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Microsecond isomers in 125,127,129Sn
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Microsecond yrast isomers were observed in the125,127,129Sn isotopes. These nuclei are produced by thermal
neutron induced fission of233U and 239Pu. The detection is based on time correlation between fission fragments
selected by the LOHENGRIN spectrometer at ILL~Grenoble! and theg rays or conversion electrons from
isomers. In this paper, the decay schemes of the new 19/21 yrast isomers in125,127,129Sn are reported. The
measured low-lying negative parity states are compared with the results of various calculations. This work
suggests also the presence of high spinb isomers in127,129In.

PACS number~s!: 21.10.Tg, 23.20.Lv, 25.85.Ec, 27.60.1j
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I. INTRODUCTION

The study of yrast excitations of the Sn isotopes betw
the two magic numbersN550 andN582 provides a valu-
able testing field for the development of the nuclear sh
models. However, on the experimental side, the odd neu
rich Sn isotopes in the vicinity of132Sn are difficult to pro-
duce. Recently the neutron rich119,121,123Sn were produced
in deep inelastic reaction@1#. In this work the decay ofms
yrast isomers were observed and the intermediate spin re
up to I 527/2 was explored. AboveA5123 our knowledge
comes exclusively from theb-decay data@2,3# where only
the low spin region was explored.

On the theoretical side, if several calculations have b
presented recently for the light Sn isotopes, for the he
ones only a few microscopic calculations are available.
Ref. @4# Insoliaet al. have studied the odd Sn isotopes in t
mass rangeA5117–123, within the framework of a multi
step shell-model BCS formalism. The two body interactio
used in this calculation were extrapolated from the w
known interaction obtained in the Pb region. More recen
Holt et al. @5# have computed the low-lying levels of the od
1212129Sn isotopes. In this work the effective two body i
teraction was derived from a nucleon-nucleon potential. U
fortunately, only the low spin levels have been computed

To gain more experimental information on the heavy o
mass Sn isotopes, we have looked for the expectedms iso-
mers in the125,127,129Sn nuclei, with half-lives longer than
0.7 ms.

II. EXPERIMENTAL PROCEDURE

The nuclei of theA5125, 127, and 129 mass chains we
produced by thermal neutron induced fission of233U and
239Pu targets. The tables of independent yields of Engl
0556-2813/2000/61~2!/024312~6!/$15.00 61 0243
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and Rider@6# show that the Sn isotopes in the mass ran
A5125–129 are the most strongly produced elements in
fission of these two targets.

The LOHENGRIN spectrometer at ILL has been used
separate the fission fragments~FF! recoiling from thin tar-
gets of about 400mg/cm2, according to theirA/q ratios.
The FF are detected by aDE gas-detector of 13 cm length
and subsequently stopped in a Mylar window of 12mm
thickness. Theg rays decaying the isomeric states are d
tected by two large volume Ge detectors and the conver
electrons are detected by two cooled Si~Li ! detectors cover-
ing a total area of 236 cm2 and located at 7 mm behind th
Mylar window. The electron detection efficiency is abo
30%. The gas pressure of the ionization chamber was tu
to stop the FF at about 3mm from the outer surface of the
Mylar window to minimize electron absorption and to have
good energy resolution. This setup is designed to measu
rays and conversion electrons down to 10 and 15 keV,
spectively. The ion transport time through the LOHENGR
spectrometer is about 2.2ms for the heavy FF, which limits
the studies to half-lives longer than;0.7 ms.

Events were stored on a disk each time a Si~Li ! detector
or a Ge detector fired within a time range of 40ms after a
FF had reached the focal plan of the spectrometer and
detected. In this case, the parameters recorded are theDE
signal of the ionization chamber and the signals of the
and Si~Li ! detectors with their time delays. So, the possib
g-g, g-electron, and electron-electron coincidences are
tected and registered. The singles spectra of each detecto
also recorded. This last information is used to subtract
random events from the spectra measured in delayed co
dences with the FF. Theg-singles spectra are also used
deduce the independent production yields of the isom
They are obtained by comparison of the intensities of theg
rays deexciting the isomers with lines of the same m
©2000 The American Physical Society12-1
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FIG. 1. g-decay spectra of thems isomers observed in theA5125–129 mass chains. Only the most interesting part of each spectru
shown to have more readable plots. The Ar line is a high intensity backgroundg-ray produced by40Ar(n,g) reaction. InA5127, a weak
contamination of132Te is due to their closeA/q values.
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chain measured in singles spectra, and of known cumula
yields of Ref.@6#.

III. EXPERIMENTAL RESULTS

The level schemes of125,127,129Sn were already studie
through theb decay of the ground states and isomers
125,127,129In @2,3# and the low spin region up toI 511/2 was
explored in this work. Moreover, four delayedg rays of
382.5, 570.2, 1136.0, and 1323.7 keV fed by ab-decay half
life T1/250.69 s, and two delayedg rays of 715.4 and
1094.7 keV fed by ab-decay half life T1/251.2 s, were
observed in129Sn and127Sn, respectively. The authors su
gested that they deexcite two unknown isomeric states
and 3.1~9! ms in 129Sn and127Sn respectively, but they did
not place them in the level schemes.

In our measurements severalms isomers have been ob
served in theA5125–129 mass chains. Theirg-spectra and
decay curves are shown in Figs. 1 and 2, respectively.

A. A5129

Two isomers have been observed in theA5129 mass
chain. The weakg lines of 723 and 1128 keV deexcite a
isomeric level of 2.2ms half-life, already assigned to129Sb
@7#. The four other lines of much stronger intensities hav
half life of 3.7(2) ms and their energies and intensities a
02431
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reported in Table I. Most probably they are the same as th
already observed by De Geer and Holm@2#.

The Si~Li ! spectrum in coincidence with the 382.2 an
570.1 keVg rays is shown in Fig. 3. The two lines of 25.0~5!
and 36~1! keV are interpreted as the SnKa x rays and an
L-conversion line of a 40 keV transition, respectively. T
experimental ratio of theK-x–ray intensity overL-electron
intensityR50.7(2) is compatible only with anE2 multipo-
larity. In conclusion, the 3.7ms isomer belongs to the129Sn
isotope and decays by a low energy transition ofE2 multi-
polarity.

B. A5127

In this mass chain the situation is analogous to the pre
ous one. Two isomers have been observed. The four line
806, 825, 1095, and 1114 keV deexcite an isomeric leve
11 ms already assigned to127Sb @8#. The five other lines,
reported in Table I, have a half life of 4.5(3)ms. The two
strongest lines of 715.3 and 1094.7 keV have already b
observed by De Geer and Holm, with a half-life consiste
with our measurement. However, the examination of
g-ray table reported by these authors shows that the th
remaining weaker lines are also present but without any
dication of time delay. In our work, no electrons were me
sured in coincidence with the lines deexciting the 4.5ms
isomer.
2-2
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One can then conclude that the 4.5ms level fed by theb
decay of In in the previous experiment and directly fed
the fission of 233U and 239Pu in the present work, is a
isomeric level of127Sn or 127Sb, the only FF produced with
significant fission yields. However, the absence of comm
g rays between the well established 11ms isomer in127Sb
and the decay of the 4.5ms isomer suggests strongly th
the latter belongs to the127Sn isotope.

C. A5125

Two ms isomers are also produced in theA5125 mass
chain. The two lines of 737 and 1173 keV deexcite an i
meric state of 9.4~6! ms very recently found in125In @9#. The
five other lines observed in Fig. 1 and reported in Tabl
have a half-life of 6.2~7! ms. This isomer is expected to be

FIG. 2. Half-life spectra of theA5125–129 mass chains.
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125In or 125Sn, which have sufficient production yield
Again, the absence of commong rays between the well es
tablished 9.4ms isomer in 125In and the decay of the
6.2 ms isomer suggests strongly that the latter belongs to
125Sn isotope. No conversion electron were observed in
incidence with theg lines deexciting this isomer.

D. Isomer fission yields

The independent fission yields of the three isomers
served in this work have been measured for the239Pu target.
The values found are 231025, 1.531024, and 931024, per
fission for masses 125, 127, and 129 respectively. The in
tainties (;30%) on these values are mainly due to the
certainties on the cumulative yields used as reference va
in the calculation. Assuming that these three isomers ar
the Sn isotopes we have also computed the ratio between
independent yield of the isomer found and the first 3/1

level, which is the ground state in129Sn and an isomeric
level in 125Sn and 127Sn. The independent and cumulativ
fission yields used in this calculation are extracted from R
@6#. The values found 9%, 12%, and 13% for masses 1
127, and 129 are almost constant; this fact justifies a po
riori that the isomeric levels are in Sn. This result sugge
also that most probably these three isomers are of the s
nature.

IV. LEVEL SCHEMES AND DISCUSSION

The decay schemes of the three isomers found
125,127,129Sn are shown in Fig. 5 along with the previous

FIG. 3. Si~Li ! spectrum gated by the sum of the 382 and 5
keV g rays assigned to129mSn.
TABLE I. Half-lives and g-ray transitions observed in the decay of Sn isomers.DEg;0.2 keV, DI g

;4% , 10% and 15% for129Sn, 127Sn, and125Sn, respectively.

Nucleus T1/2 (ms) Eg~keV! (I g)

129Sn 3.7~2! 382.2~46!, 570.1~56!, 1136.0~56!, 1323.8~44!
127Sn 4.5~3! 566.8~15!, 715.3~75!, 732.3~15!, 1094.7~87!,

1242.6~13!
125Sn 6.2~7! 661.0~20!, 792.8~40!, 805.5~40!, 1087.5~81!,

1218.7~19!
2-3
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known 123Sn@1#. They are based on the coincidence relatio
ships shown in Fig. 4.

In all these nuclei, the isomeric state decays mainly b
very low energy transition. In129Sn we have found that th
isomer decays by a low energy transition of 40 keV with
E2 multipolarity. TheB(E2)532(2)e2 fm4 value and the
hindrance factorFW51.2 W.u. suggest that the isomer
transition takes place between two levels having a largeE2
overlap of their respective wave functions. In the thr
lighter isotopes the transitions are too low in energy to
serve their conversion electrons and the energies are ded
from the cross-over transitions which feed directly the fi
excited level. Assuming that these low energy transitions
alsoE2 in nature, theirB(E2) values are reported in Tabl
II. The hindrance factors vary between 1 and 4 from127Sn to
123Sn, and are roughly comparable with the one for129Sn.

The spin and parity assignments proposed in Fig. 5
based on the energy systematic arguments deduced
comparison with the known lighter Sn isotopes and the
considerations.

The decay patterns of the125,127,129Sn isomers are very
similar to the one of the previously known123Sn. By anal-
ogy, a spin and parityI p519/21 is assigned for the thre
new isomers found in this work. Figure 6 shows that t
excitation energy of this state for a long set of odd Sn i
topes is remarkably parallel to that of the 52 two neutron

FIG. 4. Examples ofg-g coincidence spectra.
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state in the even Sn isotopes. This feature strongly sugg
that theh11/2 ^ 52 configuration is the main component o
the isomeric levels in the1192129Sn isotopes. The 52 is not a
pure shell model state, but contains an admixture
(d3/2h11/2) and (s1/2h11/2) configurations.

The very low energy isomeric transition in1232129Sn has
been assigned as the 19/21→15/21 transition taking place
between two members of the same mutiplet. The rapid
crease in theB(E2) values between127Sn and123Sn can be
explained by theh11/2 subshell occupation. One expects
have a minimum of theE2 amplitude for123Sn correspond-
ing to the half-filling of this orbital@1#. However, the effect
is less important than for the pure (h11/2)

n state with senior-
ity n52 or 3, because thed3/2 and s1/2 orbitals play also
some role in theE2 matrix elements. We have to notice th
the 15/21 assignment proposed in this work does not ag
with the previous 17/22 value proposed in Ref.@1# for 123Sn,
without any justification.

The lower energy levels 11/22, 13/22 and 15/22 found in
1252129Sn are expected to be rather pure members of
nh11/2

2n multiplet with seniorityn51 and n53 by analogy
with the lighter Sn isotopes. The isomeric levels in1232127Sn
decay partially to the 15/22 state by a strongly hinderedM2
transition as reported in Table III. In fact, anM2 transition
cannot take place between theh11/2

22 d3/2
21 or h11/2

22 s1/2
21 configu-

ration and theh11/2
23 configuration and therefore an admixtu

FIG. 5. Decay schemes of the 19/21 isomers in the heavy odd
Sn isotopes.
states
TABLE II. B(E2) reduced probabilities and hindrance factors of transitions deexciting the isomeric
of 1232129Sn. The 19/21→15/21 isomeric transition was observed only in the129Sn decay. The data on123Sn
are from Ref.@1#.

Transition Multipolarity A B(E2) (e2 fm4) FW ~W.u.!

19/21→15/21 E2 129 32~2! 1.2 ~1!

E2 127 34~4! 1.1 ~1!

E2 125 18~3! 2.1 ~4!

E2 123 ;9 ;4
19/21→15/22 M2 127 5500~600!

M2 125 4100~800!
M2 123 ;4700
2-4
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TABLE III. Comparison of the low-lying negative parity states of1232129Sn with the calculation of Ref.
@5#. The energies in keV are determined relative to 0 keV for the low-lying 11/22 states.

129Sn 127Sn 125Sn 123Sn
I p Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

11/22 0 0 0 0 0 0 0 0
7/22 1043 920 964 910 937 920 931 910
9/22 764 1190 646 840 618 710 619 670
13/22 1324 1243 1440 1219 1330 1217
15/22 1136 1150 1094 1090 1088 1070 1107 1050
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21 is essential. However, this admixture is expec
to be very weak, which explains the large hindrance fact
measured.

The low-lying negative parity states of129Sn were com-
puted, assuming they have a pureh11/2

23 configuration. Some
levels of the multiplet are reported in Fig. 7 and compa
with the experiment. In this calculation, the relative resid
interactions of the two neutron holesnh11/2

22 states 01, 21,
41, 61, 81, and 101 are the experimental130Sn energies
@10#. The calculated level energies are normalized to the 1
state with seniorityn51. This simple calculation gives
good agreement with the experiment for the 7/22, 13/22,
and 15/22 states, thus providing support for the interpre
tion of 129Sn. The agreement is however less good for
9/22, with a deviation of 167 keV to be compared with
mean value of 42 keV for the three other states.

This theory predicts also that the 27/22 state of maximum

FIG. 6. Energy systematics of the 11/22, 13/22, 15/22, and
19/21 levels in 1192129Sn. The energies are expressed relative t
keV for the low-lying 11/22 states. The open circles correspond
the 52 two neutron states in even Sn nuclei.
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angular momentum will be another yrast trap with a half-l
of about 0.2 ms, decaying by an isomeric transition of abo
135 keV energy andE2 multipolarity. It is a challenge for
the future to look for it in the three1252129Sn isotopes.

The negative parity states of the lighter Sn isotopes
expected to have a more complex structure than those
129Sn. In Table III we have compared the known experime
tal 7/22, 9/22, 13/22, and 15/22 states of1232129Sn with the
results of the more sophisticated calculations of Ref.@5#. If
the 15/22 is very well reproduced for these four heavy S
isotopes, with a mean deviation of 20 keV, the agreemen
worse for the other states. The main discrepancy conc
the 9/22 state, with a deviation between theory and expe
ment of 425 keV. It is interesting to notice that our mu
more simple calculation assuming a pureh11/2

23 configuration
gives much better results for the negative states of129Sn and
that the difference between the two theories is as large as
keV for the 9/22 state. We have no simple explanation f
this effect.

V. ISOMERISM IN INDIUM ISOTOPES

We have shown in this paper that the 3.7 and 4.5ms
isomers of129Sn and127Sn, respectively, are also fed by th
b decay of the In isotopes. However, the ground state
129In and 127In has a spin and parityI p59/21 which cannot
feed directly or indirectly the 19/21 state found in this work.
Consequently thesems isomers are very likely fed from new
high spin isomers of129In and 127In. Two high spin and high
energy isomers 29/22 and 23/22 were reported very recently
for 129In in Ref. @9#; they could feed the observedms isomer.

0
FIG. 7. The experimental and calculated negative parity lev

in 129Sn.
2-5
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It would then be very interesting to look for possible hig
spin and perhaps high energyb isomers in the heavy In
isotopes.

VI. CONCLUSION

In this paper we have identified and studied the de
schemes of three new 19/21 isomers observed in1252129Sn.
These new data substantially extend our experimental kno
edge of the heavy odd Sn isotopes for which the 11/22 were
the highest spin states known until now. Comparison w
theory of the low-lying negative parity states shows so
, Z
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unexpected discrepancies for Sn isotopes close to the do
magic 132Sn. This paper stresses the lack of extensive th
retical calculations, including yrast excitations, for the hea
odd Sn isotopes. It is shown also that higher spin yrast tr
are expected in these nuclei which could be fed in the fiss
process.
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