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1. INTRODUCTION

.According to the nuclear shell model, the shell that is being filled with from 50to 82 nuclecin.¢i.....
includes, among other orbitals, a hi2/2 "intruder" orbital. Since this orbital has the highest

j-va/ue in the shell and odd-parity, it is expected that the (hlz/2) configuratmns should, be
particularly pure, especially at the highest spin. Assurning a seniority to be a good quantum
number, the multiplets based on (h11/2)" v = 2 and (hlz/2)" v = 3 configurations exhibiting
a characteristic level pattern and terminating at an isomeric state at highest spin for each
configuration are expected in the middle of the shell containing between 50 and 82 nucleons.
The reduced E2 transition probability within such a multiplet is predicted to depend in a simple

way on the number of particles (n) occupying the (hzz/2)"* subshell [1]

B(E2)o, • 0
p.

In the expression above v represents seniority, e_j! is the effective nucleon charge, and (r 2) is the

radiM matrix element of r '_ between the hill2 single particle states. Accordingly, abnormally Z
long-lived seniority isomers should occur in the nuclides where the hzz/_ subsheLl is close to D
being half-fiLled, q)-

The decay of (_rh_/_)" yrast isomers was studied in a series of proton-rich N = 82 isotones__
culminating in determination of B(E2) values in _Lu and ZS_Hf[2]. In the N = 82 isotones_ u_
however, it seems unlikely that the measurements could be extended beyond z'_Hf (n = 8). Th_ mIm

opportunity to investigate the (h_/:_) n isorners across the whole hzz/_ subshell exists, at. least_#_ O
in principle, in Sn isotopes where the counterpart vhz_/2 subshell is being filled with neutron_ O

O

starting at _eSn. Before our rneasurements [3] were initiated, the (vhz_/2) r' 10+ isomers wer_ o')
116,118 120 12 ,130

Known to exist in ' 'Sn [4,5], where the vh|i/_ subshell begins to fill, and in Sn t--u.
6] at the other end, Important information, however, was missing about the 10+ isomers in 0
22,124,126 eSn where th. long lifetimes are expected. The v = 3 (hz_l._) isomers in odd tin isomers Z

for A > 119 were a/so not identified. A serious experimental difficulty in populating high spin O
states'in heavier Sn isotopes is that they are not accessible by fusion--evaporation reactions. V-".D
We decided to search for these missing tin isotopes among the products of heavy ion reactions
on ln.124Sn targets. Using this approach we were able to identify the isomeric decays and _:

., ,.e., n 129 124c,_ l_l *.... -_._ ,'- :.-, .... _"

] -we identified new I = 19/2 + yrast isomers in Zl'q'121'123Sn and measured their lifetimes [7]. In O
addition (vh,_/:_)" v = 3, I = 27/2- isomers in _*9'_'*Sn were observed for the first time. The
B(E2) values calculated from the measured lifetimes of v = 2 (vh_,/_)" yrast isomers allow us



to determine half filling of the rhic2 subsheU at N _. 73. The absence of tin isotopes with

A g 125, surprising at first since neutron-rich projectiles (_SGe,S°Se) were used, wa.s subse-
quently understood in terms of "N/Z equilibration" in these transfer reactions [_l].

2. EXPERIMENTS

The primary reaction chosen for the present investigation was 124Sn + 325 MeV _8Ge (_
15% above Coulomb barrier) since it appeared to offer the best prospects for poptflating Sn
isotopes in the A ,,_ 124 region. Subsequently the t2_Sn + 325 MeV 78Ge and 122.124Sn +
344 S°Se reactions were also utilized. Targets containing 1 mg/cm 2 12'2't24Sn were enriched to
> 96% and backed with lead. The ps pulsed beams of 76Ge and S°Se were from the ATLAS
superconducting linear accelerator at Argonne National Laboratory [9]. Data was obtained with
the Argonne-Notre Dame 7-ray facility consisting of 12 Compton-suppressed Ge detectors and
an inner ball of 50 BGO hexagons. The Ge detectors recorded "r-ray singles spectra in E_
versus time and E. 1- E_ versus time mode in-beam as well as off-beam. In some cases the time
interval between a Ge-detector pulse and delayed firing (up to 10 #a later) of a BGO hexagon
was also recorded.

3. RESULTS

3.1 Even-A Sn Isomers

The quality of the data is illustrated in Fig. 1 for the 124Sn + 325 MeV ZSGe reaction.
This experiment was performed in a 60 #s beam on and 210/,s beam off configuration. Ev-
ident in this ,qgure is the absence of lines that could be identified with l_Sn, but at the
same time there is clear evidence of transitions depopulating 10 + isomers in 12°'122'123Sn. The
10+ _ 8 + transitions with energy 75.2 keV in 122Sn and 78.2 keV in 124Sn that are not visible
in Fig. 1 have been seen clearly when gated by 281 keV 7-ray and 253 keV v-ray, respectively.
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Fig. 1. Off-beam 3'-ray spectra for the reaction 124Sn + 325 MeV 76Ge measured 2-80 pa

I after the beam bursts, with radioactivities subtracted. The upper spectrum is ungated whereas

the lower required a delay BGO hexagon pulse 1-9/asec after the Ge detector signal. Random
coincidences are not subtracted.



The key 281- and 253-keV 7-rays were decaying, during the off-beam period, together with the
7-rays known to follow the 7- isomers in 1_Sn and 124Sn. The decay data used to determine the
hMf-lives for the new 10+ isomers in 122,124Sn axe displ_yed in Fig. 2 and presented in Table 1.
The _/B(E2; 10.:-_ 8+) from Table 1 are plotted versus A in Fig. 3. The intersection of the line
connecting the B(E2; 10+ -, 8+) values with x/B_2;10 + '_ 8._ = 0 which occurs at A _ 123

(or N _, 73), indicates half-filling of the vhll/2 subsheU. As mentioned in the Introduction,
the crossing point for protons filling the rh11/2 subsheU in N = 82 isotones occurs just below

Z = 71 [2]. The difference between protons and neutrons filling the h1_/2 subsheU could be
' traced to the relative s112, d2/3 and hll/2 single-particle energies. For protons, due to the

Coulomb potential that increases the sl2 and d3/2 energies more than the hl12 energy, these
orbitals are nearly degenerate [12]. For neutrons, on the other hand, the sl 2 state, and to a

lesser extent, the d3/2 state are well below the h11/2 state [1,13].
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Fig. 2. Data for the 12_Sn and 224Sn 10+ isomeric half-life determinations. To minimize
interference from an extraneous 254 kev ")'-ray, only BGO-gated events were included for the
253 kev transition in 124Sn,
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Table 1. Decay data for the 10 + isomers in Sn isotopes a_d the B(E2; 10+ ---*8+) values.

10+ -* 8 + Tx/2 B(E2)
Nucleus (keV): (/_s) (e2fm 4) Ref.

l'6Sn 54.7(2) 0.90(1) 54(4) ° 10
11sSa 55.8(2) 2.63(7) _ 28.6(8) 4,5,10
l_°Sn 65.7(2) 6.26(11) 8.9(2) 5
_2Sn 75.2(3) 62(3) 0.70(4) Present work
124Sn 78.8(5) 45(5) 0.89(11) Present work
_2SSn 79.3 2.69(23) 14.4(13) 11

13°Sn 96.5 1.61(15) 14.5(14 11

"I_omeric E2 branching of 63(4)% adopted from Ref. 10.

bObta_ned by reaLnalysis of data from Ref. 5.
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Fig. 3. Measured E2 transition amplitudes for the (vh11/2) '= 10+ _ 8+ transition; in even-A
Sn isotopes. Error bars lie within the plotted points.

: 3.20dd-A Sn Isomers

Since detailed analysis of the off-beam spectra in the 122'1248n -[- V6Ge reactions showed
unknown v-rays decaying with '/'1/2 "" 5 - 10 ps, a follow-up experiment with 172'124Sn +
S°Se reactions was performed. Previously, a 1.75 ps 19/2 + isomer that decays mainly by a
19/2 + --_ 15/2- --* 11/2- "t-ray cascade was tentatively identified in _lrSn [14], but low-lying
11/2- single particle states are the highest spin states known in the odd 119-I_58n isotopes.

Figure 4 shows off-beam 7-ray spectra measured 2 - 12 pa after 122'124Sn + 344 MeV S°Se
reactions. With a 124Sn target, six previously unassigned trazlsitions were present. On the basis
of coincidence measurements, these six transitions could be grouped in three pa.irs with the two
transitions in each pair decaying with the same half-life. After the half-live_ were determined
for each group, we assigned these pairs, guided by systernatics, to 119'121'1238n isotopes as shown
in Fig. 5.
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The 9.6/isisomerisfirmlyassignedto ll9Snbecausea low-lying1220 keV traxlsitionin
thisnucleuswas identifiedin an earlyIz(iCd(cr,riT)study[15],and both the 318 and 1220 kev

_- ---_ " i ...... t_ ' • --- " 1 " • .... ! _'_

300 0 ilion 0 lll,S_l V I# 124_r1
° '"s. , '='sn _ I_

250 v "Sn o '='sn o ,- _ TARGETo
• '"s. • "z_ §,- _t

iri200 _, ,r-v

..i ° ° •
1so ® o " _.il "-

0 100 _ "- ! r- ii. , _°

o N

300 v , •

_ZZSn
250 o v TARGET

200 o

°
t- v
Z 150 o

100 ,)

,oo
..__.__.,--._L_, l ,., _ , I, L__..__..I.

800 900 1000 1100 1200 1300

Ev (keV)

Fig, 4. Off-beam 7-ray spectra measured 2-12 #s after 112'124Sn + 344 MeV S°Se reactions
with radioactivities subtracted.
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"7rays were previously observed in the zleCd(TI,i,p3n) reaction [5]. The disappearance of the
838 and 1107 k_,V "t-rays when the 124Sn target was replaced by the t2_Sn one (Fig. 4) provides
a forceful indication that these are transitions in l_Sn. However, the strongest arguments for
the a.ssignments of the 5.3 ps isomer to 121Sn and the 7.4 ps isomer to l_Sn axe based on
the energy systematics displayed in Fig. 5. The three new isomers observed in the present
work are interpreted by analogy with the known 1.75 ps isomer in 11_Sn [14] as 19/2 + states of

Phil2 × 5- character in the 11_'121'123Sn nuclei, each of which decays to 15/2- and 11/2- states
by a cascade of M2 and E2 transitions. The 0+, 2+ and 5- states in the neighboring even-A
Sn nuclei axe also shown in Fig. 5. It is obvious that, with the proposed isotopic assignments
for the new isomers, the 15/2- and 19/2 + energies follow closely the highly regular systematics
of the 2+ and 5- energies in the even-A isotopes.

The identification of the 15/2-" --, II/2- transitions in 119'121'123Sn wa_ an important
step towards further studies of (vh11/2) r_, v - 3 states in these nuclei. Since the lifetimes

of (vh11/2) rL27/2-, v - 3 isomers are expected to be about 0.1 ps, the 124Sn .I- 344 MeV 8°Se
experiment was repeated with beam pulsing of 0.4 ps on and 0.5 ps off. The off-beam coinci-
dence spectra measured 10 - 320 ns after the reaction are presented in Fig. 6. Our proposed
partial level schemes for 119'121Sn are presented in Fig. 7.
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Fig. 6. Off-beam 7 - 3' coincidence spectra measured 10 - 320 n,9aJ'ter 124Sn + 344 MeV S°Se
reaction.
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Fig. 7. Proposed partiallevelschemesfor119'121Sn.

4. COMMENTS ON REACTION MECHANISM

The absence in our spectra of transitions between high spin states for A L 125 can be
understood in terms of the "N/Z equilibration" mechanism [8]. It predicts, in our case, mass
flow away from the heavier (target) and into the lighter (projectile) reaction partner. In Fig.
8 the yields of the even-even products of the 124Sn + 344 MeV S°Se reaction axe presented
as obtained from the 4+ _ 2+ --, 0+ coincidence intensities. The areas of the squares are

proportional to the yields. The dashed line represents (,_)= = _ where z designates the
reaction product and p and t stand for projectile and target, respectively. The contours in Fig.
8 represent the liquid drop potential for two touching nuclear drops characterized by (Ax, Z=)
and (A_,Z_)[8]. For a fixed Z= (or Z_)the potential V( A=, Z=; Av, Zu) was a minimum at N=



(or N_) for whicti the above requirement for (N/Z)= is satisfied.
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5. SUMMARY

Previously unobserved (vhi1/2) '_ v = 2 isomeric decays have been identified in 122'1_4Sn and
their lifetimes measured. The calculated B(E2; 10+ --, 8+) transition probabilities indicate that
half-filling of the vhll/2 subshell occurs at about N = 73 (or l_3Sn). In odd Sn isotopes, the

decay schemes of newly observed (vhll/2) r' 27/2-, v = 3 have been proposed in lm'12iSn. The
lifetimes were measured for 19/2 + yrast isomers in llg'121'l:Z3Sn, but no transitions above this
isomer were observed in lZ3Sn. In the reactions used in this investigation, it is suggested that
absence of a population of Sn isotopes with A _> 125 could be understood on the basis of a
simple liquid drop potential.
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