and medium energy a rich variety of
different excitations. One of the well-known phenomena
is the occurrence of shape coexistence, related to shell-
model intruder states [1,2]. The region below lead is
studied in great detail by using different kind of methods
such as in-beam techniques, a and P+/EC (electron cap-
ture) decay studies, laser spectroscopy, etc. Above the
shell closure, the situation is much more difficult. In-
beam spectroscopy is very much hindered by the fission
and charged-particle evaporation channels. For instance,
in the polonium isotopes the lightest system studied in-
beam is ' Po [3]. Information from P+/EC-decay stud-
ies is also rather scarce as there is strong competition
from a decay. Most of the isotopes in this neighborhood
have been identified by their a decay but fine structure in
the a decay has only been intensively studied in some
special cases, for instance, to identify 0+ intruder states
in even-even lead [4] and polonium [5] isotopes.

We have studied at the LISOL isotope separator three
a-decay chains from 206, 2&,202Fr over 202, 2M'198At to

Bi. Several new isomers have been found and in
most of the cases the relative position of the isomers has
been determined on the basis of the interconnecting inter-
nal transition (IT). The a-branching ratios of the
different isomers have been obtained by comparing moth-
er to daughter a-decay intensities of chemically pure,
mass-separated sources or by comparing the a activity to
the other decay modes such as IT and P+/EC decay.
The P+/EC decay of ' At to ' Po has also been
studied and a level scheme for ' Po has been con-
structed.

II. EXPERIMENTAL DETAILS

The francium and astatine isotopes were produced in a
heavy-ion fusion reaction and mass-separated with the
Leuven Isotope Separator On-Line (LISOL) facility [6].
The ' ' Fr isotopes were produced in the

' 'Ta(8 mg/cm )[ S( &280 MeV), 2pxn]

reactions while the

""Re(16 mg/cm ) [ Ne( & 245 MeV), xn ]

reaction was used to produce ' ' ' At. In order to ob-
tain an optimum production rate for the different nuclei
the beam energy was degraded by putting tantalum de-
grader foils (2.5 pm) in the beam just in front of the tar-
get. The Febiad ion source was used in two modes. In
most of the cases, the source was operated in the gas
discharge mode thus without any chemical selectivity.
But for the determination of the a-branching ratio of the
astatine daughters a pure source of the francium mother
nuclei was obtained by running the source in the surface-
ionization mode, suppressing the ionization of radon and
astatine isotopes.

The mass-separated beam was implanted into an
aluminized Mylar tape which periodically moved the
source from the implantation station to the decay station.
The cycle time was adjusted to optimize the counting rate
for the nucleus under study. Another experimental setup
consisted of a wheel with five 30 p,g/cm thick carbon
foils. At the decay station, particle detectors on both
sides viewed the activity.

Singles y spectra were taken with two Ge detectors
with a resolution of 2.0 keV and an efficiency of 20% at
the 1332.5 keV line of Co relative to the efficiency of a
7.6 cmX7. 6 cm NaI(T1) detector. Singles x-ray spectra
were accumulated with a LeGe-type (low-energy ger-
manium) detector. This detector has an active surface of
1500 mm and a resolution of 580 eV for the 122 keV line
of Co. Intensity calibrated sources were used for energy
and intensity calibration of these detectors. A Si(Li)
detector (Kevex type, thickness Smm) was used to detect
conversion electrons. For the 624 keV e line of ' Cs, a
resolution of 2.5 keV was obtained. This e detector
faced the radioactive source directly at a variable dis-
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tance between 3 and 6 cm. Energy and intensity calibra-
tions were performed using strongly converted transitions
with known conversion coefficients. Several n detectors
of the surface barrier type (450 mm, 20 keV resolution
on the 5.486 MeV a line of 'Am) and of the PIPS type
(50—150 mm, 11—17 keV resolution) were used. The
efficiency of the o.'detectors was calculated from the solid
angle. Multiscaled singles spectra were taken with all
these detectors in order to obtain half-life information. A
restricted set of ayt and aXt triple coincidences was also
collected.

III. RESULTS

T&ll ~~ ~t ~ BItt u'CC-SJ cjlgfit

Ritchie et al. [7] reported the existence of a 0.7 s iso-
mer in Fr decaying with a 6.930 MeV e line and with a
531 keV IT towards the ground state of Fr. This
ground state decays with a half-life of 15.9 s: the a-decay
energy is 6.790 MeV. The a-decay daughter At is
known to decay for 15% by the emission of two a lines
(6.133 and 6.227 MeV) [8]. Only a few y lines have been
observed in the p+/EC decay of At [9]. As these y
lines have also been observed in more detailed in-beam
studies, one can conclude that there is p+/EC feeding to
levels with spin values up to 6 (Ref. [9]). There is a well-
known high spin isomer (10 ) in ' Bi decaying with a 7.7
s F.3 IT to a (7 ) state in ' Bi [10]. The p+/EC decay of
the 7+ state in ' Bi has been studied in some detail [10].
In a systematic study to observe low-lying 0+ intruder
states in the even-even Pb isotopes [11],we obtained evi-
dence for two p+/EC decaying states in ' Bi, with
roughly the same half-life. Besides the known 7+ state, a
low-spin isomer is also P+/EC decaying. The production
of this isomer can be enhanced via the P+/EC decay of
198P

Figure 1 gives the a spectrum of continuously implant-
ed Fr, with the ion source in surface-ionization mode.
We do confirm the results of Ritchie et al. [7]: two a
lines [6.792(5) and 6.930(5) MeV] are attributed to the de-

cay of Fr. The other a lines are coming from
daughters of Fr: the 6.261 MeV line from Rn after

P /EC decay and the 6.135 and 6.228 MeV lines from
At after o. decay. The small peak at 5.588 MeV indi-

cates the presence of the granddaughter Po, a decay
product of At and Rn. By using the genetic rela-
tions and the proper correction procedure [12],it is possi-
ble to obtain some o.-branching ratios. We will present
the results later on.

Figure 2 gives the sum spectrum at mass 202 of a
6X90 s implantation cycle, obtained in the Re( Ne, xn)
reactions. All e lines, except the one at 6.277 MeV, are
known. The half-life of the 6.277 MeV line is 0.46(5) s,
similar to the half-life of a 391.7(2) keV transition present
in the y spectrum at mass 202. This transition is also
seen in the electron spectrum and from the electron-
oTIiQIIi+ t:Bergs; %re-coUIQ coHQIUQC ibad ihe 3%I. I -Kev

transition occurs in astatine. The conversion coefficient
of this isomeric transition has been measured
[ax =8.8(12)X10 and ax/ai =0.62(1)] which fixes
the multipolarity to E3. It is now possible to combine
the E3 internal transitions in Fr, At, and ' Bi with
four a lines (6.930 MeV from Fr, 6.792 MeV from

Fr, 6.277 MeV from At, and 6.135 MeV from
At) in a 10 —7+ decay chain (see Fig. 3).
On the basis of half-life measurements, Hornshoj et al.

conclude in Ref. [8] that the 6.135 and 6.228 MeV a lines
in At are originating from the same state. However
the ratio of the 6.135 to 6.228 MeV o,-line intensity is
changing from 2.00(4) to 1.1(1) when going from direct
production (see Fig. 1) to production via Fr (see Fig.
2). Schmorak explains this by a Rn impurity in the
spectra of Hornshoj et at [9]. Careful peak fitting of the
spectrum in Fig. 1 rules out this possibility. Further-
more, in a recent search for fine structure in the a decay
of Rn, only the 6.228 MeV line of At was observed
as a decay product in the mass-separated and chemically
purified source of Rn [5]. Clearly a third a-decaying
isomer is present in At. This isomer has a low spin as
it is fed in the p+/EC decay of the even-even Rn. It
decays to the low-spin isomer in ' Bi: A similar
enhancement of the low-spin state population of ' Bi as
seen in the P+/EC decay of ' Po is observed here. The
4 ~2+ to 2+~0+ intensity ratio in ' Pb is changing
from 0.79 (direct production) to 0.50 (via ' Po) and to

COUNTS
1000-.

100=

202'
. 2414

10-.

l balll

6.0

202Af 206R

2.3 ~

6.5

206
F

7' 2', 3'
/

206F

10

I

7.0
ENERGY (MeV)

COUNTS
10

10

103

10
2

10
1

5.5
I

6.0

2024) 2024t
7' 2' 3'

II III II 'll
I IIII

6.5

ENERGY (MeV)

FIG. 1. The a spectrum of continuously implanted Fr,
with the ion source in surface-ionization mode.

FIG. 2. The sum spectrum at mass 202 of a 6X90 s implanta-

tion cycle.
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FIG. 3. The Fr~' At~' 'Bi decay chain. Full arrows symbolize a decay, open arrows P+/EC decay, and broken arrows y
decay. The half-lives are given in seconds; the energies in keV. The half-life of the 10 isomer in ' Fr is from Ref. [7], together with
the energy of its IT. The decay data of the 10 isomer in '9'Bi are from Ref. [10].

0.56 (via At). As the 6.135 and 6.228 MeV are both
seen in the decay of Fr and as there is only one intense
a line in Fr (see Fig. 1), this a line (6.792 MeV) must be
a doublet. The ayt coincidences on mass 202 show coin-
cidences between a 5.929(10) MeV a line and a 139(1)and
164(1) keV y line and between a 6.07(1) MeV a line and
the 164 keV y line. As the energy of the crossover a line
matches the 6.228 MeV line, we attribute the two a lines
to the decay of the low-spin isomer. Figure 3 summarizes
the decay of the three isomers in Fr, At, and ' Bi.
The half-life of the low-spin and high-spin p+/EC states
in ' Bi has been measured by recording the time behav-
ior of the conversion electrons of respectively the 0+ to
0+ transition and the 7 to 5, 5 to 4+, and 4+ to 2+
transitions in ' Pb. The spin and parities of the different
isomers are based on the (7+) and (2+, 3+) assignment for
spin and parity of the two p+/EC-decaying states in

Bi. This is based on the p+/EC-decay pattern and on
systematics. %e used fast a decay, characterized by
small hindrance factors as compared to the even-even
neighbors, as a strong rule for a transition without spin
and parity changes. The a-branching ratios and deduced
a-reduced widths will be discussed later.

Figure 4 shows the a spectrum of continuously im-
planted Fr, mass-separated with the ion source in
surface-ionization mode. The known a lines of Fr are
present but the line at 7.027 MeV is a doublet consisting
of a =1 s 7.013 MeV line and a 1.7(3) s 7.031 MeV line.
The half-life of the 6.969 MeV line is 2.6(3) s. The ayt
coincidences show a coincidence between a 6.916(8) MeV
a line and a 113(l) keV M 1 y transition. The energy sum
of these two correspond to the 7.031 MeV o. line. Final-
ly, a a line at 7.077(8) MeV is visible in the singles a spec-
trum of Fr, with the ion source in the Febiad mode. A
partial account of our a-decay study on At has been
given in Ref. [11]. The situation is quite similar to the
decay of At: again three isomers are present. A 3.5(2)
s (10 ) state decays by a emission and by a 230.9(2) keV
E3 IT to a (7+) state. The conversion coefficients of the
230.9 keV line are az =0.29(8), at = l. 1(2), and
a~=0.27(6). The (7+) state at 104 keV above the
ground state has a half-life of 47 s and decays by p+/EC
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B. The ~Fr- At-' Bi decay chain COUNTS- 200At
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Hornshoj et al. [8] attributed two a lines to the decay
of 2 Fr. The two lines [7.027(5) and 6.967(5) MeV], have
the same half-life (2.1 s) and thus, according to Hornshoj,
deexcite the same state. Two a-decaying isomers are
known in At [13). The 43 s isomer decays for 35% by
the emission of three a lines [6.412(2), 6.465(2), and
6.574(5) MeV]. The 4.3 s isomer decays by a 6.536(4)
MeV a line and probably by a = 240 keV E3 internal
transition [13]. The decay of ' Bi has been studied at the
LISOL separator [11,14]: a (10 ) isomeric state decays
by a emission, by p+/EC, and by a 102 keV E3 IT to a
(7+) state; the low-spin (3+) ground state decays by
P+/EC and by a emission.
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FIG. 4. The o. spectrum of continuously implanted Fr,
with the ion source in surface-ionization mode.



461212 M. HUYSE et a1.

204F (1o-)
{7+)
(3+)

7013 6969 7077 6916

316
41
0

7031

-1s
2.6{3)s
'. /(3) s

(1o-)
2oo (2 -4')

At ( (7+)
(3+)—

E3,' 230.9

, 113
XX,Mi

57%

335 3.5(2)s

47{1)s104
0 43(1)s

196B):

6538
10.5%

(1o-)
(7+) 102 j(E3)
(6+)
f3+)

5112 1

0.0003%

6306 6411 6575 6464
43% 57%

1

78%—

5153
0.00115 /

269
167
'I58

rM3t 158

100

240{3)s
O.6(5)s

308(12)s

FIG. 5. The r~h ' F '~At ' 'Bi decay chain. Full arrows
symbolize a decay, open arrows P+ /EC decay, and broken ar-
rows y decay. e a - '

. Th h lf-lives are given in seconds; the energies
in keV.

C The Fr-' At-' Bi decay chain

and by a emission. The ground state has a low spm 3
and decays y ~ ab P+/EC and a emission. Figure 5 summa-
rizes the different decay channels of the three isomers in
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of ' Bi is coincident with a 151 keV transition
[14]. The 5.599 MeV a line of the (10 ) isomer o i is
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Bi. No evidence was found for an isomeric transition
in ' At. A summary of the Fr-' At-' Bi decay chain
is given in Fig. 7. All spin and parities are again based on
the (10 ) and 3+ assignment of the two isomers in ' Bi.
This assignment is based on the feeding pattern in the
p+/EC decay, on systematics, and, for the 3+ state, on
the observation of unhindered a decay to a 3+ state in

Tl [14]. Fast a decay has been taken as an indication
for a transition without changes in parity and spin.

D. The P+/EC decay of MAt

Three y lines have been attributed to the p+/EC decay
of At. These y lines have also been seen in in-beam
studies and are identified as the three lowest members of
the ground-state band [9]. In Table I, we give a complete
list of y lines belonging to the p+/EC decay of the two
isomers in At. As the difference in half-life of the two
isomers (182 and 184 s) is so small, it will not be possible
to attribute the y rays to one of the isomers on the basis
of the time behavior. %'e have not performed a detailed
decay study on At, but we can construct a level scheme
mainly on the basis of the in-beam work [9,15] and on the
basis of the systematics of the neighboring At isotopes.
As can be seen in Fig. 8, there is substantial feeding to
the known 6+, 8+, and 9 states. On the basis of the sys-
tematics of the 5, 7, and 9 "neutron" levels in the

(? )
(2'.3+) /

TABLE I. List of y rays attributed to the p+/EC of ~ 'At.

Energy
(keV)

443.4(2}
526.8(2)
S71.6(2)
603.3(2)
617.8(2)
625.3(3)
649.8(2)
677.2(2)
755.1(2}

Intensity
(%)

59{1)
3.0(3)
88(1)

17.8(3)
1S.4{4}
= 1.4
5.5{3)

100
7.3(4)

Assignment

6+-4+
9 -8+
4+-2+

(7 -8+)
(5 -4+)
(7 -6+)

2+ 0+

E. The P+/EC decay of At

even polonium nuclei (see Fig. 10 in Ref. [16)), we pro-
pose a candidate for the 5 level at 1866.6 keV and for
the 7 level at 2295.4+6. These levels have to be
confirmed by coincidence measurements. If this con-
struction is correct, the value for 5, the difference be-
tween the 8+ and 6+ levels, would be 22 keV. Although
there is some uncertainty in the placement of some y
rays, one can conclude out of the feeding pattern that the
p+/EC decay is mainly coming from the 7+ isomer in
2o~At. At least 73% of the total decay is coming from
this 7+ isomer; this lower limit will further on be used for
the determination of the a-branching ratios of the
different isomers in At.
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The p+/EC decay of At has not been studied yet.
However there exists an extensive in-beam study of Po
[16]. Table II lists the y rays attributed to the decay of
7 and 3+ isomers in At. The difference in half-life
(47 and 43 s) is again too small to make any assignment to
the different isomers. The multipolarity, based on the
conversion coefficients, of some of the strong y lines has
been determined (see Table II). A level scheme has been
constructed on the basis of intensity balances, energy
sums, the in-beam work [16], and the systematics of the

TABLE II. List of y rays attributed to the p+/EC of '~At.

67?.2

0

202
Po

The p+/EC decay scheme of the 7+ and 2+, 3+ iso-
mers of At.

Energy
(keV)

264.8(2)
323.7(2)
361.6(2)
374.0(2)
409.3(2)
484.5(2)
488.1(2)
514.8(2)
534.5(2)
565.0(2)
611.1(2)
659.6(3)
666.0(3)

1177.1(5)

Intensity
(%)

0.6(1)
3.2(1)
0.9(l)
7.0{1)
3.3(1)

49.8(4)
1.9(2)
1.7(1)
16.5(2)
17.0(2)
85.0(6)
0.3(1)

100
1.4(2}

Multipo1arity

El
M1
E2

Assignment

7 -5
7--8+
7--6+

6+ 4+
9--8+

5--4+
3+ 4+ 4+

4+ 2+

2+ 0+
3+ 4+ 2+
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neighboring At isotopes (see Fig. 9). Our level scheme
confirms the jn-beam work. The ordering of the 4+ ~2+
and 2+~0+ transitions in Ref. [16] has in fact been
based on private communication of our work. Similar as
to the case of At, it is mainly the 7+ isomer in At
which is /3 /EC decaying. This will further on be used

for the determination of the a-branching ratios of the
different isomers in At.

F. Determination of the branching ratios

Three methods have been used to determine the
branching ratios of the different isomers. The first and

most reliable one is by comparing the a decay of the feed-

ing parent nucleus and the daughter nucleus. Mass-

separated and eventually chemically purified sources are
necessary. A proper correction procedure needs to be
used [12]. A second method, especially suited for the

comparison of n and IT decay, is to relate the intensity of
the a line with the electron lines of the isomeric transi-

tion under study. No half-life nor detector efficiency
corrections are necessary as one can measure the a and

electron particles in the same detector. The third method
consists of the comparison of the a decay to the y decay
(after P+/EC or as IT). Two detectors are used, with the
inherent uncertainties of efficiency, counting time, and

pile-up corrections. Furthermore, the relation between

(7')
(3')

the y and P+/EC decay has to be known precisely. Table
III summarizes the obtained o.-branching ratios and indi-

cates which method has been used. We will not discuss
the table in detail. However some values need to be
clarified. We have not included the a-branching ratio of

Fr from Ref. [7] as it was obtained by comparing the
jntensjtjes of the Fr and Fr ~ groups; thjs js not a
correct procedure as the heavy-ion reaction will not pop-
ulate only the (10 ) state but also the (7+) and the
(2+, 3+) state. The a-branching ratio of Fr is for the
(7+) and (2+, 3+) isomers together as it is impossible to
decompose the doublet. The a-branching ratio, with the
ion source in surface-ionization mode, is obtained by
comparing the intensity of the 6.792 MeV line of Fr to
the 6.261 MeV line of Rn, the 13+/EC daughter of

Fr. The a-branching ratio of Rn [68(3)%] is taken
from Ref. [17]. Our value agrees well with the value from
Hornshoj et al. [85(2)%] [8] but differs from the value of
Ritchie et al. [93(4)%] [7]. The u-branching ratio of the
(2+, 3 ) isomer in At is only a lower limit: This value

is obtained by attributing a maximum of 27% of the
P+/EC to the low-spin isomer (see Sec. III D). The lower

limits for the o.-branching ratios of the two isomers in

At are obtained by comparing the a-line intensity of
the one isomer to the Fr a-line intensity and assuming
100% for the a-branching ratio of the other isomer and

vice versa. The a-branching ratios of the doubly-odd Bi
isotopes have been recently published by our group [14].
These values are used in Table III with one exception:

0 (~ 8
h o

o %p ~

73%
27%

2262.0 1.9

2135.7 11.1

200At 13(ES)
(W.U.)

—3
10

10

10

0
'1842.2
1811.7
1773.9

1761.7

18.4
13.8

37

E(Me V)

1.0

M1 E1

4 1277.2 &1

E2 o

C)

0.5—

2 666.0 (13.6

E2
I I I I I I I I T

111 115 119 123 127

0

200
Po

%P +EC

FIG. 9. The P /EC decay scheme of the 7+ and 3+ isomers

of At.

FIG. 10. The energy difference of the vi I3/p and vf, ~, states

in the odd-mass Pb isotopes (o ), compared to the energy of the

10 ~7+ E3 transitions in Fr (8, ), At (X), and Bi ( ). The

upper part of the figure gives the B(E3) values of the j-
forbidden isomers in Fr (A), At ( X ), and Bi ( ).
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The a-branching ratio of the (10 } isomer in '" Bi is now
decreased from 0.000 38% to 0.0003% as, in Ref. [14],we
did not take into account the 21%%uo of the 102 keV isomer-
ic transition.

IV. DISCUSSION

A. The E3 isomers

Table IV lists the 10 ~7+ E3 transitions known in
the odd-odd francium, astatine, and bismuth isotopes,
their partial half-life, and their transition strength in
Weisskopf units. Figure 10 compares the energy of these
E3 transitions to the energy difference between the
—2'+(lvi&3/2} and —', (2vf5/2) neutron states in the odd

lead isotopes. There is a remarkable similarity in the en-
ergy behavior as a function of the neutron number. Fur-
thermore, as can be seen in Table IV, the E3 transitions
are highly retarded. They are 10 times slower than oth-
er E3 transitions in the neighborhood [18]. Hagemann
et ol. [19] and Gippner et al. [20] interpreted
these slow E3 transitions as j forbidden. The
involved configurations are [vr(h 9/2 )9 /Q v(i J3/2 ) ], and

[m(h9/2)9/2v(f~/z)] +. The similarity in energy behav-

ior of the 10 ~7 transition in the bismuth isotopes,
relative to the —",

+
—,
' transition in the lead isotones,

indicates that the odd proton in bismuth acts as a specta-
tor and that the coupling between the odd proton and the
odd neutron stays the same although the number of neu-
trons is changing from 114 to 125. Adding two or four

TABLE III. A list of a-decay energies, half-lives, a-branching ratios, and a-reduced widths of the nuclei under study. The fine
structure in the a decay of ' Bi is not listed (see Ref. [14]). Values from other work are indicated by their reference number. The
methods used are (1) comparing the a activity of the mother and the daughter, (2) comparing in one detector the a to electron activi-
ty, and (3) comparing in two detectors the a to y activity.

Isotope
206Fr

204Fr

2o2Fr

2o2At

200At

198A

198Bi

196B

194Bi

'Reference [7].
Reference [9].

'Reference [10].

(10 )

(7+)
(2+ 3+)

(10 )
(7+)

(3+)

(10 )
(3+)

(10 )

(7+)
(2+ 3+)

(10 )

(7+)

(3+)

(10 )

(3+)

(10 )
(7+)
(2+ 3+)

(10 )
(7+)
(3+)

(10 )
3+

~1/2
(s)

0.7(1)'
15.9(3)'

=1s
2.6(3)

1.7(3)

0 34(4)

0.46(5)
182(2)
184(1)

3.5(2)
47(1)

43(1)

1.0(2)
4.2(3)

7.7'
693(18)
618(20)

240(3)
0.6(5)

308(12)

115(4)
95(3)

E
(MeV)

6.930(5)
6.792(5)

7.013(5)
6.969(5)
7.077(8)
7.031(5)
6.916(8)

7.237(8)

6.277(5)
6.135(2)
6.228(2)b
6.070(10)
5.929(10)

6.538(3)
6.411(2)
6.575(3)
6.306(5)
6.464(2)

6.856(4)
6.755(4)
6.539(10)
6.360(10)

5.112(5)

5.153(5)

5.599(5)
5.645(5)

Qg

(%)
+ 100
84(2)

+ 100
~ 100

+ 0.7(2)
+ 100

+ 0.6(2)

+ 100

9.6(1.1)X 10-'
8.7(1.5)

13—+ 100
0.03~0.2

5 X10-' 4X10-'
10.5(3)
43(7)

0.36(6)
0.073(15)

57(6)

67—+100
80—+ 100

?
0.28~0.35

0.0003(1)

0.00115(34)

0.20(7)
0.46(25)

$2

(keV)

+ 290
31(1)

&93
+58
~0.2
+55
0.8

~53

21(3)
20(3)

12—+89
0.1~0.9
0. 1 —+0.8

28(2)
28(5)

0.05(1)
0.13(3)
24(3)

37 +73
26~37

?
3.5~4.4

8(3)

is(4)

33(12)
54(29)

Method

23
1,2,3
1,3

1,2,3
1,3

1,3
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TABLE IV. A list of the 10 ~7+ E3 isomers in the doubly odd Fr, At, and Bi isotopes. The par-
tial half-life is calculated using the formula T'f;'z'" =T, /z(1+ar)/B, with ar the total conversion
coefficient and B the branching ratio. The experimental B(E3) values [in Weisskopf units (W.u. )] are
calculated using the formula B(E3)=0.02044[TP~z'"'(s)E~(MeV) A ] ', with E the transition energy
and A the mass number. This table is based on Ref. [17]and on our work.

206F

204At

202At

200At
208B'

206B'
204B

202B

200B

198B

196B1

E,
(MeV)

0.531
0.587
0.392
0.231
0.921
0.904
0.752
0.598
0.428
0.248
0.102

T
1 /2

(s)

0.7
0.108
0.46
3.5

2.53 X 10
8.9 X10-'
1.3 X 10

0.4
7.7
240

~partial
/'2

(s)

0.78
0.116
0.59
13.9

2.53 X 10-'
7.42 X 10-'
1.3 X 10

0.47
19.9

=1.8 10

B(E3)
(W.U. )

(5.2X 10
1.8 X 10--'

6,0X 10
1.0 X 10--'

3.3 X10-'
1.3 X 10
2.8X10-'

4. 1 10
4.5 10

=2.5 10

protons, for astatine and francium, respectively, is not
changing this picture. The B(E3) values also do not
change significantly by varying the neutron or proton
numbers: they are highly retarded due to the j forbidde-
ness (6j=4)L =3). There is no evidence for an admix-
ture of fast single-particle transitions of the type
zri ~3/z zrf7/z or vj&&/z~vg9/z or for collective octuPole
admixtures [3,18]. It is not clear if the same structure is
still present in Fr. As can be seen in Fig. 5 and Fig. 10,
the energy difference between the (10 ) and (7+) isomers
in Fr is 275 keV. This value deviates strongly from the
energy systematics of Fig. 10. Further experiments, such
as a search for the connecting E3 transition of 275 keV,
are necessary to clarify this situation. The B(E3) values
for Fr and ' Bi seem to be extremely low. In Fr the
situation is still a bit confusing as the multipolarity and
the branching ratio of the transition is not yet measured.
In '96Bi, the B (E3) value depends strongly on the energy,
conversion coeScient, and branching ratio of the 102 keV
transition, all quantities only roughly known [11,14].

B. The a-reduced widths

The last column of Table III gives the a-reduced
widths of the main a transitions in the different nuclei.
The a-reduced widths are calculated using the method of
Rasmussen [21] assuming L =0 transitions. For most of
the Fr isotopes, the a-branching ratio is not known and
an upper limit of 100% is used. The obtained o.-reduced
widths are lying between 10 and 100 keV, a value which
is also found in the neighboring even-even isotopes [5,22].
This is a strong fingerprint for unhindered a decay, thus
connecting states with identical spin and parity. A
AL =1 transition within a similar proton-neutron multi-
plet is immediately hindered by at least a factor of 40
[14].

V. CONCLUSION

We have presented evidence for the existence of
different isomers in the doubly odd, neutron-deficient
francium, astatine, and bismuth isotopes. These isomeric
states are formed by the coupling of a h 9&2 proton with a
i, 3/2 neutron leading to a 10 state and the coupling of a
h 9/z proton with a f5/z neutron leading to a 7+ and a 2+
or 3 state. A striking feature is the similarity of the de-
cay characteristics of the different isomers in one nucleus:
there are a number of doublets exhibiting a similar half-
life. A general conclusion is that the shell-model charac-
ter of the isomeric states is rather pure; the influence of
collective quadrupole and octupole degrees of freedom is

negligible. This can be seen in the systematics of the en-

ergy difference between the [zr(h9/z)9/zIg v(i&3/z)]&o and

[zr(h9/z)9/zv(f»z)] + states in function of the proton

and neutron number and also in the B (E3) values of the
connecting E3 transition. The E3 transition is highly re-
tarded due to the j forbiddeness. Finally all the isomers
in the Fr-At-Bi decay chain decay partially by fast a de-

cay: this is a strong fingerprint for AL =0 decay between
identical members in the involved proton-neutron multi-

plet.
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