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b decay studies of109,107Sb
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Low-spin, low energy-levels in109,107Sn have been studied following theb-decay of a 17-s109Sb and a 4-s
107Sb, respectively. A number of new transitions and levels are established in109Sn with improved support for
spin and parity assignments for previously known states. In addition, the presence of two pairs of levels
separated by only 14 keV is confirmed. Four new levels are observed in107Sn, three of them are below 1 MeV
excitation energy. The structure of these nuclides is discussed, focusing on three-quasiparticle cluster struc-
tures, movement of the Fermi level, and extrapolations for the single-neutron levels in101Sn.
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I. INTRODUCTION

Excitation energies for the single-neutrond5/2,g7/2,d3/2,
s1/2, and h11/2 levels in the closed proton shell nucl
79Ni,91Zr,101Sn, and 131Sn are the foundation for mappin
monopole shifts of neutron levels in theN550 shell toN
582 shell. These shifts serve as the basis for shell mo
calculations and other theoretical work in this mass reg
@1#. In addition, thed5/2-s1/2 andg7/2-d3/2 separation energie
are important for calculations ofE2 transition rates for va-
lence neutrons.

Unfortunately, no data are presently available for79Ni or
101Sn. Estimates for the single-neutron levels are there
inferred from observations in the neighboring nuclei. A ge
eral lack of data in the light Sn isotopes may cause errone
assumptions for the neutron single-particle levels neaA
5100. In this paper, new data for energies, spins, and p
ties of levels in109,107Sn have been sought followingb de-
cay of 109,107Sb. b-decay experiments were chosen as
low-spin states would be favorably populated. For both i
topes, the parent Sb is comprised of apd5/25/21 ground state
that will preferentially populatend3/23/21 levels in the
daughter via Gamow-Teller spin-flipb-decay transitions. A
significant intensity will also feed many other low-spin sta
with suitable wave function overlaps with the parent. Th
new information is complementary to high-spin structu
data available for odd-A1052111Sn and the recently observe
excited states of103Sn @2,3#. These data may also be com
pared with numerous theoretical calculations available in
literature.

II. EXPERIMENTS

The 17-s109Sb nuclei were produced using a 230-Me
58Ni beam from the ATLAS heavy-ion accelerator at A
gonne National Laboratory on a 477-mg/cm2 54Fe target.
Recoiling reaction products were separated by mass/ch
ratios through the Argonne fragment mass analyzer~FMA!
and implanted onto the tape of a moving tape collec
~MTC!. The FMA was tuned to select recoils ofA5109 with
0556-2813/2002/65~4!/044330~12!/$20.00 65 0443
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Q525; nuclei withA5108 andQ525 are produced with a
higher cross section and form a tail under theA5109 recoil
peak exiting the FMA. Mechanical slits were used on eith
side of the FMA focal plane to reduce the intensity of t
A5108 recoils.

The MTC tape was advanced at 30 s intervals to
shielded counting station comprised of two large-volum
~80% and 120%! HPGe detectors placed as close as poss
to the tape. An additional 80% HPGe detector was hung fr
above at a distance of;10 cm from the tape. Aluminumb
absorbers of 1 cm thickness were placed in front of e
detector.g-singles,g-g coincidences, andg-time data were
collected and analyzed.

The setup was slightly modified for the production a
decay of 107Sb. A 260-MeV 58Ni beam was used with a
635-mg/cm2 54Fe target to produce the 4-s107Sb in the
3p2n fusion-evaporation channel. TheA5107 reaction
products were mass/charge separated through the FMA
implanted onto the tape of an MTC. The FMA was set
select recoils ofA5107 andQ525. As before, mechanica
slits were used at the focal plane to minimize the intensity
the strongly producedA5106 recoils.

The MTC tape was advanced at 9 s intervals to a shielded
detector station. A 1-cm-thick detector for low-energyg rays
@low-energy photon spectrometer# ~LEPS! was placed across
a 70% HPGe detector as close as possible to the tape t
port pipe. As in theA5109 experiment, an 80% HPGe wa
hung from above at a distance of;10 cm from the tape.
Aluminum b absorbers were placed in front of the 70% a
80% HpGe’s but not the LEPS.g-singles,g-g coincidences,
andg-time data were collected and analyzed.

III. RESULTS

b-decay studies of109Sb and 107Sb were presented ini
tially by Johnstonet al. @4# and Shibataet al. @5#, respec-
tively. Their results were subsequently confirmed and a
mented in a relatively low-statistics study@6#. The data
presented in this paper further confirms previous obse
tions with significantly improved statistics. In addition, ne
levels in 109Sn and107Sn are identified.
©2002 The American Physical Society30-1
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A. 109Sn

The half-life for the109Sb b1/EC decay has been dete
mined to a slightly higher precision. Intensities of the 9
and 545 keV transitions are shown in Fig. 1 as a function
time relative to the last tape move. A 17.3~5! s half-life was
determined by a least-squares fit to these data. Our value
good agreement with the half-life of 17.0~7! s reported by
Johnstonet al. @4#.

Transition energies and intensities for109Sn were deduced
from g-singles,g-g coincidences, andg-time data.g transi-
tions from A5109 isobars and strongly producedA5108
nuclei are observed in the singles spectrum. An exampl
the singles spectrum is shown in Fig. 2~a!. Someg transition
intensities could not be derived directly from the singles d
due to energy overlaps with neighboring nuclei. In a tw
dimensional plot ofg energy versus time, projections o
g-ray energies for specific times were used to help determ
correct intensities.

A spectrum of transitions belonging only to short-live
species was created by subtracting all events detected
tween 15.0 and 29.8 s from events detected within 14
following a tape move. Short-lived species decay away d
ing the early period, and are manifested as peaks in the
tracted spectrum. Long-lived species decay equally du
both the collection times and subtract approximately to ze
In this manner, contamination from background and lon
lived transitions having an equal, or nearly equal, ene
transition as assigned to109Sn could be removed and th
109Sn transition intensity measured accurately. An exampl
shown in Figs. 2~b–d!.

A similar spectrum showing only long-lived species cou
also be created to remove contamination from very sh
lived species. Events detected within 6.5 s following a ta
move were subtracted from the events detected between
and 29.8 s. The 7.6-s108Sb and 4.6-s109Te transitions subtrac
to zero while the longer-lived species produce peaks in
resultant spectrum.

Intensities for a few weak transitions and109Sn doublets
could not be determined fromg-singles or time subtraction
data. For these transitions, coincidence data were use
determine the proper intensity. Peaks were fit as above,
weak intensities scaled relative to a knowng transition also
present in the coincidence spectrum. Due to the lower sta

FIG. 1. Half-life determination for109Sb. Intensities of the 925
and 545-keV transitions are shown as a function of time follow
a tape movement. A weighted least-squares fit to these data g
17.3~5! s for theb1/EC-decay half-life of109Sb.
04433
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tics observed in the coincidence spectra, uncertainties for
peak areas are slightly larger.

The intensity for the 1064-keV decay from the 1078-ke
level was adopted from Danko´ et al. @7#. Energy coinci-
dences for the 835- and 932-keVg ’s feeding the 1078-keV
level suggested a very low 1064-keV decay intensity relat
to the 1078-keV transition intensity. However, coincidenc
with the 571-keVg suggested a very strong branch to t
14-keV level relative to the ground. Due to the lack of co
sistency, a 22% branch to the 14-keV level suggested by
@7# was used.

In Table I, all transition intensities are shown relative
the 925-keV transition. Peak energies, areas, and errors
determined by fitting Gaussian shapes to the peaks using
RADWARE software package@8#. For intensities determined
by coincidences, peaks were fit as above and scaled rela
to a knowng intensity also present in the coincident spe
trum. The proposedb-decay scheme for109Sb→109Sn is
shown in Figs. 3 and 4.

Transitions were placed in the energy level scheme prim
rily by the coincidence data. The time data were useful in

es

FIG. 2. Singles and time-gatedg-energy spectra forA5109.
Figure 2~a! shows the singles spectrum for allA5109 recoils inde-
pendent of time. Figure 2~b! displays all the transitions detecte
within approximately 15 s following a tape move. Figure 2~c!
shows transitions detected later than 15 s following a tape mo
Figure 2~d! shows the subtraction of the late time spectrum from
earlier time. Long-lived components subtract to zero, while sh
lived transitions appear as peaks.
0-2
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TABLE I. g intensities in109Sn following 109Sb b decay. En-
ergy errors are60.3 keV. Intensities are relative to the 925 ke
transition.

Level energy To level g-ray energy Relative intensity
~keV! ~keV! ~keV!

0
14
545 0 544.4 11.2~1!
664 14 650.1 1.3~1!

0 664.0 39~2!
678 14 664.2 24~2!

0 678.3 20.2~2!
925 678 246.6 2.8~1!

664 260.8 6.4~2!
545 381.3 0.6~2!
14 910.9 2.9~2!
0 925.0 100

991 545 446.3 0.4~1!
0 991.2 1.8~1!

1062 664 397.5 3.0~7!
545 516.5 4~1!
14 1047.7 4.8~1!
0 1061.8 67.9~7!

1078 14 1064 0.8~2!
0 1078 3.8~1!

1229 678 550.2 0.6~1!
14 1214.4 1.1~1!
0 1229.3 7.7~1!

1343 678 665.8 0.5~1!
0 1343.7 2.3~1!

1496 1078 433.6 0.5~1!
664 831.4 2.1~6!
545 951.1 2.4~2!
14 1482.2 1.7~1!
0 1496.1 28.3~2!

1614 925 687.3 0.4~1!
678 936.2 3.2~2!
14 1601.4 3.8~2!

1649 1078 571.3 0.8~1!
664 985.5 1.1~2!
545 1104.4 2.7~2!
14 1636.3 1.6~2!
0 1650.4 3.1~2!

1914 1229 685 <1.0
1078 835.0 0.6~2!
664 1249.4 1.8~5!
545 1369.6 0.8~1!
0 1914.7 1.9~1!

2016 1078 932.1 0.5~2!
991 1024.4 0.5~1!
925 1090.8 0.5~1!
664 1351.1 0.7~1!
0 2016.2 4.6~2!

2127 991 1135.1 0.4~2!
925 1200.8 0.3~1!
664 1462.2 6~2!
545 1581.8 0.4~1!
0 2127.1 0.9~1!

1175.3 2.8~1!
1760.4 2.6~1!
04433
placement of high-energyg decays with no observable coin
cidences from new excited levels. Coincidence sums pert
ing to these levels added confidence to their placement in
level scheme. When possible, decay half-lives were chec
to be certain that these transitions arose from109Sb b decay.

The proposed level scheme for this experiment is in
cellent agreement with106Cd(a,ng)109Sn results presente
in Ref. @7#. However, the level at 664 keV was not include
in the (a,ng) study, contrary to the observations in this a
other 109Sn studies@4,6#. In Fig. 5 coincidences with the
247- and 261-keVg rays are shown. Both of these trans
tions depopulate the level at 925-keV, feeding the 678- a
664-keV levels, respectively. The presence of two 14-k
doublets~0–14 keV and 664–678 keV! is confirmed. The
intensity ratio of the 678/664 transitions in the 247-keV c
incidence spectrum was used to apportion the intensity of
664-keV doublet.

Two transitions, at 1175 and 1760 keV, were observ
with significant intensity and correct decay half-lives b
could not be placed in the energy level scheme. Due to
lack of coincidence with any other known transitions, the
transitions may arise from previously unobserved levels.

A detailed analysis of the electromagnetic transition inte
sities entering and exiting each known state was perform
The intensity difference may be attributed to theb feeding in
the Sb decay. For example, the transition intensity deexci
the 3/21 level at 925 keV should be significantly higher tha
the g intensity feeding this state due tob feeding from par-
ent decays. A state not fed in theb decay should have equa
intensities entering and exiting.

Intensity differences were calculated for all known sta
but the ground and first excited states. The fraction of totab
feeding was then determined from the intensity differenc
The b population of the 5/21 ground state and 7/21 first
excited state cannot be directly measured using our exp
mental setup. Therefore, the fraction ofb feeding to these
states was estimated using values extrapolated from111Sb
→111Sn b decay where the 5/21 level is an excited state
whose intensity can be measured directly. The extrapola
values assumed identical logft values. The logft for the
p(5/21) to n(5/21

1) b decay of 111Sb is 5.41, while the
p(5/21) to n(7/21

1) is 6.1 using the recommendedQ-value
of 5.1 MeV @9#. The logft for the favoredpd5/2 to n(3/21

1)
Gamow-Teller decay is 4.87.

For 109Sn, two separate extrapolations were perform
The first extrapolation assumed that thep(5/21) to n(5/21

1)
transition was identical to111Sn. For a logft of 5.41, a 20%
b branching to the ground state is calculated. The fraction
branching to the 7/21

1 state was determined assuming a logft
value equal to 6.1. The remaining 76%b feeding was dis-
tributed relative to theg intensity differences calculated fo
each excited state. Results are shown in Table II with as
ciated logft values.

The second extrapolation assumed that thep(5/21) to
n(3/21

1) transition was identical to that of111Sn. The b
branching to the 7/21

1 state was determined from a ratio. Th
intensity to the 7/21 state was one-fifth of the intensity to th
5/21

1 state in the first extrapolation. This is similar to111Sn,
0-3
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FIG. 3. Proposed level scheme (E
,1250 keV) for109Sn following 109Sbb decay.
Transition energies and levels are in keV;g in-
tensities relative to thed3/2-d5/2 transition are
schematically displayed by arrow thickness.
range of proposed logft values are also shown
for the extrapolations presented in Table II. Th
decay Q value has been experimentally dete
mined @23#.
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where the feeding ratio is;1:4. Thetotal intensity of the
5/21

1 and 7/21
1 states in the second extrapolation was de

mined to be 7.2%; the intensity was split in a 1:5 ratio
1.2% and 6.0% for the 7/21 and 5/21 states, respectively
These results are shown in Table II with associated loft
values.

The second approach removes intensity from the gro
state and spreads it to higher energy states. With the ex
tion of the ground and first excited state, the logft values for
the two extrapolations differ by less than 0.1 units. Furth
more, both analyses suggest three highlyb-fed states at 925
1062, and 1496 keV.

B. 107Sn

The b-decay half-life of 107Sb was measured by obser
ing the intensity of the known 151-keV and 1280-keV tra
sitions as a function of time. These intensities are plotted
Fig. 6 relative to the time following tape movement. T
half-life was determined to be 4.0~2! s by a weighted least
squares fit to the data. This compares well with the previ
value of 4.6~8! s from Shibataet al. @5#.
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The use of the low-energy Ge detector significantly e
hanced the resolution and intensity for the known 151-k
transition as compared to the prior data set of Ref.@6#. Tran-
sition energies and intensities for107Sn were derived from
g-singles, g-g coincidences, andg-time data. As in the
109Sn analysis, use of the time data allowed for accur
intensity values to be determined. Theb decay of107Sb had
the shortest observed half-life in this experiment, allowi
time-gatedg-energy spectra to be used to show only tho
transitions that belong to107Sn. An example is shown in Fig
7. Theg-energy spectrum collected within 5.5–9.0 s follow
ing a tape move was subtracted from the spectrum colle
during the initial 3.5 s. Transitions arising from the lon
lived species decayed equally during both the time segm
and subtracted to zero. Transitions belonging to107Sb b de-
cay were predominately present in the first time segm
only, and appear as clear peaks in the subtracted spectr

From theg-g and time data, an energy level scheme
proposed in Fig. 8. Transitions are also shown in Table
with intensities relative to the 3/21

1→5/21
1 1280 keV g de-

cay. Small peaks are observed at 1619 and 2045 keV in
A

e
r-
FIG. 4. Proposed level scheme (E
.1250 keV) for109Sn following 109Sbb decay.
Transition energies and levels are in keV;g in-
tensities relative to thed3/2-d5/2 transition are
schematically displayed by arrow thickness.
range of proposed logft values are also shown
for the extrapolations presented in Table II. Th
decay Q value has been experimentally dete
mined @23#.
0-4



d
ed

t

2
04
ed
e

t
e
eV
e
ls

1
0
w
ke

l-
fer-
e

at

to
nd

y
els

As

icle

for
le-

true
on-
the
ticle
s
icle
y

f
ron
i

ar

of
as-
ce

rly
g-
t

e

d

e
78

g
a
b

eV

b DECAY STUDIES OF109,107Sb PHYSICAL REVIEW C 65 044330
singles and time data, but do not show the correct time
pendence for the107Sb decay. They have not been identifi
in a neighboring decay scheme. We have included them
Table III, but not in the energy level scheme.

The 704, 818, and 970 keV levels all appear to decay
the 7/21 first excited state, suggestingJp>3/21. The coin-
cidence spectrum with the 151-keV decay from the 7/1

state is shown in Fig. 9. The peak at 553 keV (7
→151 keV) is questionable, but cannot easily be ignor
The weak branching intensity is similar to the 650-keV d
cay between the 5/22

1 and 7/21
1 states in109Sn. A strong peak

at 667 keV (818→151 keV) and a weak peak a
819 keV (970→151 keV) are more easily identified. Du
to the high intensity of the 667-keV decay from the 818-k
level, a 5/21 spin and parity is proposed for this level. Th
low intensity of decays from the 704 and 970 keV leve
suggests 3/21 assignments, although 5/21 or 7/21 spins are
also possible. The 819-keV peak may arise from the 8
→0(818 keV) transition in coincidence with a 97
→818(152 keV) decay. The inset of Fig. 9 shows the lo
energy portion of the coincidence spectra. A peak at 152
is not observed, supporting a 970→151(819 keV) assign-
ment.

FIG. 5. Coincidence spectra for the~a! 247-keV and~b! 261-
keV transitions. Both theg ’s depopulate the 925-keV level to th
levels at 678 and 664 keV, respectively. Observation of both 6
and 664-keV transitions in coincidence with the 247-keVg ray
suggests decays of 678→0 and 678→14 keV. Only a 664-keV
transition is observed in coincidence with 261 keV, supportin
level at 664 keV with a strong decay branch to the ground. A sm
peak at 650 keV may also be observed, and is suggested to
transition of 664→14 keV. In Fig. 5~c!, the sum of 261-, 985-, and
1350-keV coincidence spectra is shown. These threeg rays feed the
664-keV level and show the weak 650-keV transition to the 14-k
level.
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Intensity differences forg feeding and decays were ca
culated for all states but the ground state. From these dif
ences, the fraction of totalb feeding was determined. For th
ground state, the level ofb feeding was extrapolated from
111Sn by assuming identical logft values for 111Sb→111Sn
decay. Two extrapolations were performed similar to wh
was done for109Sn. Either thep(5/21) to n(5/21

1) or the
p(5/21) to n(3/21

1) transition was assumed to be identical
111Sn. Results are shown in Table IV. Both the 704- a
970-keV states appear to be fed in theb decay, suggesting
spins greater than 1/2. However, due to the large decaQ
value and low production cross section, either of these lev
may be populated indirectly by many weakg rays from
higher energy levels not observed in this experiment.
such, theb feeding and the associated logft values should be
viewed as lower limits.

IV. DISCUSSION

A number of low-spin states have been identified in109Sn
and 107Sn. These states may be attributed to single-part
and cluster configurations.

A. Single-particle states

Prior to this work, the lightest odd-mass Sn isotope
which well-established data existed for all the five sing
particle states (nd5/2, ng7/2, ns1/2, nd3/2, nh11/2) was 111Sn.
The structure of111Sn is well known due to the availability
of both (p,d) and polarized (d,t) data from stable112Sn in
addition to in-beam and decay data. These states are not
single-particle states as there is some mixing with other c
figurations. However, the single-particle label is used for
states comprised of the largest component of single-par
character. The 5/21

1 and 7/21
1 states of the light Sn isotope

are estimated to have approximately 80% single part
character, while the 3/21

1 and 1/21
1 states are more heavil

mixed.
The ground state of111Sn is 7/21, arising from theng7/2

orbital. Thend5/2 orbital lies at the low excitation energy o
154 keV. These levels are strongly populated in the neut
pickup reaction withl 52 and 4, respectively. As the Ferm
surface moves down from the subshell closure atN564, the
order of theng7/2 andnd5/2 states is expected to change ne
A5109. Therefore, theng7/2 andnd5/2 orbitals are predicted
to lie very near each other in109Sn. In the initial in-beam and
decay experiments, a pair of nearly degenerate orbitals
low energy were not observed. The ground state was
sumed to beJ57/2 due to atomic-beam magnetic resonan
results @10#, and this spin was used in much of the ea
work. More recently, a hyperfine splitting experiment su
gested aJ55/2 ground state spin@11#. This spin assignmen
agrees withb-decay studies of109Sn→109In @12#, and was
confirmed in a high-sping-decay study that found evidenc
for a very low-lying 7/21 state at 13 keV above the 5/21

ground state@13#. The presence of this 7/21 state requires a
restructuring of the levels in109Sn that has not been reflecte
completely in the literature.
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TABLE II. b decay feeding intensities in109Sn. The difference betweeng feeding and decay intensitie
was attributed tob population. Intensity differences relative to the 925-keV transition and fraction of the
are shown. Values for the ground and first excited state are extrapolated with suggested errors. Ca
log ft values for each state are also shown, in which the experimentalQEC56.38 MeV@23# was used. In the
last column proposed spins and parities for each level are shown.

Level energy g Intensity b Feedinga log ft a b Feedingb log ftb Jp

~keV! difference ~%! ~%! (\)

0 20 5.41 6 5.9 5/21

14 4 6.1 1.2 6.6 7/21

545 0~1! 0.0~2! 0.0~3! 1/21

664 25~3! 6.8~6! 5.62 8.3~7! 5.53 (3/21)
678 36~2! 6.7~5! 5.62 8.2~7! 5.53 5/21

925 11.5~7! 24.8~3! 4.95 30.2~4! 4.87 3/21

991 1.4~2! 0.3~1! ~6.84! 0.37~6! ~6.75! (<3/21)
1062 79~1! 17.6~4! 5.04 21.5~5! 4.95 3/21

1078 2.3~4! 0.50~8! ~6.58! 0.6~1! ~6.49! 7/21

1229 9.5~2! 2.1~1! 5.89 2.57~5! 5.80 (3/21,5/21)
1343 3.7~2! 0.81~5! 6.25 0.99~6! 6.16 7/21

1496 35.1~7! 7.8~2! 5.20 9.5~2! 5.11 3/21

1614 7.5~3! 1.65~7! 5.81 2.02~8! 5.72 (5/21)
1649 10.8~4! 2.40~8! 5.63 2.9~1! 5.54 3/21

1914 5.2~6! 1.2~1! 5.82 1.4~2! 5.73 (3/21,5/21)
2016 6.7~3! 1.49~8! 5.65 1.8~1! 5.57 (3/21,5/21)
2127 8~2! 1.8~3! 5.51 2.2~4! 5.42 (3/21,5/21)

aThe first extrapolation assumed a logft55.41 for thend5/2 level.
bThe second assumed logft54.87 for thend3/2 level.
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For 107Sn, the ground state is assumed to be 5/21 from
systematics andb-decay experiments. Theng7/2 state is as-
sumed to lie at 151 keV, as anM1 transition from this level
has been observed with significant intensity.

The single-particlens1/2 state comprises the ground sta
for the odd-ASn isotopes with 113<A<119, and is known
to lie at 255 keV in111Sn from the transfer reaction exper
ments@14#. For the lighter odd-A Sn isotopes, the excitatio
energies of the single quasiparticle (g7/2, s1/2, d3/2, and
h11/2! are expected to increase with respect to thend5/2
ground state toward the single-particle configurations
101Sn. Theh11/2 andg7/2 quasiparticle states can be observ
in heavy-ion fusion experiments directly following a rea

FIG. 6. Half-life determination for107Sb. Intensities of the 151
and 1280-keV transitions are shown as a function of time follow
a tape movement. A weighted least-squares fit to these data sug
a 4.0~2! s for theb1/EC-decay half-life of107Sb.
04433
n

tion. Thed3/2 quasiparticle state is heavily populated in t
allowed Gamow-Teller spin-flipb decay from the odd-pd5/2
Sb parents. In contrast, thes1/2 quasiparticle state is no
populated directly in heavy-ion reactions, nor is it direc
fed in the b decay. The position of thes1/2 single-
quasiparticle level must therefore be indirectly inferred fro
the lack ofb feeding andg decays to the low-energyg7/2
level.

In 109Sn, neither the 545-keV nor the 991-keV states a
pear to be fed in theb decay. Nor do these states ha
decays to the 7/21 first excited state, supporting a possib
1/21 spin. From comparisons to the heavier odd-A Sn iso-
topes, the 545-keV level emerges as the best candidate
the ns1/2 single-quasiparticle state identified in this study.

Angular distribution measurements by Danko´ et al. using
the 106Cd(a,ng)109Sn reaction suggested aJp53/21 spin
and parity for the 545-keV level@7#. The 106Cd target used
was 77.3% pure; if a reasonable fraction of the remain
32.7% was comprised of112Cd(24.1%nat.), the 545-keVg
ray might have been contaminated by the 544.7-keV dou
of 112Cd(a,pg)115In. The 545-keVg rays deexcite levels a
1486.1 (9/21) and 1478.5 keV in115In @15#.

Possible evidence for contamination in the Cd1a study
may be seen by the large intensity observed for the 545-
g ray. TheJp53/21 states at 925, 1062, and 1496 keV we
observed only weakly. Furthermore, only the 1104- and 4
keV transitions were observed in coincidence with the 5
keV decay. The relatively intense 517-keV and 951-keV c
incidences observed here and in Ref.@4# were not observed

g
sts
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FIG. 7. Singles and time-gatedg-energy spec-
tra for A5107. Figure 7~a! shows the singles
spectrum for allA5107 recoils independent o
time. Figure 7~b! displays all transitions detecte
within approximately 3.5 s following a tape
move. Figure 7~c! shows transitions detected late
than 5.5 s following a tape move. Figure 7 show
the subtraction of the late time spectrum from t
earlier time. Long-lived components subtract
zero, while short-lived transitions appear a
peaks. Possible peaks may be observed at 1
keV @and 2045 keV,~not shown!#, but does not
exhibit the correct half-life. The peak or incorrec
half-life may be due to contamination.
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These missed coincidences suggest that some portion o
545-keV intensity observed by Danko´ et al. did not arise
from 109Sn, and may be the cause for the finite angular d
tribution coefficents.

A clear candidate for thes1/2 level in 107Sn was not iden-
tified. For the 704-keV level to have 1/21 spin and parity, the
553-keV peak in the 151-keV coincidence spectrum m
arise from random events. The lack of a 553-keV transit
in the time subtracted data supports a random observa
but the statistics may be too poor for confirmation. Furth
more, the low-energy 1/21 state cannot be directly populate
in theb decay of the 5/21 107Sb parent. We did not observ
any g rays in coincidence with the 704-keV transition, n
did we identify anyg rays in the singles data that may re
resent decays to the 704-keV level from higher-lying 3/1

states. In109Sn, these decays were relatively strong and e
ily identified. Therefore, a 3/21 spin is assigned to the 704
keV level in 107Sn.
04433
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The observation of the low-lyings1/2 state in 109Sn sug-
gests that this state may also lie at an energy lower t
expected in101Sn. While the energy of this level has a littl
influence on the calculated shell model energies, it may p
a role in the transition rates. This was observed in rec
calculations for an isomeric 61→41 decay in 102Sn @16#;
cancellations in the matrix elements caused the calcula
B(E2) intensities to be sensitive to the single-particle en
gies of thes1/2 andd3/2 orbitals.

Three stronglyb-fed states were observed in109Sn and
107Sn: states at 925, 1062, and 1496 keV in109Sn and 970,
1280, and 1454 keV in107Sn. These states are suggested
have relatively larged3/2 neutron quasiparticle admixture
and were assigned 3/21 spins and parities. Other low-spi
states were also observed in both isotopes. Tentative s
and parities have been assigned in accordance with obse
b branching andg intensities. Results are summarized
Figs. 4, 3, and 8.
d

y
u-
A

II.
FIG. 8. Proposed level scheme for107Sn fol-
lowing 107Sb b decay. Transition energies an
levels are in keV;g intensities relative to the
d3/2-d5/2 transition are schematically displayed b
arrow thickness. Internal conversion contrib
tions to the intensity are denoted in white.
range of proposed logft values are also shown
for the extrapolations presented in Table
The decayQ-value has been recommended@23#.
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B. Cluster states

Nuclei having three particles or holes outside sin
closed shells may have a cluster state, in which the th
particles ~or holes! interact without pairing. For an odd-A
nuclide with three nucleons~or holes! occupying a statej
>5/2, the last odd particle is responsible for the obser
nuclear spin. In addition, a low-energy cluster state ofj 3

5J21 may be observed above the single-particle (J5 j )
state, but well below the core-coupled states. Other clu
states ofj 35J22,J12,J11, . . . lie at higher excitation en
ergy. Secondary 3/21 and 5/21 states have been observed
both 109Sn and107Sn below 1 MeV. These states may ari
from three-quasiparticle coupling involving particles~or
holes! in the nd5/2 andng7/2 orbitals, respectively.

Shown in Fig. 10 are the odd-AN582 isobars withZ
551265. For both135I and 137Cs, two 5/21 levels are ob-
served contrary to the single level in the remaining isoton
The single 5/21 level is attributed to thed5/2 proton single-
particle level. The additional 5/21 level in 135I and 137Cs is

TABLE III. g intensities in107Sn following 107Sb b decay. En-
ergy errors are60.3 keV. Intensities are relative to the 1280-ke
transition.

Level energy To level g-ray energy Relative intensity
~keV! ~keV! ~keV!

0
151 0 151.5 64~3!

704 151 552.7 3~1!

0 703.5 34~2!

818 151 666.6 63~3!

0 818.2 34~2!

970 151 819.4 9~2!

0 970.2 44~2!

1280 0 1280.1 100
1454 0 1453.9 40~3!

~1619! 0 1619.5 10~1!

~2045! 0 2045.5 7~1!
04433
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the result of theg7/2 cluster. Three valence protons or hol
in the g7/2 orbital couple to 5/21 in 135I and 137Cs, respec-
tively. Such cluster structures are not observed in the o
nuclides as theg7/2 orbital contains too few or too man
particles.

Spectroscopic factors from (3He,d) transfer reactions
@17# are shown for the 5/21 levels in I and Cs. The lower
5/21 state contains higher single-particle character for b
isotones. However, the single-particle strength for clus
structure in 135I shows a significant amount of mixing be
tween thed5/2 and (g7/2)

35/21 levels. Mixing between the
two 5/21 states in 135I will push the 5/21

1 level down in
excitation energy, and the 5/22

1 higher. This is not the case in
137Cs, where thed5/2 composition is minimal in the 5/22

1

level.
Three-quasiparticle or cluster coupling was also used

describe low-lying 7/21 levels on odd-mass Ag isotopes wit

FIG. 9. Coincidences with the 151-keV transition of107Sn. A
peak at 819 keV is easily observed, suggesting a transition betw
the 970- and 151-keV levels. A coincident transition of 152 keV
not observed, supporting the absence of a second 152-keV tr
tion from the 970-keV to the 818-keV level. A small peak may
may not exist at 553 keV. If real, this transition would arise from t
704-keV level. The small peak at 169 keV is due to Compton sc
tering of the strongly produced 321-keV transition in107Cd follow-
ing 107In decay.
s
f the
rror.
TABLE IV. b-decay feeding intensities in107Sn. The difference betweeng feeding and decay intensitie
was attributed to theb population. Intensity differences relative to the 1280-keV transition and fraction o
total are shown. The fraction ofb feeding for the ground state is extrapolated with an approximate e
Calculated logft values for each state are also shown, in which the recommendedQEC57.91 MeV@23# was
used. In the last column, proposed spins and parities for each level are shown.

Level energy g-Intensity b feedinga log fta b feedingb log ftb Jp

~keV! difference ~%! ~%! (\)

0 14.6 5.41 32 5.07 5/21

151 28~4! 6.9~4! 5.69 5.5~3! 5.79 7/21

704 31~2! 9.1~5! 5.41 7.2~4! 5.51 (3/21)
818 89~3! 22~1! 4.98 17~1! 5.08 (5/21)
970 54~3! 13.2~7! 5.15 10.5~6! 5.25 (3/21,5/21)
1280 100 25~1! 4.77 20~1! 4.87 3/21

1454 40~3! 9.8~6! 5.11 7.8~4! 5.21 (3/21)

aThe first extrapolation assumed logft55.41 for thend5/2 level.
bThe second assumed logft54.87 for thend3/2 level.
0-8
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threeg9/2 holes in theZ550 closed shell@18#. This model
was also used to explain a 3/21 level at only 267 keV in
93Zr, having a (nd5/2)

3 configuration. Similar low-energy
3/21 states are not observed in either91Zr or 95Zr.

Neutron clusters above theN550 shell gap may also b
observed in the light Sn isotopes. The close proximity of
neutron d5/2 and g7/2 orbitals suggests that three
quasiparticle/hole clusters may be observed for both orbit
Experimental energy levels for the light odd-A Sn isotopes
are shown in Fig. 11. For115Sn, both thed5/2 andg7/2 orbit-
als are full as theN564114Sn core is semimagic. No three
quasiparticle structures of (d5/2)

33/21 or (g7/2)
35/21 are ob-

served or expected. The structure of113Sn, with a single hole
in theN564 subshell, consists of the same five quasipart
levels below 1 MeV as compared to115Sn. The removal of
two neutrons provides three holes in theg7/2 orbital, which
couple to form the second 5/21 state at 755 keV in111Sn.
Transfer reaction studies determine a spectroscopic facto
only ;2% @19,20# of the value observed for thed5/2 ground
state.

FIG. 10. Level systematics forN582 isotones. The presence o
the second 5/21 state in 135I and 137Cs is attributed to (g7/2)63
cluster structures. Spectroscopic factors are adopted from Ref.@17#.

FIG. 11. Experimental energy levels for the light odd-A Sn iso-
topes. Single-quasiparticle neutron levels are shown in bold
with an asterisk~* !.
04433
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In 109Sn, three-quasiparticle/hole cluster structures m
be observed for both theg7/2 and d5/2 orbitals. In our data,
the level at 678 keV is suggested to be primarily compris
of a (ng7/2)

235/21 configuration. In Fig. 12, experimenta
and theoretical energy levels for the light odd-A Sn isotopes
are shown. Calculations in Refs.@21# and@7# support a 5/21

level in this energy region. The calculated energy levels
Ref. @21# show only two low-energy 3/21 states—
presumably thed3/2 single-quasiparticle level and a particle
core state. Calculations in Ref.@7# show three low-energy
3/21 states consistent with the three states suggested
the experimental data. The level at 664 keV is proposed
the (nd5/2)

633/21 state, while the level at 925 keV is largel
comprised of thed3/2 single-neutron configuration. The thir
3/21 state at 1062 keV may arise from ad5/2 or g7/2 neutron
coupled to the 21 core.

In 107Sn, the level at 818 keV is expected to be the thr
quasiparticle cluster (ng7/2)

235/21 state, as the separatio
energy from theg7/2 level is 667 keV, similar to the 664 keV
observed in109Sn. The 3/21 spin and parity proposed for th
704-keV level may be the (nd5/2)

633/21 state, as it is only
26 keV higher in excitation energy than a similar state at 6
keV in 109Sn. The 5/21 level at 819 keV and 3/21 state at
970 keV closely approximate the 5/21 and 3/21 levels near
950 keV calculated in Ref.@21#. The strongb decay branch-
ing to the 1280-keV level suggests dominantd3/2 single-
quasiparticle configuration. Calculations in Ref.@21# do not
reproduce thed5/2 cluster state, similar to109Sn results.

V. EXTRAPOLATED SINGLE-PARTICLE LEVELS IN 101Sn

Values for the single-particle energies of101Sn are pre-
sented in numerous theoretical papers available in the lit
ture. A sample is shown in Table V. The largest divergen
between the models is the placement of thes1/2 and g7/2
levels.

The calculated energy levels of109Sn shown in Fig. 12 by
Dankó et al. @7# used the model of Sandulescuet al. The
single-particle energies are shown in Table V for Ref.@21#.
As seen in Fig. 12, calculations in Ref.@21# place the 1/21

level of 109Sn too high in energy, while Ref.@7# is too low.
d

FIG. 12. Experimental~solid! and theoretical~dashed! energy
levels for the light odd-A Sn isotopes. Single-quasiparticle neutro
levels are shown in bold and with an asterisk~* !. Calculated levels
are adopted from Refs.@21# and @7#.
0-9
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TABLE V. Single-neutron energy levels~in MeV! for 101Sn.

Sandulescu
@22#

Engeland
@21#

Duflo
@24#

Leander
Wood-Saxon

Leander folded
Yukawa

Leander Skyrme III
@25#

Borzov
@26#

d5/2 0 0 0 0 0 0 0
g7/2 0.5 0.20 0.5 1.45 1.09 0.47 1.899
s1/2 1.6 2.45 0.8 2.16 2.46 2.54 2.106
d3/2 2.2 2.54 1.6 2.86 3.22 2.44 2.262
h11/2 2.6 3.00 2.4 2.77 3.13 3.24 2.862
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These two calculations may then suggest a reasonable
for thes1/2 level in 101Sn, i.e., 1.6 – 2.45 MeV relative to th
d5/2 ground state. A rough extrapolation from the heav
mass odd-A Sn isotopes supports placement of thes1/2 or-
bital within this range.

Values for the single-particle energies shown in Table
are typically extrapolated from experimental observatio
near other shell closures. The Fermi level is assumed
smoothly decrease away from the shell closure. This can
seen for theN582 isotones shown in Fig. 10, where excit
tion energies for thed5/2 andh11/2 single-quasiparticle orbit-
als smoothly decrease asZ drops from 65 to 51.

However, such an assumption may not be justified in
regions where little experimental data is available. Syste
atics for the Ni isotopes nearN540 is shown in Fig. 13. The
g9/2 intruder orbital is high in energy nearN528, then low-
ers as the neutron number increases. However, theg9/2 level
remains at a nearly constant excitation energy for the
topes havingN535–39. For these isotopes, the Fermi lev
becomes ‘‘trapped’’ between the close-lyingf 5/2 andp1/2 or-
bitals. The additional neutrons do not significantly alter t
Fermi energy, and therefore do not affect the excitation
ergy of theg9/2 state.

Uncertainties in the light Sn structures may also lead
large errors for extrapolations toward101Sn. In 103Sn, the
g7/2 level is suggested to be positioned at only 168 k
above thed5/2 ground state@2#. This finding was recently
confirmed in ana fine structure experiment@3#. As the ex-
citation energy of theg7/2 level smoothly increases from

FIG. 13. Level systematics for the Ni isotopes. The nearly c
stant excitation energy for the 9/21 state in63267Ni may arise from
Fermi level ‘‘trapping’’ between thef 5/2 andp1/2 orbitals.
04433
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111Sn down to105Sn, the lowered energy in103Sn is unex-
pected. This rollover raises questions about the position
the ng7/2 level in 101Sn. Does the downtrend continue, su
gesting a 100-keVd5/2-g7/2 separation energy? Or is the rel
tively low ng7/2 level in 103Sn due to an effect present i
1052109Sn, but not in103Sn or 101Sn?

If the new data for103Sn is used to support a 100-ke
d5/2-g7/2 separation energy for101Sn, this may suggest tha
the Fermi level may be ‘‘trapped’’ between the close-lyin
d5/2 andg7/2 orbitals forN551–55. Thed3/2, s1/2, andh11/2
orbitals would then increase slightly asN550 is approached
and would lie at much lower energies than that suggeste
Table V.

The centroids for the Gamow-Teller spin-flip transitio

FIG. 14. Mixed and unmixed 5/21 levels in 1032113Sn isotopes.
Energies are shown relative to thed5/2 state. The presence of th
(g7/2)

235/21 cluster state in1072111Sn may lower thed5/2 quasipar-
ticle state;80 keV. A potential cluster state in105Sn is assumed to
lie at a similar energy as1072111Sn.
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strength using the four lowest 3/21 levels in 109Sn and107Sn
are 1075 and 1200 keV, respectively. This would suggest
the d3/2 level in 101Sn would lie at 1750 keV by a simpl
linear extrapolation. While this energy is well below the pr
dictions in Table V, it is consistent with the knownd5/2-d3/2
spin-orbit splitting of 1656 keV for the single neutron ho
levels in 131Sn. This would suggest that thes1/2 level would
also lie between 1.5 and 2 MeV in101Sn. The largest differ-
ence would be for theh11/2 orbital, which may lie below the
expected range between 2.0 and 2.4 MeV. In131Sn, the
d5/2-h11/2 separation energy is only 1415 keV.

An alternative explanation may suggest that the obser
trend for the 5/21-7/21 energy separation in105–109Sn is af-
fected by mixing between thed5/2 single-quasiparticle stat
and the (ng7/2)

35/21 cluster state. Mixing between these tw
states would lead to an exaggerated lowering of the 51

ground state relative to the first excitedg7/2 state in the iso-
topes where cluster states are present. The observed s
tures could arise from a small (;100–150 keV) depressio
for the ground state if matched by a similar increase in
cluster excitation energy. This is shown in Fig. 14. The eff
of mixing will be weak in 103Sn due to the relatively large
d5/2-g7/2 separation energy. Moving three neutrons into
g7/2 orbital will require a significant amount of energy; th
5/21 cluster state will thus lie high in excitation energy a
mix little with 5/21 ground state. As more neutrons a
added, theng7/2 nears the Fermi surface and the effects
mixing are significant. For113Sb, with a single neutron hole
in theN564 subshell, the cluster state is no longer availab
Mixing effects are maximized forN555, 57, and 59 neu
trons, respectively, as three particles/holes are readily a
able for both thed5/2 andg7/2 orbitals.

Similar to 113Sb, the cluster state is unavailable in sing
neutron101Sn. Systematics for thed5/2 andg7/2 orbitals in the
lighter N551 isotones has recently been extended to99Cd,
where the separation energy is 441 keV@27#. A d5/2-g7/2
ec
ha
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separation energy within 100–300 keV is proposed for101Sn
by comparison to the systematics and unmixed levels of F
14. A separation larger than 441 keV would be unexpect

VI. CONCLUSIONS

Low-energy, low-spin levels were observed and charac
ized in 109,107Sn following 109,107Sbb decay. Combined with
the recent data~i.e., Ref.@7#!, the structure of109Sn is now
well established below 1.5 MeV.

The gradual rise in theb-decay strength centroid for th
low-energy 3/21 levels, combined with the low 5/21-7/21

separation energy in103Sn can be used to support Fermi lev
‘‘trapping’’ between close-lying d5/2 and g7/2 single-
quasiparticle neutron levels. The Fermi level rises o
slightly asN decreases below 57. Consequently, extrapo
tions for the energies of thes1/2, d3/2, and h11/2 shown in
Table V lead to energies that may be too high by 500 to 10
keV.

Moreover, new data for107Sn and a more complete leve
scheme for109Sn may demonstrate trends for cluster stru
tures in the light Sn isotopes, which may offer another p
sible approach for understanding the lowd5/2-g7/2 separation
energy in103Sn. These data support an intermediate posit
near 2.0 MeV for thes1/2 neutron quasiparticle level in
101Sn, as compared to values shown in Table V. For theng7/2
position, a quantitative evaluation of mixing between t
5/21 cluster state with thend5/2 ground state is necessary
improve the precision of an estimated position of 250~150!
keV.
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