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Low-Lying One-Proton, Three-Neutron-Hole States in Bi
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Precision conversion-electron and p-ray measurements have revealed a strong M1
transition of 10.84 keV between the first and the second excited states of Bi, resulting
in a substantial revision of the previous decay scheme of Po. Thus it has become pos-
sible to interpret some of the low-lying states in Bi in terms of one-proton, three-neu-
tron-hole configurations, in correspondence with the one-proton, one-neutron-hole mul-
tiplets in Qi

From various experimental and theoretical
studies the excited states of "'Bi are well under-
stood in terms of one-proton, one-neutron-hole
multiplets, and it is of interest to see how these
multiplets are perturbed by the extra two neutron
holes in the adjacent odd-odd nucleus "'Bi. How-

ever, no detailed study has been performed con-
cerning the level scheme of 20'Bi, except for an
extensive study of the decay of "'Po by the Upp-
sala group. ' According to this work the parent
even-even nucleus 2"Po (J'=0') feeds mainly the
1379.1- and 920.7-keV levels of" Bi, which de-
cay, respectively, via three-step cascades of two
M1 and one E2 transitions to the 6' ground state
of "'Bi; one should therefore assign 4" ~ 2' to
the 1379.1- and 920.7-keV levels. This assign-
ment, however, cannot be reconciled with the
rather small experimental log f/ values' of 6.8

and 8.0, respectively, for the two levels; the ex-
perimental log ft values for the second forbidden

P decay are between 11 and 14. This discrepan-
cys seems to have baffled further studies of Bi.
The present paper reports the results of preci-
sion conversion-electron and y-ray measure-
ments in the decay of "'Po, in which a consistent
decay scheme has been constructed and, especial-
ly, the above-mentioned discrepancy has been
removed. This leads to a reasonable interpreta-
tion of most of the low-lying states of ' 'Bi.

The activity of "'Po was produced by irradiat-
ing a bismuth target with a 39-MeV proton beam,
and the sources were prepared by a selective ad-
sorption of polonium onto a limited area of a sil-
ver foil. In order to avoid the interfering daugh-
ter radiations4 the sources were treated period-
ically with hydrochloric acid to remove accumu-
lated 'O'Bi. The experiment consisted of high-
resolution measurements of conversion-electron
and y-ray spectra with the Institute for Nuclear
Studies iron-free m@2 spectrometer and a Ge(Li)
detector, respectively. y-y coincidences em-

ploying two Ge(Li) detectors were also per-
formed. Many transitions were newly detected
in "'Bi, and multipolarities were determined
for 65 transitions from conversion coefficients
and I.- and M-subshell ratios. Especially, in-
tense conversion lines were newly found in the
L, -Auger region of bismuth, and these were iden-
tified as a new transition of 10.84+0.02 keV con-
verted by the M, N, 0, and P shells, as shown
in Fig. 1(a). This transition has a total intensity
of 93%%uo per electron capture of "'Po and has a
pure Ml multipolarity [more specifically, Ml
+(8 x 10 '%%uo)E2 from the present experimental M-
subshell ratios]. In addition six pairs of tran-
sitions were observed both in conversion and in

y spectra, whose respective energy differences
are consistent with 10.84 keV, as shown in Fig.
1(b). These data together with the result of y-y
coincidences located the 10.84-keV transition be-
tween the 59.91-keV first-excited 4' and the new-
ly introduced 70.76-keV second-excited 3' states.
As a result, most of the energy and spin values
of the previous leve1 scheme of "'Bi were re-
vised; especially, the previous levels of 1379.1
and 920.7 keV with J' ~ 2' were replaced by the
1389.45- and 931.70-keV 1' levels with log ft val-
ues of 6.6 and 8.0, respectively (see Fig. 2).
Thus the discrepancy mentioned above between
the spin and parity assignment and the log ft val-
ues has now been removed. In addition, seven
new levels of "'Bi were incorporated into the
decay scheme of '"Po. The 1evel scheme of 'O'Bi

from the present work combined with the results
of the a decay' of ' At and the y decay' of the
1042.6-keV 10 isomer is shown in Fig. 2.

An interpretation of the levels of Bi in terms
of one-proton, three-neutron-hole configurations
is indicated in Fig. 2 together with the correspon-
dence with the levels'~ of '"Bi. The interpreta-
tion is mainly on the spin-parity and energy ba-
sis. As is seen from the figure the low-lying



VOL UM E 31, N UMBER HYSICAL REVIE~ LE&TERS ~ J«»973

l
e) 104

D 103

104
N

ls—
lA

C
o 10~—
O

101

+000

I

Ni N1NIi

»000
I

2.6X1p-' A
S50pp

SPectrorneter Current

76QQP 89ppp
32 X1P A

91QPQ
I I

O OsP1

9/2 113/2

i13/2 P1/2

&7/2 f~2'

f7/2 P1/2'

h92 &5/2'

ef' 7

8- /6- /
10

/

3i
7 t'

5+

7+

1+ 1567.27
1+ 1523,67

1+ 1389.4S
+'

2~ 1264.77

(2 ) 1212.47

1103.02
2+ 1077.89

1042.6

1+ 931.7p
879.10

2 878.12
8+ 814.6

733.93

3+ 523.23

2+ 409,19

(4,3)+ 3S2.71

4+ 2OO. 4p

/ 166.0
1 7+ 139.S

5+ 82.83
7o.7e

~ 4+ S9.91
6+ p

f -I
7/2 5/2 P1/2 )p

9/2 13/2 (P )

hMP~21(P, -2)

N2P/2 ( ~s/2 )0

&2&s/2'&P1/2'g

l
105—

C
v 104—
0

1Q3 — I

1650 + 2050
Channel Number

2100

FIG, 1. (a~ C(a) Conversion lines of the 10.84-k
tion from the deca of 0

e . — eV transi-
e ecay of Po observed among the L-Au-

ger lines in bismuth. Thee broken line indicates the L-
uger spectrum obtained from the deca of

e experimental conditions. (b) Parts of conver-
sion.-electron (upper) and p-ra 'lower

e o e transition pairs whose ener diff
l k

e transition enenergies are indicated in keV. The con-
version spectrum was taken a
ion o 0.1 o, and the resolution of the Ge(Li) detec

was 2.1 keV at 1.83 MeV. Pea
e i etector

eV. Peaks due to the daughter nu-
c i e Bi are also seen,

levels of "'Bi canan be reasonably explained b
sumin the rg proton, neutron-hole rnultiplets in

y as-

'"Bi to be little
extr

e i e perturbed by the presence f
a pair of neutron holes in ' 'Bi. An exce-

nce o an

e relative position of the multi 1 tp
e o e p„, neutron hole. The cente f

'
y o the h„,p„'(f ') and /t„&

multiple ts "'8'
with those

in i are reversed in compari
se of the corresponding multiplets in

ison

i. This is just the effect of particle-hole in-
terchange, being affected b the

~ ~ ~

y e pairing interac-
tion which is stronger in thn e~,l2 orbit than in the

4c

~1/2 ~ 5+

208Bi 206Bl log ft

ament combined with the r
i rom the resenFIG. 2. Level scheme of '8 f p sent exper-

esults from a decay (R f. 5)
of At (166.0-keV level) and decaecay (Ref. 6) of the 10

er .6-keV 10, 814.6-keV 8+, and 189.5-k
7 levels), in corn a

. -eV

7andS)of B
parison with the level schem (8 f .e es.
The centers of gravity of the @

rnnltiplet in 08Bi and the h f t(P
i are put at the same

e error in the energy value of the lev
rom e present experiment is typically 0.08

1/2 0 5/2 0 2/&

where the proton part is taken from a shell-m
el calculation of "Po.

s e -mod-
o o. From this wave function

p«, orbit. The same situation is observed in the~ ~ ~

e 2 state is al-odd-mass isotones of N = 123' the-
ways higher than the —,

' ground state, and the en-
ergy differences are b ~= 126 2 3

eV, respectively, for Z=80 82 84,, and 86,
to be compared with 4e = 80 keV for 2

imi ar energy shifts are expected for the

f„,p„, ' and the i1$/2 1/2 multiplets, which are-1 ~

in ig, . Since theindicated by upward arrows ' F', 2.
main configuration of the four neutron holes in
"'Po in its ground state is (p ') (f ' e

~ t
by

o is approximately described

y(»epo) = [0.8(/ ') +O 4(f ') ]

115



VOLUME )I, +UMBER 2 PHYSICAL REVIEW LETTERS 9 JvLv 1973

the allowed electron capture is most likely to
feed the f7&,f,~2 '(p»2 2), configuration in 2O'Bi via
a P transition between the spin-orbit partners
wf»2- vf, ~2. Hence the f»2f, ~, '(p, ~2 2)o configu-
ration is assigned to the 1389.45-keV 1' state,
which is most strongly fed from 2 sPo with a logft
value comparable to those for the corresponding
electron captures of the odd-mass Po isotopes;
the log ft values are 6.0 for "'Po(-,' )-"'Bi(1001.0
keV, -', ) and 6.6 for '"Po(-,' ) -"'Bi(992.3 keV,

). Mixing of [(f„, '),(f„, '),]„and [(f„, '),
x(p», '),]„is expected in "'Po, giving rise to
electron captures to f,&,f,~, '(f,&, '), and f,l,f51, '
x(p, ~, ), in 'Bi, but these are expected to ]je
close to or higher than QEC = 1.82 MeV.

The other excited states of ' 'Bi higher than
700 keV are hard to interpret at present. Appear-
ance of an 8' state at 814.6 keV having no analog
in 2 Bi suggests breaking of the neutron-hole
pair in this energy region. Further study by
other means is desirable in order to understand
more fully the excited states of Bi.

We are indebted to Professor K. K. Beth for
suggesting the problem involved in the previous

decay scheme of "'Po.
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Full finite-range calculations, including recoil effects exactly, have been performed
for single-proton-transfer reactions on 6 Ni. Projectiles of ~ 0 and ~ C are considered.
It is found that the ratios of cross sections leading to the ground and first excited states
in 63Cu are in good agreement with experiment. This is not true when recoil is neglected.

In a recent paper, ' a study of the j dependence
of heavy-ion-induced reactions was reported.
In particular, "C and "0projectiles (at energies
of 78 and 104 MeV, respectively) were used to
transfer protons to states in various nuclei of
j& (j =1+ 2) andj & (j = l —2). Kovar et al. ' at-
tempted to calculate the ratios of these cross
sections by the use of the finite-range computer
code RDRCs (which neglects recoil) and were un-
successful. Overpredictions by factors of 2-10
were found. It was argued that the no-recoil fea-
ture of the calculations was responsible. The
purpose of this Letter is to report that, indeed,
the use of the exact finite-range computer code
MERCURY, "4 which also includes recoil exactly,
provides reasonable ratios for one of the targets

studied ("Ni).
Differential cross sections were calculated

here for proton transfer to the 'SCu ground state
and its first excited state. These levels were as-
sumed to be pure single-particle states with con-
figurations 2ps" and 2p"', respectively. The dis-
torted waves were generated by use of a volume
Woods-Saxon plus Coulomb potential. The param-
eters characterizing the interaction are shown in
Table I. The first set was found by Becchetti et
al. ' to match the elastic scattering of both "0
and "C at forward angles and for targets in the
region of the nuclei considered here. The ener-
gy, however, was 38 MeV (60 MeV) for "C ("0)
which is about half that used here. The second
set was picked somewhat arbitrarily to test the
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