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Spins and parities of the low-lying states in Sb populated in the P decay of Sn have
been determined from conversion electron and pe{8) studies. B(M1) and B{E2)transition rates
were obtained for a number of transitions in Sb using the 8{F2/Ml) ratios deduced from the
pe{8) data and the level lifetimes measured with the fast timing Ppp{t) method. A close agreement
between the experimental transition rates and those calculated with a quasiboson approximation
model provides a strong confirmation of the theoretical scheme and the effective forces used in the
calculations.

PACS number(s): 21.10.Tg, 23.20.Gq, 21.60.Cs, 27.60.+j

I. INTRODUCTION

The structure of nuclei at double shell closures is of
considerable theoretical importance and motivates inten-
sive experimental studies. The occurrence of doubly-
magic regions is quite rare and for the medium-heavy
nuclei (for A )56) only the region near Pb has been
studied in some detail. The recently improved ion source
[1] at the OSIRIS fission-product mass separator at
Studsvik/Sweden allows studies of the Sn region in
greater detail. Consequently we have undertaken a com-
prehensive investigation of Sn and of several nuclei in
its close vicinity. Our new results on 3 Sb are summa-
rized in the present paper.

The structure of Sb provides a unique opportunity
to study the coupling of a valence proton particle to a
neutron hole outside the doubly magic Sn core. At
present, levels in this nucleus can be populated only in
the P decay of is2Sn, and due to the low spin of the
parent state, J =0+, only a limited number of levels is
populated in this decay. The 6rst account of the level
scheme of is2Sb was given by Kerek et al. [2], while more
detailed g-ray singles and pp(t) studies have been re-
ported by Stone, Faller, and Walters [3). A summary
of the previous experimental results is given in Ref. [4].
On the theoretical side energy spectra, electromagnetic
transition rates, and P-decay properties were recently

'Present address: National Superconducting Cyclotron Lab-
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calculated by Erokhina and Isakov [5] for the odd-odd
nuclei close to the doubly magic Sn, i.e. , for Sb,

In, Sb, and In, using a quasiboson approxima-
tion model. However, a critical verification of the model
predictions requires more detailed experimental data, in
particular measurements of absolute transition rates.

The present study, which includes measurements of
conversion electron and pp(0) angular correlations, as
well as time-delayed Pp(t) and fast timing Ppp(t) mea-
surements, has clarified not only the spin/parity assign-
ments to the levels in Sb but also established absolute
transition rates for a large number of transitions. Impor-
tantly, the new experimental data provide a critical veri-
fication of the model predictions by Erokhina and Isakov

II. EXPERIMENTAL DETAILS

Measurements were performed at the OSIRIS fission-
product mass separator [6]. The ion source, containing 1
g of ~ssU, was operated in a surface ionization mode [1].
The A = 132 activities, which included short-lived In
(TiI2 ——0.22 s) and Sn (TiI2——40 s), were isobarically
separated from other products of the thermal-neutron
induced Bssion of U. The activities of interest were de-
posited onto an Al-coated Mylar tape, which was moved
with a cycle time that minimized the contribution from
competing long-lived isobars. Generally the decays of

In~ Sn and Sn-+ Sb were studied at the same
time using a 5 s tape cycle. However, two measurements,
time-delayed Pp(t) and fast timing Ppp(t), were repeated
with the aim to enhance the decay of Sn to Sb, in
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TABLE I. Experimental and theoretical (Ref. [7]) K-conversion coefficients for p rays in Sb.

(keV)
85.6

246.9
340.5
899.0

Ref. [2]

0.83(8)
0.048(9)
0.021(4)

exp

This work

0.050(5)
0.018(2)
0.0016(4)

0.25
0.0135
0.0056
0.00062

0.85
0.046
0.020
0.0019

1.9
0.059
0.021
0.0015

Multi-
polarity

M 1 (+E2)
M1(+E2)
Ml/E2
Ml/E2

~

S(E2/MI)
~

&0.25
&1.1

Notation: Ml(+E2) means that transition was found to be predominantly Ml with a possible
admixture of E2 given by b in column 8, while Ml/E2 means that the multipolarity may be either
Ml or E2 or M1 + E2.

A similar limit of
[

b ~(0.25 is obtained from the measured value of nr, =0.13(3) (Ref. [2]).
'Using the average value of na =0.049(4).

which case the tape was moved every 1 min. The results
on the decay of In —+ Sn will be published separately.
All measurements were performed at the point of beam
deposition.

A. Conversion electrons

Conversion electrons were measured with a cooled 2
mm thick Si(Li) detector, which had an active area of
about 100 mm . The Al-coated Mylar tape was placed at
45 to the incoming beam so the activity directly faced
the Si(Li) detector. A small plastic scintillator, which
served as P detector, was placed behind the tape, and

a large volume Ge detector was placed opposite to the
Si(Li) detector. Electron and l-ray spectra were recorded
simultaneously, both as ungated and P-gated spectra.
The latter helped to reduce a continuous P background
in the electron spectra. The o;~ coefBcients obtained in
the present work and listed in Table I compare well with
the previous results [2]. The 85.6- and 246.9-keV lines
are identified as M1 transitions with a possible E2 ad-
mixtures for which upper limits are given in column 8.
The 340.5- and 899.0-keV lines are identified as either
M1, E2, or Ml + E2. The result for the 899.0-keU line
is quite important since it establishes a positive parity
for the 426.1- and 85.6-keV levels as well as the ground
state (g.s.), see Fig. l.
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FIG. 1. Partial decay scheme
of Sn~ Sb (from Ref. [4]).
Spin/parity assignments and
level half-lives are from this
work. Energy levels are not
plotted according to scale.
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TABLE II. Summary of the level lifetime determinations
jn

Level
Energy
(keV)

85.6
254.5
426.1
529.1

1078.3
1325.2
2268.3

71/2
previous

(ns)
14.8(18)
102(4)
&2

&2
&0.8

T1/2
this work

(ns)
15.62(13) '

0.0158(17)
&0.013
0.0026(14)
&0.037
&0.060

Prom Ref. [2] unless stated otherwise.
Averaged from Ppp(t) measurements unless stated other-

wise.
'The average includes Try2=15. 63(20) ns from Pp(t) measure-
ment.

Prom Ref. [9].

B. Time-delayed Pp(t) measurements

A search was made for level lifetimes in the nanosecond
range using a time-delayed coincidence set-up character-
ized by a time resolution of FWHM 12 ns at E~=100
keV that included a thin plastic scintillator as P detec-
tor and a small Ge detector for p rays. The analysis of
strong transitions in Sb revealed a long lifetime only
for the 85.6-keV line. Its lifetime obtained using a slope
fitting technique [8] is included in Table II.

C. Fast timing measurements

Lifetimes in the picosecond range were measured using
the Ppp(t) method detailed in Refs. [8,10,11]. Three in-
dependent measurements were performed (Run-I, Run-
II, and Run-III) characterized by different electronics,
calibration procedures, and tape cycle times. Each run
was part of a self-contained series of timing measurements
which included the decays of interest and those for the
calibration purposes.

The triple coincidence set-up consisted of three de-
tectors positioned in a plane around the beam deposi-
tion point. Lifetime information was deduced &om time-
delayed Pp(t) coincidences in two fast timing detectors:
a thin plastic scintillator for P rays (a 2 mm thick Pilot-
U in Run-I, a 5 mm NE111A in Run-II, and a 3 mm
thick NE111A in Run-III) and a conically shaped BaF2
crystal (2.5 cm in height) for p rays. An additional p co-
incidence with a Ge detector served to select the desired
decay path and to simplify the energy spectrum observed
in the BaF2 crystal. The plastic and BaF2 scintillators
were coupled to the fast photomultiplier tubes (XP2020
and XP2020Q in Run-I, and a pair of XP2020QIj R in the
later runs) operated in the anode mode [10]. A constant
&action unit ORTEC 584 used in Run-I was replaced by
ORTEC 935 in Runs II and III. The overall time reso-
lution was FWHM 200 ps at E~=l MeV in Run-I and
about 130 ps in the subsequent runs.

Data were collected in quadruplets
(E ', Ep, E ', Att, q) in Run-I, and in quintuplets in
Runs II and III. As the Gfth parameter, a time delay be-
tween feeding P transition and a deexciting p ray in the
"slow" Ge detector, Lt,~, was collected and used to
subtract random events recorded in germanium. Timing
spectra were sorted off-line with gates set on two full-
energy peaks (and their respective backgrounds): one in
germanium and one in BaF2, respectively, while a com-
mon gate was set on the P spectrum [ll]. Note that any
timing distribution is uniquely de6ned by two numbers
[A, B], which stand for energies in keV of the transitions
selected in germanium and BaF2, respectively.

For energetic P rays a thin plastic scintillator acts as
a b,E P detector and provides a P response almost inde-
pendent of the feeding P-ray energy, which plays a crucial
role in the data analysis [8,11]. However, the decay of
i 2Sn~i Sb has a low P „energy of only 1.8 MeV.
Nevertheless, since most of the P feeding (99%) goes to
a single level at 1325.2 keV (see Fig. 1), the use of a
common gate on the P spectrum yields results that are
equivalent to the b, E detector case. Small P branchings
to other levels (below leap) provide no interference in the
data analysis.

With the exception of the 85.6-keV level (long lifetime)
and the 1325.2-keV state (top level), all other lifetimes
were measured by the centroid shift technique [8]. Here,
the mean life w (w = Tiy2/in 2) of a level directly P fed
is given by the difference between the centroid of the
delayed time spectrum and the prompt centroid of the
same E~. When the level of interest is fed by a p ray &om
a higher-lying level, the mean life of interest is given by
the difference between the centroid shift of the spectrum
gated by the deexciting p ray and the centroid shift of
the spectrum gated by the feeding p transition.

The prompt and delayed time spectra must be mea-
sured concurrently in order to maintain identical con-
ditions in the face of small but persistent drifts of the
electronics. The calibration process involves "prompt
points" or "reference points" which are internal to the
decay and serve to renormalize the relative prompt curve
(prompt positions as a function of p-ray energy) mea-
sured separately [8,10,11].

In Run-I the relative prompt was obtained following a
simple procedure [12] previously applied in Refs. [13,14],
which consisted of a single run with the A = 96 beam,
as the decay schemes of Rb —+ Sr and Sr—+ Y are
simple and the lifetimes of several key levels in Sr and
sY have recently been measured [12] with high precision.

The resultant precision in the relative prompt determi-
nation was only o 10 ps. In Runs II and III several
calibration beams were used giving 0„=2—3 ps.

As for the reference points, the decay of Sn rep-
resents a special case. In the centroid shift analysis, if
all the P feeding goes to one level (labeled "top level" ),
then its lifetime remains undetermined, unless it is long
enough to be measured by fitting the slope. In other
words, since within one decay all the centroid shifts are
measured relative to the feeding p ray, then for all the
transitions in the decay there exists a "reference" feed-
ing transition except for those deexciting the top level, for
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which there exists none. Since the lifetime of the top level
cannot be determined in the centroid shift analysis, its
value becomes irrelevant and can be treated as ~=0. Con-
sequently, transitions deexciting this level provide refer-
ence points and may even define a relative prompt on
their own. In the case of the 1325.2-keV level in Sb
(see Fig. 1), there are three deexciting transitions of en-

ergy 246.9, 899.0, and 1239.6 keV, which span a wider
energy range than the transitions in this decay for which
a prompt determination is needed. The relative prompt
was thus renormalized to those three reference points.

In particular, the relative prompt curve was renor-
malized to the centroids of the [993,247], [340,899], and
[86,1240] time spectra (where [A, B] means energies in
keV of transitions selected in germanium and BaF2, re-
spectively). These positions were confirmed by the cen-
troids of the intense [86,899] and [86,247], as well as of
the weaker [549,247], [652,247], and [1078,247] time dis-
tributions. The lifetimes of the 426.1- and 1078.3-keV
levels were measured as differences between the relative
prompt and the centroids of the [899,340] and [247,993]
time distributions, respectively. A close confirmation of
those lifetimes was obtained from the centroid shifts from
the relative prompt of the [86,340] and [86,993] time spec-
tra, respectively. The lifetime of the 529.1-keV state was
obtained from the centroid shift of the [549,529] time
spectrum &om the relative prompt after subtraction of
the mean life of the 1078.3-keV state (deduced above).
The lifetime limit of the 2268.3-keV level was estimated
&om very weak [1842,340] and [86,1842) time distribu-
tions.

The lifetime of the 85.6-keV level was obtained from
fitting the slope of the [993,86] time distributions (see
Fig. 2). The same technique [8] was used to extract an
upper limit of the lifetime of the 1325.2-keV state, since it
was not possible to identify any slope due to the lifetime
of the 1325.2-keV level neither in the [340,899] time dis-
tribution nor in any other time spectrum analyzed here.
The lifetime results are summarized in Table II. The aver-
aged values listed in column 3 supersede the preliminary
results quoted in Refs. [15,16].

C
1 00-.

O

D. Angular correlation measurements

The pp(8) angular correlation set-up consisted of five
Ge detectors arranged around the beam deposition spot
at distances varying &om 6.3 to 10.6 cm away from the
source. In order to minimize the effects due to differ-
ent detector eKciencies [which varied from 2070 to 80%%up

relative to the standard NaI(T1) detector], the distance
for each germanium was selected in such a way that all
detectors exhibited similar counting rates.

The angles between various combinations of detector
pairs, 0, were selected to provide the angular correla-
tions with a maximal sensitivity at 0=0 and 90 and
with some coverage for the angles in between. In or-
der to define detector positions relative to the incoming
beam, we use variables P and y, where P is the angle
in the horizontal plane, while p is the angle relative to
the horizontal plane. The Ge detectors were positioned
at the angles (P,y)=(182', 0 ), (270', —30'), (90, 54'),
(60, 0'), and (240, 0'), respectively. The error in the
angle determination was typically less than 2 .

In the analysis, energy gates were set on the p rays in
Sb, and the coincident spectra were sorted out for all

unique combinations of detectors (20 possibilities). The
peak areas corresponding to the observed coincidences
between a pair of p rays, Ei-E2, were extracted from all
the spectra with the pertinent background spectra sub-
tracted. The analysis was performed separately for the
p-ray pairs Eq-E2 and for its reciprocal E2-Eq. A consis-
tency check between those results ensured that no spuri-
ous background yields that would mainly come &om the
compton peaks, were present in the data sets. The solid
angle corrections were obtained following the procedures
in Ref. [17].

The data points were fitted to a standard angu-
lar correlation function [18] for a two p-ray cascade

(Ii '', Iq ','Is) with no alignment of the initial state and
with the following free parameters: bi, b2, and the de-
tector eKciencies, leaving thus at least nine degrees of
freedom. (For the sign of the 8 mixing ratio we use the
convention of Krane, Steven, and Wheeler [19].) In some
cases both bq and b2 were kept fixed giving a fit with
eleven degrees of freedom. Occasionally an optional rel-
ative eKciency was fixed for each detector to the values
measured off-line, which increased the number of degrees
of &eedom up to the maximum limit of 15. This lat-
ter procedure served to ensure that the fitted angular
correlation function was not spurious with pertinent efB-
ciencies vastly different kom the measured values.

10-
I

—10 0 10 20 30 40 50 60 70 80 90 100
Ti&e (ns)

III. ANALYSIS OF ANGULAR CORRELATIONS

FIG. 2. Time-delayed spectrum between feeding P parti-
cles (start) and the 85.6-keV p rays (stop) with an addi-
tional gate on the 899.0-keV p transition in Ge. The life-

time of the 85.6-keV level is obtained from slope fitting (the
fit is indicated by a solid line). An abrupt cutoff at 95 ns

is caused by the 100 ns limit selected on the range of the
Time-(o-Amplitude-Converter.

The angular correlation data require independent lim-
itations of the transition multipolarities and b mixing
ratios. In other words, if the spins are not firmly es-
tablished and both bq and b2 mixing ratios are to be
determined simultaneously, the fitted parameters usually
remain undetermined. In the present case the experimen-
tal lifetimes provide limits on the E2 admixture to some
of the Ml+ E2 transitions in Sb based on the assump-
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tion that the B(E2) rates are less or equal to 7 Weisskopf
units (W.u.). These limits, which are

~
8(E2/Ml) ~(0.20,

&0.20, and &0.65 for the 246.9-, 340.5-, and 529.1-keV
transitions, respectively, were used in the analysis of an-
gular correlations as discussed below. We take 7 W.u. as
an arbitrary upper limit of the B(E2) enhancement, since
the B(E2) rates are found to be low in the vicinity of
doubly magic Sn, and thus one expects similar rates
for the low-lying states in Sb. Indeed, the model cal-
culations [5] predict low B(E2) rates for those states—
generally well below 4 W.u.

The relatively short level lifetimes rule out any sig-
nificant admixture of M3 or E3 multipolarity to the ob-
served transitions, and also exclude M2 multipolarity for
the strongest lines. The M2 multipolarity cannot be ex-
cluded for the weak 795.7-keV line, although this assign-
ment is unlikely. If this transition is M2, it would be the
fastest one in this mass region.

P-transition rates can provide independent limits on
spins and parities. The strong P transitions from the
0+ g.s. in Sn to the 1325.2- and 2268.3-keV states in
i 2Sb with logft values of 4.01(5) and 4.80(9), respec-
tively, firmly imply spin/parity I = 1+ for those levels

[2—4]. The 1325.2-keV state decays to the g.s. via two
transition cascades, each including one (firmly assigned)
Ml transition and another one which is either M1, E2,
or Ml + E2. Thus I (g.s.) must take any integer value
between 0+ and 4+. This choice is further limited to 3+
or 4+ by a fast allowed P transition [logft=5.83(8)] from
the g.s. of is2Sb to the 4+ state in Te [20]. These two
choices, however, are not equally probable. The pattern
of the is2Sb~i Te P decay clearly favors the I = 4+
assignment for the parent state since no P feeding to the
2+q state is observed. , while there is a strong indirect p
feeding (from the higher-lying levels directly P fed) to
the 6~ level.

The angular correlation results are listed in Table III
for two individual cases: I (g.s.)=4+ and 3+. All strong
transitions were consid. ered to be either E1, Ml, E2,
or mixed Ml/E2, unless limited further by the results
quoted above. Meaningful correlations were obtained for
nine transition pairs that are labeled in Table III column
2 by the energies of the p-ray pair, E&-E2, in the order
they appear in a cascad. e. For a given cascad. e an angular
correlation function was fitted with fixed spins listed in
column 3. During the fit, one of the b parameters was
allowed to vary while the other b was kept fixed, either at
b'=0 as in the case of a El or a stretched E2 transition,
or restricted to a value determined earlier and. given in
column four. The result of the y fit, i.e. , the value of
the varied b parameter determined at y;„, is listed in
column 5. Due to the long lifetime of the 85.6-keV state
(Tip' 16 ns), there may be additional systematical er-
rors due to attenuation of the angular correlations that
involve the 85.6-keV transition.

A. Case: I (g.s.)=4+

In this case, spins and parities of the 1078.3-, 529.1-,
and 85.6-keV levels are assigned as 2+, 3+, and 3+, re-
spectively, based on the cascades of two transitions con-

necting the 1+ state at 1325.2-keV and the 4+ g.s. Since
each cascade must carry three units of angular momen-
tum via one transition which is known to be of dipole
character, and another one which can be at the most a
quadrupole (higher multipolarities are excluded), it must
consist of a stretched dipole and a stretched quadrupole
transitions giving a unique spin determination of the
intermed. iate level. In particular, the 247-1078 p cas-
cade, where the 246.9-keV transition is a stretched Ml,
and thus the 1078.3-keV transition must be a stretched
E2, defines I =2+ for the 1078.3-keV state. Similarly,
I = 3+ is defined for the 85.6-keV level by the strong
1240-86 cascade, in which the 85.6-keV line is a stretched
M1, and the 1239.6-keV transition must be a stretched
E2. The 796-529 cascade defines spin I = 3 for the 529.1-
keV state. In this case the 529.1-keV p ray is either a
stretched El or M1, while the 795.7-keV line is either a
stretched E2 (the most likely choice) or M2 (less likely,
but cannot be excluded at present). The parity of the
level is either positive or negative.

The spin of the 426. l-keV level is uniquely defined as
2+. Although the 340.5-keV line, which is pred. ominantly
M1, defines I =2+, 3+, or 4+ for the 426.1-keV state, yet
the 4+ alternative is ruled out since the strong 899.0-keV
transition from the 1+ state to this level is not M3. Fur-
thermore, the 3+ choice is excluded by the angular dis-
tribution results for the 899-340 cascad. e, since the y
for the 1+—3+—3+ spin sequence (here the 899-keV tran-
sition must be a stretched E2) is much higher than for
the alternative spin sequence.

With a unique spin determination of 2+ (1078.3), 3+
(529.1), 2+ (426.1), and 3+ (85.6) for the intermediate
levels between the 1+ state at 1325.2 keV and the 4+
g.s. , one can use the pp(0) results to obtain 8(E2/Ml)
mixing ratios for the involved transitions. In the first
step, see Table III, data entries g2—10, we determine
8247 &om the 247- 1078 cascade and use it to obtain
for the 652.3-, 549.2-, and 992.7-keV lines. Then we use
these newly determined b values to obtain the mixing
ratio for the 529.1- and 85.6-keV lines. From the 1240-
86 cascade we get an independent estimate of b86 which
compares closely with the value deduced from the 993-86
cascade. In the analysis of the 340-86 cascade we use the
average b86 to deduce bq40. Note that the fitted value of
b340 is not precise. We combine this b340 with the limit
deduced from the lifetime result to yield —0.20&6340&0,
which was used in the subsequent analysis of the 899-340
cascade (see Fig. 3).

Only positive parity (I = 3+) was considered for the
529.1-keV state. If the parity of this state is negative
(I = 3 ), then both the 549.2- and 529.l-keV transi-
tions would be El with 6(M2/El) 0. This situation
cannot be resolved by the present data.

B. Case: I (g.s.)=3+

Prom arguments similar to those given above one ob-
tains the following spin assignments for the intermediate
levels: I =2+ for the 1078.3-keV state, 2 or 3+ for the
529.1-keV level, 2+ or 3+ for the 426.1-keV state, and
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TABLE III. Angular correlation results for Sb. See text for discussion.

1 899-340
2 247-1078
3 247-652
4 247—549
5 549-529
6 247—993
7 993—86
8 1240-86
9 340-86

10 899—340

1+ 3+ 3+
1+—2+—4+
1+ 2+ 2+
1+ 2+ 3+
2+—3+—4+
1+ 2+ 3+
2+ 3+ 4+
1+ 3+ 4+
2+-3+—4+
1+ 2+ 3+

ll 247—993
12 899-340
13 1240-86
14 247—993
15 247-1078
16 247—652
17
18 899—340
19
20 340—86
21
22 993-86
23
24 1240-86
25
26 247—549
27
28
29
30 549-529
31
32 549—529
33

1+-1+-2+
1+ 3+ 3+
1+ 3+ 3+
1+ 2+ 2+
1+ 2+ 3+
1+-2+-2+
1+ 2+ 3+
1+ 2+ 2+
1+ 3+ 2+
2+-2+—3+
3+ 2+ 3+
2+ 2+ 3+

1+ 2+ 3+

1+—2+—2
1+-2+—3
1+ 2+ 2+
1+ 2+ 3+
2+-2 -3+
2+ 2+ 3+
2+-3--3+
2+—3+—3+

Ei Eg-Ii:Ig 'Is
(keV) (li)

Restricted
or 6xed b

Results assuming I"(g.s.)=4+
hi ——bsg g (M3/E2) =0
hg = bipeds(M3/E2)=0
bi ——bg4y =—0.14(6)
h i ——hg4 y =—0.14(6)

8549——0.07(21)
bi = hg4p= —0.14(6)
hi —eggs ——0.49(8)
hi = big4p(M3/E2)=0
bg ——hss ———0.095(14) "
—0.20& b2 —b34p &0
Results assuming I (g.s.)=3+

I
h, 1=1 b,«1&o.2o

hi ——bsgg (M3/E2) =0
hi = hig4p(M3/E2)=0

I
hi I=I bg4~ I&o 2o

I
h, I=I h...1&o.2o

I
hi 1=1 bg47 1&0.20

,4, 1&o.2o

I
h, I=I h... 1&o.2o

B
b1 —b,gg—-0

I
hi

I
=

I hs4p 1&0 2o
hi = bs4p =0.18(1)

A +0.04bg: b86: 0 06 0 0~
hg —ass ——0.03(4)

A +o.o4—0.06 0'pg

h, = 8„=0.03(4)
't449 (M2/El) =0

&g = bs4g(M2/Ei)=O '

I
bi I=I hg47

I
&o.20

hi, g = &s4g(M2/Ei)=&szg(M2
= b54g =—0.4+P 3

8549 (M2/E 1)=hsgg (M2
b549 — Oe 1 p

+0.3

/Ei)=o '

/Ei)=0 '

Minimum
in varied b

noIle 1Il bg = b340

bi =hg4q= —0.14(6)
hg =bssg =—0.7(6)
hg =bs4g ———0.07(21)
bg =hsgg ———0.23(23)
h g

——bg gs ———0.49 (8)
bg ——bss ———0.09(2)
hg=hss= —0 10(2)
bl =b34o &0
bi ——bsgg ———0.22(10)

none 1n bg = bgg3

none in bq ——b340
IloIle in b2 ——b86
b2:bgg3: 0 23+0'05
b2=blov'8 = —0.14—o.15

+0.04

A +0.50bg:b65g:0 09 0'p6

bg=bssg= 0.70(24)
bi =hsgg: —0.20(2)
b.=h„, =o.i8(i)
b86 0 06+00 0042

bss =0.03(4)
bi: hggs=0. 32(19)
bi ——hggs

——0.32(6)
= bxa40= 0.4+0.2

h, = b„4,——o.26(5)
hi=bg4y= 0.30(11)
h, =b„,=—o.2(4)
b2 —b54g — 0.4E' +0.3

b549 — Oe 1 p
+0.3

g

bg=hsgg= 0.05(11)

04 o0. 23
P +0.2

Transition E2 follows transition Eq in a cascade. Note, that results in this table were averaged
over two independent data sets —one for E1-E2 and second for its reciprocal: E2-Eq.

Assumed a stretched E2 transition.) 3y;„ for this combination. In the case of I (g.s.)=4+ and I =3+ for the 85.6-keV level,
the choice of I =3+ is rejected for the intermediate state at 426.1 keV, that is deexcited by the
340.5-keV transition.
"An average of the results in row +7 and g8.

& 5y;„ for this combination. Choice of I =3+ is thus rejected for the intermediate level at
85.6 keV, that is deexcited by the 85.6-keV transition.
Assumed a pure El transition.

for this fit is similar to y; for other spin/parity combinations for this cascade.

I = 2+ for the 85.6-keV level. The assignment of spin
1+ for the 1078.3- and 426.1-keV states is rejected due
to a lack of observed P feeding to those states. Also, the
angular correlation for the 247-993 cascade (entry gll)
rules out spin 1+ for the 1078.3-keU state, while the re-
sults for the 1240-86 cascade (entry +13) rule out spin
3+ for the 85.6-keV level.

Since there are two choices of spin for each of the 426.1-
and 529.1-keV states, there are multiple entries in Table
III. Those marked by "A" and "B"refer to the b(E2/Ml)
mixing ratios deduced assuming spin 2+ and 3+ for the
426.1-keV state, respectively, while the b(E2/Ml) mix-
ing ratios "C," "D," "E," and "F" refer to spins 2, 3
2+, and 3+, respectively, for the 529.1-keV state.
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O &
-0 4

FIG. 3. A y surface for the 899-340 transition pair and the
1+ ~2+ ~3+ spin sequence obtained in the pp(9) measure-
ment. Note, that both 6(E2/Ml) are allowed to vary giving
a three-dimensional y surface.

C. Additional case: I (g.s.)=3

If we neglect the conversion coefEcient result for the
899.0-keV line and rely on other evidence combined with
the pp(0) results we can provide independent evidence
against the negative parity assignment for the g.s. of

Sb. Note that according to the recent compilation of
log ft values by Didierjean and Walter [21] (who updated
the compilation by Raman and Gove [22]) the fast log ft
value for the g.s. decay of Sb does not exclude this
transition to be first forbidden since such fast transitions
are observed in close vicinity to the doubly magic nuclei.

Spin I =3 is the only negative parity choice which
satisfies the requirements of the conversion coeKcient
(excluding the 899.0-keV line), level lifetime, and logft
measurements. We have examined the angular correla-
tion data for all possible (and related) spin combinations
and obtained a few independent estimates of 8( E2/Ml)
for the intense 85.6-, 246.9-, and 340.5-keV lines (this
was possible since most p cascades included an E1 tran-
sition for which b is restricted). A few of these indepen-
dent estimates were found several standard deviations
apart which prove that the spin/parity I (g.s.)= 3 is
not compatible with the angular distribution data.

IV. TRANSITION RATES IN ~~2Sb

Although I (g.s.)= 3+ cannot be rigorously ruled out
at present, the 4+ alternative is clearly favored by the
experimental evidence and model considerations. Our
present results illustrated in Fig. 1 are in a full agree-
ment with those obtained previously [2,3] while providing
important clarification of the earlier assignments.

The earlier works extensively used simple shell model
calculations to interpret the experimental results. One
observes a remarkable agreement between the configura-
tion assignments of Kerek et al. [2] and Stone, Faller,
and Walters [3] based on simple shell model consider-
ations, and the sophisticated calculations by Erokhina

and Isakov [5] that are used in the present work. In
particular the following particle-hole configurations were
found as dominant components in the wave functions of
the observed states: 7tg7/2vdz&& in the g.s. , and levels at
85.6 and 426.1 keV, mgv/2v8~&z in the 529.1-keV state,

vrd5/2vd3/2 in the levels at 1078.3 and 1325.2 keV, and

7t g7/2vd5/2 in the 2268.3-keV level. While the earlier con-
figuration assignments were based on excitation energies,
energy splittings within multiplets, and log ft values, the
present work extends this synonymous comparison to in-
clude for the first time the theoretical and experimental
results for a large number of transition rates in 2Sb.

The calculations were performed in the framework of
the theoretical approach presented in [5] taking into ac-
count the configuration mixing and ground state correla-
tions. The method of Green functions used by us is, in its
essence, equivalent to the quasiboson approximation, and
has also been used in the calculations of even-even nuclei
with two particles or holes above Sn [23]. We have
used a single-particle basis which contained all states in
the intervals 28 & Z & 82 and 50 & N & 126. The
configuration splitting and configuration mixing were ac-
complished via a finite range effective interaction which
contained spin, isospin, and tensor components. All the
parameters of the theory were defined earlier from calcu-
lations of nuclei close to sPb and Gd [24,25].

With the exception of the B(M1) rate for the 85.6-keV
line measured by Kerek et al. [2], no B(M1) or B(E2)
transition rates were known up to now. However, it was
possible to demonstrate [2] that the experimental value
of B(Ml) = 0.0022(3)@2~ closely agrees with a predicted
rate for the M1 transition between the 3+ and 4+ mem-
bers of the same proton-neutron multiplet if the configu-
ration involved is ag7/2vd&z, but not if it is vrgv/2vsi/2

or vrdzy2vdz& . The B(E2) predictions of 43, 24, and 12

e fm were also made for those cases, respectively, but
the earlier experimental results of B(E2) (164 e fm [2]
was not precise enough to allow any conclusion. The new
result of 36(11) e fm (see Table IV) is in close agreement
with the predicted value of 43 e fm for the vrg7/2vd3/2
configuration [2]. The situation is, however, consider-
ably more complex as shown by the new experimental
and theoretical results. Our calculations revealed that
the eigenvectors of low-lying states in Sb have dis-
tinct leading components with amplitudes of the order of
0.7—0.9 and thus may only be approximately classified in
terms of proton particle-neutron hole multiplets.

Table IV provides a comparison of the experimental
results and model predictions for the h( 2E/ Ml) mixing
ratios as well as the B(M1) and B(E2) rates. In par-
ticular, the transitions from the 426.1-keV level, which
take place within the vrg7/2vd3/ configuration, are well

described by the theory. I ess trivial is the good agree-
ment for the transitions deexciting the 529.1 (32 ) and
1078.3 (22 ) levels, which all represent off-diagonal ma-
trix elements. In the first case we have transitions of
the type ~g7/2»~ '2 m 7tgz/2vd~ 2, while in the sec-

ond case they are of the type vrd5/2vd3/z ~ erg~/2vd3/2
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TABLE IV. Experimental transition rates in Sb; comparison with theoretical predictions [5].

Level
(keV)

85.6
426.1

529.1

1078.3

1325.2

2268.3

(keV)
85.6

340.5
426.1
103.0
443.5
529.1
549.2
652.3
992.7

1078.3
246.9
795.?
899.0

1239.6
943.1

1190.0

1739.1

1842.2

2182.7

p Bran-
ching

0.506 '
0.977
&0.01

0.097
0.903
0.052
0.061
0.831
0.056
0.424 '
0.0031
0.449
0.098

0.148

0.852

—0.095(14)
—0.20&b&0

—0.081
—0.057

—0.23(23)
—0.07(21)
—o.7(6)
—0.49(8)

+0.054
—0.049
+0.013
—0.099
—0.70
—0.38

—0.14(6) —0.019

—0.22(10) —0.20

—0.53

(—0.31)
—0.29

(—2.3)

—0.026
(o.42)

b(E2/Ml) b(E2/Ml)'" B(Ml)'"~
(x 10 p~)
2.02(3)
61(7)

&3.4
&17.5
4.8(26)
2.2(17)
1o(5)

&29

&0.66

&0.09

B(M1)'"
(x 10 p~)
7.0
28

3.7
40
141
1.8
0.30
3.4

10.8

6.7
(100)
27
(2 5)

103
(6.5)

B(E2)'"~
(e' fm )
36(11)
76(76)
&26

1+15.4—1.1
37(30)
36(23)
8.4(45)
&45
&0.15
&0.17
&0.51

&0.09

B(E2)th
(e fm')
90
11
3.7
14
7.0
1.2
0.84
4.9
7.3
6.5
61
1.4
7.4
12
30
(153)
23
(127)
61
(37)
0 ~ 29
(4.9)
0.10
(o.78)

T&yq were taken from Table II.
From Table III for the case I (g.s.)=4+.

'nt, t,
——0.974, 0.062, and 0.024 for the 85.6-, 246.9-, and 340.5-keV transitions, respectively (from Ref. [4I).

Ml is not allowed by the spin selection rules; b(M3/E2) = 0.
'b(E2/Ml) has not been determined; assumed dominance of Ml.

(and ~ds/2vds/'2 ~ argy/2vsi/z for the transition to the
529.1-keV level). In the cases mentioned above we have
single-particle transformations of the vszy2 ~ vd3/2 or
7rd5/t 2 M Kg7/2 types. Such transitions are forbidden
for Ml-radiation in a model not accounting for config-
uration mixing. Thus a close agreement with the ex-
periment both for the B(E2,Ml) and 8(E2/Ml) values
confirms the validity of our model. Of special interest
is the 22 ~ 32 transition to the 529.1-keV level. Here
we have simultaneous proton and neutron transforma-
tions ad5y2 ~ mg7g2 and vd3y2 —+ vsqyq, respectively.
Without configuration mixing this transition is forbidden
both for Ml and E2 radiations. Configuration mixing
"opens" this transition, though its transition probabili-
ties for the Ml and E2 radiations remain small. The
agreement with the experiment, which is demonstrated
in this work, is the most impressive confirmation of the
theoretical scheme and the effective forces used in the
calculations.

Our model predicts existence of three low-lying 1+
states at the excitation energies equal to 1.5, 2.1,
and 2.4 MeV and having the dominant configurations
of ~d5/2vdgyg '7rg7y2vd~&2, and ~8&/t'2vd~&~, respectively.
The first state may be populated in the spin-flip P decay
of Sn and corresponds to the 1325.2-keV level in 2Sb

populated with logft 4.0. As seen in Table IV, this
picture also agrees with the electromagnetic decay prop-
erties of this level. The Gamow-Teller P transitions to
the other predicted levels may take place only due to ad-
mixtures of the vrd5yqvd~&z, vr8&/2vsz&z, ... components,
having the same n and E quantum numbers for both pro-
tons and neutrons, and must therefore be retarded. The
2268.3-keV level populated with logft 5.0 is thus one
of these two levels. We adopt this state as the 12 model
state with a dominant configuration of vrg7y2vdz&2. The
theoretical predictions for the case that the 2268.3-keV
level is the 13 theoretical state are given in Table IV
in brackets. Neither of the assignments contradict the
experimental B(E2,Ml) rates, but the branching ratios
from the 2268.3-keV level are better reproduced if it has
a dominant 7rg7~2vdz&z configuration.

V. CONCLUSIONS

The structure of Sb has been investigated via the
measurements of conversion electron, pp(8) angular cor-
relations, and fast timing Ppp(t) coincidences. Spin and
parity assignments were made to the low-lying states in

Sb largely confirming the tentative assignments given
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before. We have determined eight b(E2/Ml) mixing
ratios, and several B(MI) and B(E2) transition rates
which have allowed for the erst time a critical veri6ca-
tion of the model predictions by Erokhina and Isakov [5].

The present work has revealed that the properties of
the neutron-rich nucleus Sb having a proton particle-
neutron hole pair above the doubly magic Sn may be
described on the same grounds as that of the Bi nu-
cleus adjacent to the Pb core. Our study has thus
established that the classical shell numbers and the ef-
fective interaction remain unchanged for nuclei in this
region as compared to those near the stability line. An

excellent agreement between experiment and the model
predictions is noticed which manifests the adequacy of
the theory employed.
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