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The decays of the very neutron rich Sn isotop&s *5n were studied at CERN/ISOLDE using isotopic and
isobaric selectivity achieved by the use of a resonance ionization laser ion source and mass spectroscopy,
respectively. Neutron decay ratesray singles, and-y coincidence data were collected as a function of time.
The half-life (T,,) and delayed neutron emission probability,j values of 1*Sn were measured to be
530(20) ms and 213)%, respectively. Fot®%sSn, aT,,, of 25030) ms was determined along withR, value
of 30(5)%. For ¥’Sn, aT,,, of 19060) ms and aP, value of 5815% were deduced. Identification of
low-energy transitions if®>Sb was made possible by comparison of laser-on and lasef+aff spectra. Those
data combined with-y coincidence spectra were used to construct a level schemé®&l that includes an
unexpectedly low first excited state at 282 keV. A ground sgabeanch of 33.2% was measured by following
the growth and decay of th€5Sb daughter. Shell-model calculations are consistent with the obséf&il
level structure and can account for a lowered first excited state.

DOI: 10.1103/PhysRevC.65.034313 PACS nuni)er23.40-s, 29.30-h, 26.30:+k, 27.60:+]

[. INTRODUCTION preliminary report of these data has been published by Sher-
gur et al. [3].

The structure and decay properties of the neutron-rich nu-
clides near double-magit®?Sn are of interest to both astro- Il. EXPERIMENTAL PROCEDURES AND RESULTS
physicists and nuclear physicists. For astrophysicists, models
for relating the large-process abundance peaksfat 130 Neutron-rich nuclei were produced at CERN/ISOLDE by
and A=195 to the properties of theprocess itself are de- Spallation of a UG target(20 cm long, thickness 52 g/cm
pendent on the proper identification of waiting-point nu-and about 10 g/cfnof graphit¢ with 1 GeV protons that
clides, most of which are not accessible experimenfaljgl. ~ Were accelerated by3the Proton Synchrotron BooSt&B.
For nuclear scientists, comparison of the level structures of\PProximately 3x 10** protons strike the target in each pro-

these nuclides that haw/Z greater than 1.6 with the level ton pulse. PSB pulses are available in 1.2 s intervals. In these
structures of similar nuclides with/Z~ 1 provide an oppor- experiments, the minimum interval was 2.4 s that provides

tunity to develop a unified approach to nuclear structure W|thf0r a data CO”eCt'On penoq ot1 s and~1 s for tape move
- ) ment. Data collection periods as long as 12 s were used to
predictive power beyond nuclei that are not currently acces; -
. ; . e . ollow growth and decay of daughter activities.
sible for study. In particular, the identification of single-

ficl e lei adi RS dth luti Sn isotopes were selectively ionized by use of a resonance
particie energies in nuclel agjacenttosn and the evolulion 7 ation |aser ion sourcéRILIS). Previous studies at

of those levels will provide a proper basis for shell-model-ErN/ISOLDE have shown that the use of RILIS can sig-

calculations. . _ nificantly increase the yields of specific nuclides relative to
In this paper, we report in detail the results of a study ofihe inevitable products of surface ionizatiph5]. The ion-

the decay of*>~**Sn, isolated at CERN/ISOLDE by selec- ization scheme used for Sn nuclei was based on three reso-

tive laser ionization g-delayed neutror{Sdn) decay rates, nant transitions, X;=300.9 nm, \,=811.4 nm, and\;

y-ray singles spectra, andy coincidences were collected as <832.5 nm) leading to an autoionizing std#]. Sn ions

a function of time with the laser both on and off. Half-lives were extracted into the general purpose separator for mass

and delayed neutron branches are presented for all three ngeparation and implanted into an Al coated tape in one of two

clides, as is a decay scheme f3PSn to levels of**135p. A tape stations. At one stationg-delayed neutrons were

0556-2813/2002/63)/0343139)/$20.00 65034313-1 ©2002 The American Physical Society



J. SHERGURet al. PHYSICAL REVIEW C 65 034313

T T T T T

250,000 1500

(@

Least-Squares Fit
Observed Activty

1% Sb Growth and Decay

T p=188(2)sP =223 %
= $n Decay
T 1= 525(26) ms P

FIG. 1. Shown in(a) is a least-squares fit for
the background-subtractedn decay of *°3n.
Both the decay of®°Sn and growth and decay of
1355h are plotted. The least-squares fit yielded
500 Ty and P, values of 5285) ms and 213)%,

respectively. Inb), a Bdn spectrum was obtained
at A=135 with the laser-off.
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counted using the high-efficiency Mainz neutron longwith the laser-off. The laser-on spectrum shown has been
counter. This counter consists of a three-ring concentric arragorrected for the laser-off contributions. A least-squares fit
of 50 3He proportional counters. Neutron counts were re-for the neutrons from°Sn decay and the neutrons from the
corded as a function of time in 1-10 ms bins. This station iggrowth and decay of daughté>Sb is shown. Using values
also equipped with a thin plasti@@ detector to record of 1.682) s and 223)% for theT,,, andP,,, respectively for
B-decay electrons, again, in 1-10 ms time bins. In both tapd3*Sbh[8], a value of 52&5) ms is obtained for the half-life
stations, the measurement follows implantation with theof 13°Sn, the same as shown in the figure caption, along with
clock starting when the proton pulse hits the target. The tapa P,, value of 213)%. The time spectrum projected from the
is moved after each measurement period to avoid buildup of-(t) matrix for the 282-keVy-ray is shown in Fig. 2. Cor-
long-lived isobaric activity in front of the detectors. In both rections have been made for Compton events that also fall in
stations, data were taken with the laser-on and also with thghe 282-keV energy window. Ay, of 53325) ms is ob-
laser-off. tained from these data. Combining our data from the time
y-rays were counted at the other tape station with threelependence of thgdn andy-ray data, we obtain @, of
orthogonal Pb-shielded Ge detectors. For each event, the ow:532) s for ¥°Sn. AT,,, measurement of 0(6) s andy-
puts from all three Ge detectors were recorded along withays at 282, 317, 732, and 925 keV have been observed in
time-to-amplitude converter information and the time of the 1355 decay by Korguét al. [9].
event after the proton pulse. From these data, it was possible |n Figs. 3 and 4,-ray spectra are shown that were pro-
to construct ay-y coincidence matrix, and g(t) matrix.  jected from they-(t) matrix. The spectrum accumulated dur-
Projections from these matrices were used to determine th@g the first 1.32 s after the start of counting is shdiy.
time dependence of eachray and generate coincidence 3(a), Fig. 4] along with they-rays accumulated during the
spectra. These techniques have been previously described §¥cond 1.32 $Fig. 3b), Fig. 4b)] and a third spectrum
Hannawaldet al., in studies of Cd and Mn decays,7]. taken with the laser offFig. 3(c), Fig. 4(c)]. Comparison of
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In Fig. 1 is shown the time dependence of iBelelayed 8 Gtharls Decay 55 9
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FIG. 3. yspectra obtained following the decay t¥Sn. In(a),
T1/2 = 533(25) ms {} data were obtained during the first 1.32 s following proton spalla-
{ tion of the target with the laser on. Spectrgh) was taken in the
following 1.32 s time interval, also with the laser on. The x for the
100 ! ! ! ! ! 317 keV y-ray designates a transition in thggn daughter'®sh.

0.4 0.8 12 The laser-off spectrum obtained fér=135 is shown in(c). The
peaks not assigned to the decay'#%Sn can be attributed to either
the decay of**®Cs nuclei produced from surface-ionization in the

FIG. 2. Least-squares fit of the decay of the 282-keV transitiortarget or decay from long-lived®“Cs contamination buildup on the
in 135sb following B-decay of'3%Sn. Al tape.
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FIG. 4. Spectrda), (b), and(c) have the same designation as in
Fig. 3, and span the remaining energy range of observed transition
Peaks not labeled with a square are attributed to the previousl
discussed Cs contamination or the growth of the decay daughte
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(i.e., 1%5sD).

Fig. 3@ and Fig. 3b) shows the decay of the 282-, 317-,
and 733-keV transitions associated with the decay®en.
None of these three transitions are present in the laser-o
spectrun Fig. 3(c)]. The 317-keVy-ray has been previously
identified as depopulating a low-energy state'#iSb [10].
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TABLE I. Data for y-rays and levels observed in tjgedecay of

1355,
Level (keV) E, (keV) 1,2
282 282 100
1015 1015 10.84)
733 264)
1027 1027 12.@5)
1207 1207 16.6.0)
925 333)
1387 1105 1.8)
1456 1456 7.60)
1174 3.35)
1734 1452 1.a1)
1855 1855 3.®)
2089 1807 5.66)

3Relative to the 282-keV transition.

maximum of the '*°Sb activity level as observed in the
delayed-neutron spectrum is shown in Fig. 6. Using the re-
ported intensities for'**Sb decay{11], the B-branches for
1355n decay are shown in the decay scheme presented in Fig.
Z. These lofit values are, of course, lower limits as weak
ansitions populating these levels may not have been ob-
gerved. However}35Sbh has only three neutrons outside of
double-magic!®*’Sn and a neutron separation enejyof
3.8 MeV. Because the core excitation t¥Sn is ~4 MeV,
there are only a limited number of levels 1#°Sb below that
energy and hence, fewer higher-energy levels to be populated
ﬁnd whose weak decay might have been missed.

B. 13%3n

The y-rays in the laser-off spectrum arise from long lived In Fig. 8a) are shown the laser-on and laser-gftin
13413¢s implanted on the tape.
The spectrum ofy-rays in coincidence with the 282-keV

y-ray projected from the-y matrix is shown in Fig. 5. The R R s o e e S AR E ey

count rates observed At=136. In Fig. 9, we show the least-

energies, intensities, and placements of fheys assigned 280 [ . ]
to the levels of'*®Sb are presented in Table I. : N ]
The growth and decay of knowl°Sb decayy-rays were - ‘N_ T ]
used to determine the ground-stagebranching for 13%Sn [ -
decay. They-ray spectrum for>°Sb decay taken around the 200 |
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FIG. 6. y-spectrum obtained from a 600 ms time slice that cor-
responded to the maximum buildup &#°Sb growth from theg-

FIG. 5. y-y coincidence spectrum gated on the 282 keYay decay of 1¥°5n. The labeled transitions are the most intense that
transition in *3°Sb following B decay of*35Sn.

occur in the daughter nucledg®Te following B-decay of**5Sh.
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FIG. 7. Proposed decay scheme'3fSn, showing the popula- FIG. 9. Least-squares analysis for tdn decay of*3%sn.
tion of states in'%*Sh and the feeding of states H“Sb via -

delayed neutrons.
Y 13fe. In Fig. 10 is shown the analysis of the laserAn

squares analysis of the laser-on background corrected dafal37 neutron counting rates corrected for the laser-off ac-
that includes the reportet,;, and P, values for13®Sp and tivity. As there are no data available for either thg, or P,
1355 [8]. The fit was used to obtaifi;, and P, values of  value of *¥'Sh, these fits contained four unknown quantities:
250(30) ms and 30(5)%. No-rays were found in the time- the half-lives for**’Sn and*3’Sb as well as their respective
projectedy-ray spectra that exhibited a shdtt,, in the 250 P, values.
ms range. In particular, the 282-keV line 1#°Sb that would An upper limit for theT,;, of 3’Sn can be obtained by
have been populated in the 30%dn branch was not ob- assuming that only**’sSn andgdn daughter***Sh, whose
served owing, in part, to the intense isobaric Cs and Ba line$1,, andP,, value were already noted earlier, are preseet,
present in they-ray spectrum. Previous structure studies ofa 100%P,, for *3’Sn). From this analysis, an upper limit of
this nucleus have only vyielded information regarding a470 ms is set for thd@,, of 3’Sn. By using extrapolated
56550) ns isomeric state whose depopulation includes avalues for theT,, andP,, value of 1*’Sb based on the decay
yray at 173 keM12]. properties of'33Sb and3°Sh, we can obtaiiT,, estimates
of 190(60) and 45@50) ms, respectively, fot3’Sn and**’Sb
as well asP, values of 5815) and 49(10)%, respectively.
I}Ia(; y-rays could be attributed to the decay of eitf&iSn or
Sh.

C. 137Sn

The Bdn laser-on and laser-off spectra count ratesAor
=137 are shown in Fig.(®). Unlike the spectra aA=135
andA =136, significant activity is observed with the laser-off
that exhibits a rather shoft,,, These data can be fit to a
T4, of ~2.5 s and, after considering a number of molecular
species that might arise At=137, but notA=135 and 136, At A=138, as can be seen in Fig.c8 there is no clear
this activity was assigned to decay of independently ionizedlifference observed between the laser-on and laser-off time-

D. 13%3n
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FIG. 8. Comparison of the laser-on and laser®ffn spectra foa) A=136 (b) A=137, and(c) A=138.
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g soooof Ay * Tome 52516y mbs Pom236%) ] [ (o= ds0ms Pr=d8009 proximation for the@dn decay of'¥’Sn was ob-
z " Tt ity me. P, 2361 tained by assigning the, of 13’Sn as 100%. As
B 2o0000f 1 " 1 137Sh would not contribute to thgdn activity
“a under this constraint, it is possible to determine
10000k . 1 L AAAAA 1 an upper limit for theT,, of 1373n. In the right
nodr x S, x part we show an optimized least-squares fit for
B 7 . 2% , ' : the sameBdn spectrum.
0 05 1 15 2 25 3 0 0.5 1 15 2 25 3

Time (s)

dependent neutron-decay rates. As notedAerl37, these r-process calculations to replace earlier theoretical data. A
neutrons can be fitted using tfig, andP,, values available first such applicatior{see, e.g., Fig. 3 in Refl]) does im-

in the literature for'*®Te and daughtet3d [8]. prove ther-abundance fit in theéd=135 region above the
A=130N, o peak; however, the still existing odd-even de-
I1l. DISCUSSION viations from theN, , values seem to indicate an earlier

onset of collectivity in very neutron-rich Sn and Te isotopes
than predicted by common mass models. This would result in

With respect to rapid neutron-capture nucleosynthigses  slightly higher § values in this region, thus shifting the
astrophysicalr-proces$, S-decay properties Ty, and P,,  r-process path further away frog+stability involving pro-
values and nuclear massegn particular, S, valuesg of genitor isotopes with shorter half-lives and consequently
neutron-rich Sn isotopes heavier than double-magfSn  lower final abundances.
are the most important nuclear-physics quantities. Under
typical r-process conditions, eveéw-Sn nuclides will be the B. Nuclear Physics
classical “waiting-point” nuclei just beyond the majok
=130 solar-system-abundance peak\; o ; see, e.g., Refs.
[1,2,13). Odd-neutron Sn isotopdsvith “low” S, values
will only build up small progenitor abundances, since they
will either photodisintegrate back to al\{-1) even-even
isotope or capture another neutron to become Ar 1)
even-even Sn nucleus. Therefore, these even-even isoto
(here mainly **Sn and **®sn) will be the classical *
r-process nuclei” carrying the mainabundances in the Sn
isotopic chain. And only for these even-neutron isotopes is
the B-decayT,,, of importance in the waiting-point concept,
which implies the historicaN, (Z) X\ gz)=const correla-
tion.

In Fig. 11, we show a simple static calculation of the
relative r-abundances of neutron-rich Sn isotopes as a func-
tion of neutron density at freeze-out conditions € 1.35).

As can be seen from this figure, at modest neutron densitie:
of n,=1x102-3x10*n/cnm’ representative for the
buildup of r abundances in th&=130 peak region}*®Sn
will be the main waiting-point nucleus with relative abun-
dances between 35% and 90% of the total Sn isotopic chai
Under these conditions, the odd-neutron neighBétsn and
137Sn only collect roughly two orders of magnitude less

A. Astrophysics

The most important nuclear-physics information concerns
at 282 keV the low energy of the first excited state'&Sb,
along with the redistribution of thg-decay strength. The
5/2* spin and parity assignments are based on systematics
and the results from the high-spin states observed in fission-

fragmenty-ray spectroscopyl4]. Positive parity is almost
IO&?rtainly indicated as the only negative parity level identified

o

ce (%)

10

ndan

Refative Abu

—e— 1328
—m -1348p

r-progenitor yieldgmax. 0.5%. For higher neutron densities _—_:—_:]gggg
in the rangen, = 3x 10?*~ 1x 10?° n/cm® where ther-matter / ; _ --V--108n
flow has already passed the=130 “bottleneck” to form the 0.1 1L L L L = L

rare-earth region and to start the climb up the staircases & 109 10% 10%  10% 10 10% 107 107
the N=126 shell closure**sn becomes the main waiting-
point isotope with abundances between about 50% and 90%
of the total yield. FIG. 11. Relative isotopic-process abundances of Sn isotopes

The experimental ;,, andP, values can now be incorpo- under freeze-out conditionsT§=1.35) as a function of neutron
rated into dynamic (time-dependemt multicomponent density. For details, see text.

Neutron Density (1/cm3)
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in 1333b is theh,y, level at 2763 keV[15]. With a logft W
value of 6.15, the decay is either allowed or first forbidden,

restricting the state to spin values of 5/27/2", or 9/2°. If
this state were 9/2, it certainly should have been observed

1890

strongly in the fission-fragment spectroscof4]. If this ioas T2
state were to be a 7/2level, it would pose the strange situ- 1407 ™2
ation of two low-energy 7/2 levels in a single nucleus, a ™=~
situation rarely encountered. __ 963
The logft value for the decay of the singfe,, neutron in s 2 *
1333n to the single,,, ground state of33Sb is 5.44, whereas 491 e
the logft for decay to thels, first excited state ot*>Sb was oo “ a
significantly higher at 6.0515]. Using those values and@ 2237 d» o 0 0 0 0 0
13 derz 972 g2 g72 g2 g2 g2 g2
value of 8.91 Mevsfor 5S_n decay, ary, of 300 ms had 123 125 127 129 131 133 135
been estimated fot3°Sn prior to this experiment for use in " Sbm . Sb72 " Sb74 o Sb7s o Sbn o Sbeo o Sbaz . Sbs4

r-process calculations.
In spite of having three neutrons that can undergo FIG. 12. Level systematics of the neutron-rich odd-mass Sb iso-
B-decay, the logft value of 5.63 that we deduce for the topes.
decay of the 7/2 ground state in>°Sn to theg,, in ¥**Sb is
0.19 units higher than noted above for tH8Sn decay. This occurs asZ increases from 51 to 53, followed by a more
one-third reduction in the ground state to ground state trangentle slope. This change, particularly for th¢ and 55Cs
sition rate reflects both a broader admixture of tpg, nuclides is caused by the depression of the first 3&el
single-particle wave function into higher-energy levels asthrough an admixture with an adjacent 5/2evel arising
would be expected in the daughter nucleus, as well as thizom the (g-),)3,. configuration. The presence and character
B-decay channels opened up by the occupancy of other newf such states was described by Pg2if], Heyde[28]; and
tron orbitals by the extra pair of neutrons. Conversely, thehas also been discussed by Jacksoval, [29] who noted
smaller reduction in thg8-decay transition rate indicated by that in closed-shell nuclei this cluster state typically lies at
the smaller increase in the Idg from 6.05 to 6.15 for the about 1/2 the energy of the*2level in the adjacent even-
transition to the lowest 5/2level at 282 keV in'3*Sb rela-  even core nuclide. The mixing between this cluster state and
tive to the transition to thels, level at 963 keV in'¥3Sb  the single-particlals, proton state could account for an un-
suggests that the 282 keV level has retained more of itexpectedly low position of the lowest 5/2evel in theseN
single-particle character than tige,, ground state. =82 isotones.
We have also calculated a minimum lég value for the For theN=78 and 80 isotones, with more collective cores
Bdn feeding of the ground state fi*Sb, assuming that all of and lower 2 energies, a similar pair of 5/2levels are ob-
the delayed neutron decay populates the levels shown neserved, but at significantly lower energies. However, in both
the ground state of**Sb. Transition strength to higher en- cases, a straight extrapolation as the Fermi level rises from
ergy levels would have lower lo@it values. Because this
value is already at 5.0 and possibly lower we interpret the T ' T '

decay to levels above 4 MeV as the Gamov Teller allowed —©o— N=72 Isotones

transition of anhg, neutron(from small occupancy of a pair 1000 A —8 -N=74 Isotones |

of neutrons in those orbital$o anh,;, proton whose unper- '\, ___f('_:m:;g ::2:2:::

turbed energy int33Sb is 2793 keV. Such three-particle final + N - -4 - N=80 Isotones

states witha hy,v hgpv f7, configurations would be ex- x'-. \. :ﬁ_ "“igi :50:0"65

pected to lie beyond the estimated neutron separartion energy > ooa o=

of ~4 MeV in 1355b. =< 500 4
The sharply lowered position of the first excited 5/2 3

level was unexpected. The trend of the monopole increases wul

for the ds, orbital relative to theg;, ground state a¥N -

=82 is approached is shown in Fig. 12. Hence, the lowest d

5/2" level might have been expected to lie near the 700 kev o F 4

energy of the first 2 energy of the’®*'Sn core and have a
dominantg,,x 2* configuration.

One method for highlighting the unusual behavior of this L ! L !
5/2" level is to make comparisons of the energy gap for the Sb | Cs La
lowest 5/2° and 7/2 orbitals in isotones of higheZ odd-
proton nuclides. The energy difference between the lowest
5/2" level and lowest 7/2 level is plotted in Fig. 13 for the FIG. 13. Variation of the energy difference between the lowest
515D, s3l, 5:Cs, ands;La isotones with 72 N<84. Except  5/2" and 7/2 levels in theN=72—84 even-odd Sb, |, Cs, and La
for theN=84 isotones, a sharp drop in this energy differencesotones. Lines are drawn to guide the eye.

Element

034313-6



B-DECAY STUDIES OF**5-13%n USING SELECTIE . . . PHYSICAL REVIEW C 65 034313

1200 — - - - - - model space consists of §°Sn closed core withZ— 50)
valence protons in the @, 1ds», 1dsp, 2Sy5, Ohiyp)
1000 | T orbitals and N—82) valence neutrons in the 69, 1f,,
© ¥ o 1fg, 2P3, 2P1s2, Oiqgp) Orbitals. The single-particle ener-
< 800f X X X A gies are taken from experiment. The observed level$iab
3 [18] provide the proton single-particle energies9.66,
5 600 | T _870, _722, and_687 l\/leV fOI’ the @7/2, 1d5/2, 1d3/2,
E and Chy,, orbitals, respectively. The observed levels in
400 | o . 13330 [19] provide the neutron single-particle energies
X Pb 21 levels ° —0.89,—2.45,-0.45,-1.60, and—Q.80 MeV for t_he Mg/p,
200F |6 g 712 levels . 1_f7/2, 1f5,_2, 2p3, and 24, orbitals, re_spectlvely. The
single-particle energy of 0.25 MeM g, orbital was chosen
- - - s - - to give the energy of the T0level in ***Sb which has been
120 122 124 126 128 130

assigned to the#g,,,viq3) configuration[20].

The residual two-body interaction is obtained starting
with a G matrix derived from the recent CD-Bonj21]
nucleon-nucleon interaction, with*’Sn as a closed shell
core. A harmonic oscillator basis was employed for the
single-particle wave functions with an oscillator energy
Z=57 to 55 to 53 to th& =51 Sb nuclides would suggest a =7.87 MeV. TheG-matrix elements form in turn the start-
lower position for the first 5/2 level than is actually ob- ing point for a perturbative derivation of a shell-model effec-
served. Stated another way, an upward jog is to be expectdtye interaction. In this work we derive the effective interac-
for the position of the lowest 5/2level in going from the tion for the above shell-model space by Qebox method
Z=53 odd-mass iodine nuclides to te=51 Sb nuclides that includes all so-called nonfolded diagrams through third
because of the inability of the single-proton Sb nuclides toorder in the interactio and sums up the folded diagrams to
form the three-proton cluster states present in the | and Cfinite order[22,23. This type of Hamiltonian has been
nuclides. used to describe spectra of tin isotopes from mass number

Keeping in mind the important role of the cluster states inA=102 to A=130 [24] and theN=82 isotones up toA
depressing the lowest 5/2level in the odd-mass;l nu-  =146[25] with good agreement with data.
clides, it is now possible to interpet the rather flat behavior of The calculated spectrum dff*Sn is compared with ex-
the lowest 5/2 level in theN=284 isotones. The absence of periment in Figs. 1&),(b). There is excellent agreement be-

Neutron Number

FIG. 14. Comparison of the first 7/2evel energies of Bi nuclei
in the region of double-magié®®b with the positions of the 2
levels in their corresponding Pb cores.

an upward jog in going from?l to *°Sb is interpreted to
arise because the majority of tilg,, strength in'3>Sp (and

tween experimenfFig. 15a)] and theory{Fig. 15b)]. The
calculated and experimental spectra f6?Sb are shown in

also in 37) is already well below the energy of the expected Figs. 15c)—(f). The agreement is good for the yrast states

(97193 State.

In Fig. 14, we show the positions of the lowest lyihg,
ground states antl,, low-energy levels of the odd-mass Bi
nuclides and the positions of the first 2evels in the neigh-

[Fig. 15f)], and the density of 5/2, 7/2", and 9/2 proton
levels below 1.5 MeV that could be populateddrdecay are
consistent with the number of levels observed in this study.
In Figs. 15d),(e), we show all of the levels with spins and

boring Pb core in the region of the double-magic nuclideenergies up to the 19/2yrast level; and the remaining levels

20%h . In these nuclides, the separation between he
ground states and the lower-spip,, first excited states is
observed to be relatively constant below tRe- 126 shell

up to 1.5 MeV that could be populated viadecay are indi-
cated by a small dot.
To illustrate the mean-field properties of the single-

closure, but then to narrow as neutrons are added beyorghrticle energies we show in Fig. 16 the proton single-
N=126 in a fashion quite similar to the observations in theparticle energies obtained from the SKX Skryme interaction
Sb nuclides. [26]. They were calculated for the proton-particle states of
Earlier, we suggested that this low-lying %/2tate arises the *°’Sb to ***Sb isotopes and for the proton-hole states of
from a strong admixture of thds, single-particle configu- the Tl to 2Tl isotopes. One observes a decrease insthe
ration; and that such an admixture would require that theandd single-particle energies relative ¢g,, afterN= 82 that
unmixed energy of this singles, proton level must lie at a can be associated with the neutron skin in the heavy Sn iso-
much lower position than the 963 keV position observed intopes. The decrease in tlik,— g7, splitting betweenN
1333 [3]. Support for such an idea has been presented in & 82 andN =84 of 100 keV is not enough to account for the
recent paper by Hamamotd al. [16]. They showed that an 300 keV required for the shell-model calculation but at least
increase in the Woods-Saxon surface diffuseness parametg®es in the right direction. This monopole shift is in principle
would result in a lowering of low-spin single-particle shell contained in thé&-matrix interaction. But since th& matrix
model levels relative to higher-spin levels. is calculated in an oscillator basis, it may not contain the skin
To further investigate the structure of these low-energyeffects that are present in the Hartree-Fddk) calculation.
states, calculations were carried out in the proton-neutron Table Il shows the single-particle nature of the 7/@nd
formalism with the shell-model codexsasH [17]. The 5/2" states in terms of thé®*Sn to *°Sb proton spectro-
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1456 o o—— 172% 1475 TABLE Il. Spectroscopic factors and one-body transition densi-
1887 to2t 1g/* 1343 ties.
6+ 1246 6+ 1251 =tot= __
e e :Z;%: Ex OBTD, OBTD; OBTD,
+ —9/2t— +
a2 oy Tz ToeZ BT Ll Jm (Mev)  C%*S rank 0 rank 1 rank 1
S —ep— 15/2
_gc) 1015 —ot— 712* 0.00 0.692 0.304 0.550 0.071
~ 2 780 —e2t— 712" 1.14 0.186 —1.489 —0.649 —0.029
3 2r 725 T 1172+ 707 712* 1.25 0.008 0.346 —0.455 —0.015
o —le— e 7/2* 1.57 0.000 0.051 -0.346 —0.059
UCJ —pt— —ppt— 7/2* 1.59 0.079 0.087 0.280 -—0.411
e TR 7/2* 1.65 0.015 -0.118 -—-0.026 —0.116
50t 282 —s2t— 7/2¢ other 0.028
5/2* 0.53 0.498 —-0.261 —0.432
5/2* 121 0.098 0.518 -0.211
ot 0 ot 0 72t 0 72t 0 72t 0 72t 0 5/2+ 1.25 0.056 —0.367 0.161
134 134 135 135 135 135 - _ _
50Sn84 50Sn84 51Sb84 51Sb84 51Sb84 51Sb84 5/2+ 1.47 0.000 0.125 0.012
(a) (b) (© (d) (e) (f) 5/2 1.89 0.018 —0.139 0.431
® Denotes a level whose spin and parity is not shown that could be fed by B-decay 5/2+ 1.94 0.003 —0.026 0.104
of 1358n (5/2+, 7/2+, or 9/2+ states) 5/ot 2.06 0'137 0'121 0 .263
FIG. 15. Comparison obxsasH calculations and levels re- 5/2° 2.18 0.031 0.091 0.632
ported in this study. I@ are shown the experimental levels ob- 5/2* other 0.159
tained for'34Sn reported by Zhanet al.[20]. In (b), are shown the gjo+ 0.95 —0.503 —0.089
OXBASH callculations for.the.corresponding Ievgls f&t'sn. The 9/2* 1.17 —0.031 0.241
levels obtained for**Sb in this study are shown i@), along with g5+ 1.50 0693 0.126

other observations reported by Bhattachargyal. in (f) [14]. In
(d) and(e) areoxsasH calculations fort3®Sh, with the former being
adjusted by lowering thds,, single-particle energy by 300 keV.

if we were to combine the shell-model calculatiGmhich
takes into account the proton-neutron interaction in an oscil-

scopic factors. The centroid of the;, and ds;; single- 540 hasig with the HF calculation, which takes into account
particle strengths are-10.54 and—9.46 MeV, respectively. ha neutron skin, we are able to obtain the energy of the

These can be compared with the input single-particle €Nelaxcited 5/2 state (and all other excited state$o within
gies of —9.66 and—8.70 MeV, respectively, to observe that _,,1.t 100 keV.

G-matrix shifts thedg;, strength up by about 100 keV rela-

X X ; The splitting of the single-particle strength has a rather
tive to g5, rather than the-100 keV obtained in HF. Thus

complex effect on the first-forbiddeg-decay of °Sn. In
our model theB-decay of 1*3Sn to the 7/2 and 5/2 states
i LIS in 133Sb are given by one-body transition densities of
‘ OBTD;=1 (rank 0 and 1 and OBTD,=1 (rank 1) for the
4 [~ ds 7 f4> t0 g7,» and f,, to ds, transitions, respectively. The val-
. ues of these OBTD for thé*>Sn to 1*°Sb B-decay are given
h11 in Table Il (there are many other OBTD which enter at the
level of 0.1 or lesp The two rank 1 transitions need to be
added in phase, thus the implications require a more detailed
calculation of the single-particle transition matrix elements.
. But the implication is that thé3®Sn g-decay will have strong
4 transitions to several states around 1.2 MeV excitation in
| 43 | 1353h as observed in this experiment.
Note that in the range from 500 to 1250 keV in Fig(8)5
there are only six states with spins 5/27/2", and 9/2 . We
B 7 observe population of three of them. We observe levels at
- . 1015 and 1027 keV; and levels are calculated at 947, 1079,
| d5 i and 1135 keV. The level at 1207 keV is also quite close to
two calculated levels at 1212 and 1246 keV. Notice that these
features of the calculation are similar in Fig.(dp We ob-
serve two additional states up to 1.5 MeV; whereas, there are
only a total of eight or ten states possibly fed as indicated by
FIG. 16. Proton single-particle energies for odd-even Sb isothe two calculations.
topes with 56sN=<94 and odd-even Tl isotopes with 1£O Finally we comment on th&2 properties of the nuclei in
<128. this region as given in Table Ill. ThB(E2) were calculated

SPE (MeV)
N

_2 IIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII
40 50 60 70 80 90 100 110 120 130 140
N
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TABLE IIl. Experimental and theoreticd88(E2) values in units

of e?fm?,
B(E2) B(E2)

Nucleus Transition experiment theory
1345n 6" to 4" 36(7) 41
134Te 6" to 4" 83(2) 78

4% to 2F 15916) 168

0" to 2" 810
13618 0" to 2* 2300

with the SKX [26] radial wave functions and effective

charges of,= 1.5 ande,=0.7 obtained from thé**Te and
1345n 6" to 4" transitions, respectivelf20].

IV. SUMMARY

In this paper, results for thg,,, andP,, values of the very

PHYSICAL REVIEW C 65 034313

lating r-process abundances and also serve as the basis of
better estimates for unknown half-lives of critical waiting-
point nuclides such a$®*sn. The 282-keV position of the
first excited state of3°Sb was found at an unexpectedly low
energy. Its low position provides support for the idea that
nuclei with anN/Z ratio that exceeds 1.6 have a more diffuse
nuclear surface that changes the relative binding energies of
low-spin orbitals when compared to higher-spin orbitals.
Shell-model calculations provide a level scheme in close
agreement with both the observed yrast levels and the levels
populated ing-decay, with the only divergence surrounding
the lowest 5/2 level. For that level, the suggested lowering
of the single-particleds;, state by 300 keV does provide a
better fit for that level without disturbing the otherwise ex-
cellent agreement between theory and experiment.
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