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Low-spin, low energy-levels int®*1°Sn have been studied following tiedecay of a 17-$%°Sb and a 4-s
1075, respectively. A number of new transitions and levels are establisH88sim 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 obsenBddn, 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 levifSin
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[. INTRODUCTION Q=25; nuclei withA=108 andQ=25 are produced with a
higher cross section and form a tail under the 109 recoll
Excitation energies for the single-neutrdg,,g7,>,d3p, peak exiting the FMA. Mechanical slits were used on either
Si2, and hyy, levels in the closed proton shell nuclei side of the FMA focal plane to reduce the intensity of the
N, %12r,1%15n, and'3!Sn are the foundation for mapping A= 108 recoils.
monopole shifts of neutron levels in tié=50 shell toN The MTC tape was advanced at 30 s intervals to a
=82 shell. These shifts serve as the basis for shell modedhielded counting station comprised of two large-volume
calculations and other theoretical work in this mass regior{80% and 120%HPGe detectors placed as close as possible
[1]. In addition, theds,-s;,», andg+/,-ds, Separation energies to the tape. An additional 80% HPGe detector was hung from
are important for calculations d2 transition rates for va- above at a distance ef 10 cm from the tape. Aluminurg
lence neutrons. absorbers of 1 cm thickness were placed in front of each
Unfortunately, no data are presently available féXi or detector.y-singles,y-y coincidences, ang-time data were
1015n, Estimates for the single-neutron levels are thereforgollected and analyzed.
inferred from observations in the neighboring nuclei. A gen- The setup was slightly modified for the production and
eral lack of data in the light Sn isotopes may cause erroneoudecay of °’Sh. A 260-MeV *®Ni beam was used with a
assumptions for the neutron single-particle levels ndar 635ug/cn? *>‘Fe target to produce the 4-£7Sb in the
=100. In this paper, new data for energies, spins, and parBp2n fusion-evaporation channel. Th&=107 reaction
ties of levels in'%°1%%Gn have been sought following de-  products were mass/charge separated through the FMA and
cay of 19919%Gh B-decay experiments were chosen as thémplanted onto the tape of an MTC. The FMA was set to
low-spin states would be favorably populated. For both isoselect recoils oA=107 andQ=25. As before, mechanical
topes, the parent Sb is comprised afds,,5/2" ground state slits were used at the focal plane to minimize the intensity of
that will preferentially populaterds,3/2" levels in the the strongly produced= 106 recoils.
daughter via Gamow-Teller spin-flig-decay transitions. A~ The MTC tape was advanceti@s intervals to a shielded
significant intensity will also feed many other low-spin statesdetector station. A 1-cm-thick detector for low-energyays
with suitable wave function overlaps with the parent. This[low-energy photon spectrometdt EPS was placed across
new information is complementary to high-spin structurea 70% HPGe detector as close as possible to the tape trans-
data available for od&'% 1'Sn and the recently observed port pipe. As in theA=109 experiment, an 80% HPGe was
excited states 0f%3Sn[2,3]. These data may also be com- hung from above at a distance of10 cm from the tape.
pared with numerous theoretical calculations available in thé\luminum S absorbers were placed in front of the 70% and
literature. 80% HpGe’s but not the LEPS-singles,y-y coincidences,
and y-time data were collected and analyzed.

II. EXPERIMENTS IIl. RESULTS

The 17-8°°Sb nuclei were produced using a 230-MeV  B-decay studies of°%Sb and °’Sb were presented ini-
Ni beam from the ATLAS heavy-ion accelerator at Ar- tially by Johnstonet al. [4] and Shibateet al. [5], respec-
gonne National Laboratory on a 4%ifg/cn? %¥Fe target. tively. Their results were subsequently confirmed and aug-
Recoiling reaction products were separated by mass/chargeented in a relatively low-statistics study]. The data
ratios through the Argonne fragment mass analyE&MA) presented in this paper further confirms previous observa-
and implanted onto the tape of a moving tape collectottions with significantly improved statistics. In addition, new
(MTC). The FMA was tuned to select recoils Af=109 with  levels in 1°°Sn and°’Sn are identified.
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FIG. 1. Half-life determination for%Sh. Intensities of the 925- 2x 104l o E
and 545-keV transitions are shown as a function of time following “ H
a tape movement. A weighted least-squares fit to these data gives ¥ .
17.35) s for the 8" /EC-decay half-life of:°Sb. Lg) e
A. 1%Sn 2x 104§ 3
The half-life for the'°Sb B*/EC decay has been deter- :
mined to a slightly higher precision. Intensities of the 925 Ix 104
and 545 keV transitions are shown in Fig. 1 as a function of . , - e
time relative to the last tape move. A 1{68s half-life was 3 m T ' T AR
determined by a least-squares fit to these data. Our value is i ]
good agreement with the half-life of 174 s reported by 2 x 104§
Johnstoret al. [4]. i
Transition energies and intensities f5°Sn were deduced 1x 1048
from vy-singles,y-y coincidences, ang-time data.y transi- i %_j

tions from A=109 isobars and strongly producéd=108
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nuclei are observed in the singles spectrum. An example o
the singles spectrum is shown in FigaR Somey transition
intensities could not be derived directly from the singles data
due to energy overlaps with neighboring nuclei. In a two- _ FIG- 2. Singles and time-gateg-energy spectra foA=109.
dimensional plot ofy energy versus time, projections of Figure 2a) shows the singles §pectrumfor A"=109.ITSCOI|S inde-
y-ray energies for specific times were used to help determinBendent of time. Figure (8) displays all the transitions detected
correct intensities. within appro_x_lmately 15 s following a tape move. Figuréc)2

A spectrum of transitions belonging only to short-lived shows transitions detected Ia_ter than 15 s followmg a tape move.
species was created by subtracting all events detected bg'-gqre 4d) shows the subtraction of the late time spectrum from the

L arlier time. Long-lived components subtract to zero, while short-
tween 15.0 and 29.8 s from events detected within 14.8 o
. . . ved transitions appear as peaks.

following a tape move. Short-lived species decay away dur-
ing the early period, and are manifested as peaks in the sulies observed in the coincidence spectra, uncertainties for the
tracted spectrum. Long-lived species decay equally duringeak areas are slightly larger.
both the collection times and subtract approximately to zero. The intensity for the 1064-keV decay from the 1078-keV
In this manner, contamination from background and longdevel was adopted from Danket al. [7]. Energy coinci-
lived transitions having an equal, or nearly equal, energyences for the 835- and 932-keys feeding the 1078-keV
transition as assigned t&°°Sn could be removed and the level suggested a very low 1064-keV decay intensity relative
10931 transition intensity measured accurately. An example iso the 1078-keV transition intensity. However, coincidences
shown in Figs. th—d). with the 571-keV+y suggested a very strong branch to the

A similar spectrum showing only long-lived species could 14-keV level relative to the ground. Due to the lack of con-
also be created to remove contamination from very shortsistency, a 22% branch to the 14-keV level suggested by Ref.
lived species. Events detected within 6.5 s following a tapd7] was used.
move were subtracted from the events detected between 7.5 In Table I, all transition intensities are shown relative to
and 29.8 s. The 7.6“¥Sb and 4.6-¥°Te transitions subtract the 925-keV transition. Peak energies, areas, and errors were
to zero while the longer-lived species produce peaks in theletermined by fitting Gaussian shapes to the peaks using the
resultant spectrum. RADWARE software packag¢8]. For intensities determined

Intensities for a few weak transitions affSn doublets by coincidences, peaks were fit as above and scaled relative
could not be determined from-singles or time subtraction to a knownvy intensity also present in the coincident spec-
data. For these transitions, coincidence data were used toum. The proposeg3-decay scheme for%°Sb—1%%Sn is
determine the proper intensity. Peaks were fit as above, arghown in Figs. 3 and 4.
weak intensities scaled relative to a knowriransition also Transitions were placed in the energy level scheme prima-
present in the coincidence spectrum. Due to the lower statigily by the coincidence data. The time data were useful in the

Energy (keV)
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TABLE I. y intensities in1%°Sn following 1°°Sh 8 decay. En-
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placement of high-energy decays with no observable coin-

ergy errors aret0.3 keV. Intensities are relative to the 925 keV cidences from new excited levels. Coincidence sums pertain-

transition.
Level energy To level vy-ray energy  Relative intensity
(keV) (keV) (keV)
0
14
545 0 544.4 11.4)
664 14 650.1 13)
0 664.0 392)
678 14 664.2 2®)
0 678.3 20.2)
925 678 246.6 2@)
664 260.8 6.02)
545 381.3 0.€2)
14 910.9 2.@2)
0 925.0 100
991 545 446.3 04)
0 991.2 1.81)
1062 664 397.5 30)
545 516.5 4)
14 1047.7 4.81)
0 1061.8 67.67)
1078 14 1064 0@
0 1078 3.81)
1229 678 550.2 0@)
14 1214.4 1.00)
0 1229.3 7.70)
1343 678 665.8 0@3)
0 1343.7 2.81)
1496 1078 433.6 0®3)
664 831.4 2.06)
545 951.1 2.0)
14 1482.2 1.70)
0 1496.1 28.82)
1614 925 687.3 0@)
678 936.2 3.2)
14 1601.4 3.8)
1649 1078 571.3 0(@®)
664 985.5 1.0
545 1104.4 2.2
14 1636.3 1.@)
0 1650.4 3.1
1914 1229 685 <1.0
1078 835.0 0.2
664 1249.4 1.8
545 1369.6 0.8)
0 1914.7 1.01)
2016 1078 932.1 0(3)
991 1024.4 0.8l
925 1090.8 0.8l
664 1351.1 0.@)
0 2016.2 4.@)
2127 991 1135.1 0(2)
925 1200.8 0.8)
664 1462.2 )
545 1581.8 0.41)
0 2127.1 0.91)
1175.3 2.81)
1760.4 2.61)

ing to these levels added confidence to their placement in the
level scheme. When possible, decay half-lives were checked
to be certain that these transitions arose friffisb 3 decay.

The proposed level scheme for this experiment is in ex-
cellent agreement with%Cd(a,ny)%Sn results presented
in Ref.[7]. However, the level at 664 keV was not included
in the (a,nvy) study, contrary to the observations in this and
other 1%%Sn studies[4,6]. In Fig. 5 coincidences with the
247- and 261-keVy rays are shown. Both of these transi-
tions depopulate the level at 925-keV, feeding the 678- and
664-keV levels, respectively. The presence of two 14-keV
doublets(0—-14 keV and 664—-678 keMs confirmed. The
intensity ratio of the 678/664 transitions in the 247-keV co-
incidence spectrum was used to apportion the intensity of the
664-keV doublet.

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

A detailed analysis of the electromagnetic transition inten-
sities entering and exiting each known state was performed.
The intensity difference may be attributed to {iéeeding in
the Sb decay. For example, the transition intensity deexciting
the 3/2" level at 925 keV should be significantly higher than
the y intensity feeding this state due @feeding from par-
ent decays. A state not fed in titedecay should have equal
intensities entering and exiting.

Intensity differences were calculated for all known states
but the ground and first excited states. The fraction of {8tal
feeding was then determined from the intensity differences.
The 8 population of the 5/2 ground state and 7/2first
excited state cannot be directly measured using our experi-
mental setup. Therefore, the fraction Bffeeding to these
states was estimated using values extrapolated ft&i8b
—11sn B decay where the 5/2level is an excited state
whose intensity can be measured directly. The extrapolated
values assumed identical Iégvalues. The lodt for the
m(5/2") to v(5/2]) B decay of 1*'Sp is 5.41, while the
m(5/2%) to v(7/2]) is 6.1 using the recommend&@value
of 5.1 MeV[9]. The logft for the favoredmrds, to v(3/2;)
Gamow-Teller decay is 4.87.

For 1%%Sn, two separate extrapolations were performed.
The first extrapolation assumed that t€5/2") to v(5/2;))
transition was identical td*'Sn. For a logt of 5.41, a 20%

B branching to the ground state is calculated. The fraction of
branching to the 7/2 state was determined assuming afiog
value equal to 6.1. The remaining 76B86feeding was dis-
tributed relative to they intensity differences calculated for
each excited state. Results are shown in Table Il with asso-
ciated logft values.

The second extrapolation assumed that #&/2") to
v(3/2]) transition was identical to that of''Sn. The g
branching to the 7/ state was determined from a ratio. The
intensity to the 7/2 state was one-fifth of the intensity to the
5/2] state in the first extrapolation. This is similar t&'Sn,
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1095b__ (sp+)  QEC (exp) = 6.38 MeV
: BHEC t1/2=17.3(5)s

f=N'g]
6.16-6.25 Sl . FIG. 3. Proposed level scheme E (
(6.49 - 6.58) SSEIZE L r (37/22;5/2 ) <1250 keV) for'%sn following 1%°Sb 8 decay.
4.95 - 5.04 FRI—8czeS . loe2 3+ Transition energies and levels are in key/;in-
(6.75 - 6.84) NN 91 (<32t .. i .
4.87 - 4.95 925  (d3/2) 372+ tensities relative to thel;,-ds;, transition are
w . - .
55356 g 3% 618 5t schematically displayed by arrow thickness. A
5.53-5.62 ¥ I 2= 664 (3121 range of proposed lofi values are also shown
545 (s1/2 1/2%) for the extrapolations presented in Table Il. The
decay Q value has been experimentally deter-
mined[23].
6.1-6.6 y 4 y y 14 (g7/2)7/2t
AL A A2 YWy i g
54-59
109Sn

where the feeding ratio is-1:4. Thetotal intensity of the The use of the low-energy Ge detector significantly en-
5/2; and 7/Z states in the second extrapolation was deterhanced the resolution and intensity for the known 151-keV
mined to be 7.2%; the intensity was split in a 1:5 ratio oftransition as compared to the prior data set of R&f. Tran-
1.2% and 6.0% for the 7/2and 5/2 states, respectively. sition energies and intensities f3f’Sn were derived from
These results are shown in Table Il with associatedfiog vy-singles, y-y coincidences, andy-time data. As in the
values. 10%n analysis, use of the time data allowed for accurate
The second approach removes intensity from the grounghtensity values to be determined. TBedecay of°’Sb had
state and spreads it to higher energy states. With the excegye shortest observed half-life in this experiment, allowing
tion of the ground _and fir_st excited state, the ibgalues for time-gatedy-energy spectra to be used to show only those
the two extrapolations differ by less _than 0.1 units. Furthery,ansitions that belong t&7Sn. An example is shown in Fig.
more, both analyses suggest three highifed states at 925, 7 he_energy spectrum collected within 5.5-9.0 s follow-

1062, and 1496 keV. ing a tape move was subtracted from the spectrum collected
. during the initial 3.5 s. Transitions arising from the long-
B. 7Sn lived species decayed equally during both the time segments
The B-decay half-life of 1°/Sb was measured by observ- and subtracted to zero. Transitions belongingtsh 3 de-
ing the intensity of the known 151-keV and 1280-keV tran-cay were predominately present in the first time segment
sitions as a function of time. These intensities are plotted irPnly, and appear as clear peaks in the subtracted spectrum.
Fig. 6 relative to the time following tape movement. The From they-y and time data, an energy level scheme is
half-life was determined to be 4 s by a weighted least- proposed in Fig. 8. Transitions are also shown in Table IlI
squares fit to the data. This compares well with the previousvith intensities relative to the 3{2-5/2; 1280 keV y de-
value of 4.68) s from Shibateet al. [5]. cay. Small peaks are observed at 1619 and 2045 keV in the

1095h 5124 QEC (exp) = 6.38 MeV
: BHEC t1/2=17.3(5)s

542-551 T T TS AES R o 2127 (3/2%, 5024
—— — Wy
5.57-5.65 a TEhaas 2016 (3/2+,5/24)
5.73-5.82 imnlenkenl 1914 (3/2+,52+%)
F8To—~ =
5.54-5.63 cECRR 88 1649 3/2+ FIG. 4. Proposed level scheme E (
O .
572-5.81 $§§§§ 1614 (5/2%) >1250 keV) for'%sn following 1%°Sb 8 decay.
5.11-5.20 23 1496 3/2+ Transition energies and levels are in key/;in-
6.16-6.25 - 1343 7/2% tensities relative to thed;-ds, transition are
1229 (3/2+,5/2%) schematically displayed by arrow thickness. A
¥ 1078 7/2+
s 062 A5+ range of proposgd lofy values are also shown
991 < 3/2+3)/2+ for the extrapolations presented in Table Il. The
925 (@3p) decay Q value has been experimentally deter-
678 5/2* mined[23].
Ir Iy LA 1 Iy ) 664 (3121

109Sn

545 (5172 1/2%)

14 (g7/2)7/2F
0 (ds5p) 5/2%
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BT 77— Intensity differences fory feeding and decays were cal-
20F g 664 culated for all states but the ground state. From these differ-
15 678 ences, the fraction of tot@ feeding was determined. For the
10 ground state, the level g8 feeding was extrapolated from
5 ] . 115 py assuming identical Idg values for 1*Sh—11iSn
0 I“ Hll ’ decay. Two extrapolations were performed similar to what
] was done for'®®Sn. Either them(5/2%) to »(5/2]) or the
£ 40 b 664 3 m(5/2") to v»(3/2;) transition was assumed to be identical to
é 30 3 113N, Results are shown in Table IV. Both the 704- and
20 650 E 970-keV states appear to be fed in tAedecay, suggesting
10 i E spins greater than 1/2. However, due to the large dégay
i P value and low production cross section, either of these levels
0 i““w P+ ] may be populated indirectly by many weak rays from
50E © 664 3 higher energy levels not observed in this experiment. As
] such, theg feeding and the associated Ifigzalues should be
100 7 viewed as lower limits.
650 ]
50 i .
1 IV. DISCUSSION
0 B, b b s 4o sttt JUR Saserialio, flan At ten o
550 600 650 700 750 A number of low-spin states have been identified4?sn
Energy (keV) and 19Sn. These states may be attributed to single-particle

and cluster configurations.
FIG. 5. Coincidence spectra for tha) 247-keV and(b) 261-
keV transitions. Both the/'s depopulate the 925-keV level to the
levels at 678 and 664 keV, respectively. Observation of both 678- A. Single-particle states
gﬂggzgg kg;;;inzlgl(é%naﬁzlng;%ﬂze IZVeI:/h gﬁlyzi76k&\/fgv Erior to this wprk, the Iighte;‘t odd-mass Sn i.sotope for
transition is observed in coincidence with 261 keV, supporting aWh'(fh well-established data existed for all the f'Vl? single-
level at 664 keV with a strong decay branch to the ground. A smalparticle StateSI(dlil/Z' V9772, VS1/2, vdsp, vhyyp) was ) 15”
peak at 650 keV may also be observed, and is suggested to be 4'€ structure of'Sn is well known due to the availability
transition of 664-14 keV. In Fig. §c), the sum of 261-, 985-, and Of both (p,d) and polarized ¢,t) data from stable'?Sn in
1350-keV coincidence spectra is shown. These threys feed the  addition to in-beam and decay data. These states are not true
664-keV level and show the weak 650-keV transition to the 14-kevsingle-particle states as there is some mixing with other con-
level. figurations. However, the single-particle label is used for the
states comprised of the largest component of single-particle

singles and time data, but do not show the correct time dec_:haracter. The 5f2and 7/3 states of the light Sn isotopes

pendence for thé%’Sb decay. They have not been identified '€ estimated to have approximately 80% single particle

in a neighboring decay scheme. We have included them iﬂ:%ﬁaer’ while the 3{2and 1/7 states are more heavily

Table IlI, but not in the energy level scheme. 1 . i
The 704, 818, and 970 keV levels all appear to decay to The ground state of’Sn is 7/2, arising from thevgy,

. . ! . bital. Thevds, orbital lies at the low excitation energy of
the 7/2" first excited state, suggestiig=3/2". The coin- - 5/2 .
cidence spectrum with the 1gg-kev decay from the*7/2 154 keV. These levels are strongly populated in the neutron

: . . pickup reaction with =2 and 4, respectively. As the Fermi
state is shown in Fig. 9. The peak at 553 keV (704g 306 moves down from the subshell closurlaté4, the
—151 keV) is questionable, but cannot easily be ignoredyqer of theyg.,, and vds, states is expected to change near
The weak branching intensity is smllar to the 650-keV de-p—109. Therefore, theg,;, and vds, orbitals are predicted
cay between the 5/2and 7/2 states in'®*Sn. Astrong peak 1o Jie very near each other i#%n. In the initial in-beam and
at 667 keV (818-151 keV) and a weak peak at decay experiments, a pair of nearly degenerate orbitals of
819 keV (970-151 keV) are more easily identified. Due low energy were not observed. The ground state was as-
to the high intensity of the 667-keV decay from the 818-keVsumed to bel=7/2 due to atomic-beam magnetic resonance
level, a 5/2 spin and parity is proposed for this level. The results[10], and this spin was used in much of the early
low intensity of decays from the 704 and 970 keV levelswork. More recently, a hyperfine splitting experiment sug-
suggests 3/2 assignments, although 5/2r 7/2" spins are  gested al=5/2 ground state spifil1]. This spin assignment
also possible. The 819-keV peak may arise from the 8l1@grees withg-decay studies of%Sn—1%n [12], and was
—0(818 keV) transition in coincidence with a 970 confirmed in a high-spiry-decay study that found evidence
—818(152 keV) decay. The inset of Fig. 9 shows the low-for a very low-lying 7/2 state at 13 keV above the 5/2
energy portion of the coincidence spectra. A peak at 152 ke\ground statg¢13]. The presence of this 7/2state requires a
is not observed, supporting a 92051(819 keV) assign- restructuring of the levels il°*Sn that has not been reflected
ment. completely in the literature.
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TABLE 1. B decay feeding intensities itP°Sn. The difference betweep feeding and decay intensities
was attributed t@ population. Intensity differences relative to the 925-keV transition and fraction of the total
are shown. Values for the ground and first excited state are extrapolated with suggested errors. Calculated
log ft values for each state are also shown, in which the experim@gta+ 6.38 MeV[23] was used. In the
last column proposed spins and parities for each level are shown.

Level energy y Intensity B Feeding  logft® B Feedin§  logft® Jm
(keV) difference (%) (%) (h)

0 20 541 6 5.9 5/2
14 4 6.1 1.2 6.6 712
545 al) 0.012) 0.003) 1/2*
664 253) 6.86) 5.62 8.37) 5.53 (3/12)
678 362) 6.7(5) 5.62 8.27) 5.53 5/2
925 11.57) 24.93) 4.95 30.24) 4.87 312
991 1.42) 0.31) (6.89 0.376) (6.79 (=3/2")
1062 791) 17.64) 5.04 21.%5) 4.95 3/2
1078 2.34) 0.508) (6.59 0.6(1) (6.49 712+
1229 9.%2) 2.1(1) 5.89 2.575) 5.80 (3/2,5/2")
1343 3.712) 0.81(5) 6.25 0.996) 6.16 712
1496 35.17) 7.82) 5.20 9.52) 5.11 3/2
1614 7.53) 1.657) 5.81 2.028) 5.72 (5/2)
1649 10.84) 2.408) 5.63 2.91) 5.54 3/2
1914 5.26) 1.2(1) 5.82 1.42) 5.73 (3/2,5/2%)
2016 6.713) 1.498) 5.65 1.81) 5.57 (3/2,5/2")
2127 82) 1.803) 551 2.24) 5.42 (3/2,5/2")

@The first extrapolation assumed a Iig-5.41 for thevds, level.
®The second assumed I6=4.87 for thevds, level.

For 197Sn, the ground state is assumed to be"5fdm  tion. Theds, quasiparticle state is heavily populated in the
systematics ang-decay experiments. Theg,, state is as- allowed Gamow-Teller spin-flig decay from the oddrds,
sumed to lie at 151 keV, as a1 transition from this level Sb parents. In contrast, th®, quasiparticle state is not
has been observed with significant intensity. populated directly in heavy-ion reactions, nor is it directly

The single-particlevs, ), state comprises the ground statefed in the g decay. The position of thes;, single-
for the oddASn isotopes with 118 A<119, and is known quasiparticle level must therefore be indirectly inferred from
to lie at 255 keV in'*Sn from the transfer reaction experi- the lack of 3 feeding andy decays to the low-energgy,

ments[14]. For the lighter oddA Sn isotopes, the excitation €Vel- 108 ,
energies of the single quasiparticlgsf, Sy, dzp, and In n, neither the 545-keV nor the 991-keV states ap-

hyy,) are expected to increase with respect to i, pear to be fed in the decay. Nor do these states have

ground state toward the single-particle configurations indecays to the 7/2 first excited state, supporting a possible

20 - 1/2" spin. From comparisons to the heavier oiBn iso-
1Sn. Theh,,,, andg-,, quasiparticle states can be observed ;
, ; . . . . topes, the 545-keV level emerges as the best candidate for
in heavy-ion fusion experiments directly following a reac- . S ! e
the vs,), single-quasiparticle state identified in this study.

1000 F , , , , Angular distribution measurements by Daréoal. using
- 159 Rip ty2 = 4.0(2) s the *°Cd(a,n»)***Sn reaction suggested J=3/2" spin
and parity for the 545-keV levdl7]. The 1°¢Cd target used
was 77.3% pure; if a reasonable fraction of the remaining
32.7% was comprised of*aCd(24.1%nat.), the 545-key
; ] ray might have been contaminated by the 544.7-keV doublet
i PR of 1%Cd(a,py)*9n. The 545-keVy rays deexcite levels at
f 1486.1 (9/2) and 1478.5 keV int*3n [15].
10~ T i P 3 Possible evidence for c_ontamination in the+Cd study
' ' time. () ' ' may be seen by the large intensity observed for the 545-keV
v ray. TheJ™=3/2" states at 925, 1062, and 1496 keV were
FIG. 6. Half-life determination for°’Sb. Intensities of the 151- 0bserved only weakly. Furthermore, only the 1104- and 446-
and 1280-keV transitions are shown as a function of time followingkeV transitions were observed in coincidence with the 545-
a tape movement. A weighted least-squares fit to these data suggekaV decay. The relatively intense 517-keV and 951-keV co-
a 4.02) s for the 3T /EC-decay half-life of'°’Sh. incidences observed here and in Rdfl were not observed.

100 | 7
: 1280 keV

Counts/0.1 s
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E @ 107Sb B+/EC-decay (4.0
2x103 : ? %) ";0 o i o) 107sn [3B+/EC-decayy((2‘9 m)in)
: 10711 B+/EC- ;
1x105 ol o a0 e go o B8 C.) 107&%%?:::;(362. ;n ;‘) FIG. 7. Singles and time-gatedenergy spec-
Y e T i ms 0 10685 B+/EC-decay (2.1 min) tra for A=107. Figure 7a) shows the singles
: o & x10 ° 0 1061y B+/EC-decay (6.2 min) spectrum for allA=107 recoils independent of
E o) ° 7 time. Figure Tb) displays all transitions detected
2 4x10d TN - Y S i f within approximately 3.5 s following a tape
2 . s R S v, ". ‘-.L‘] e ] move. Figure Tc) shows transitions detected later
O $x10%E 4 x10 o o 3 than 5.5 s following a tape move. Figure 7 shows
3 © o ] the subtraction of the late time spectrum from the
4x104F o o o oe ‘ earlier time. Long-lived components subtract to
2| Qoo | " Onf i ] ? § 3 zero, while short-lived transitions appear as
gx 103 peaks. Possible peaks may be observed at 1619
: keV [and 2045 keV(not shown], but does not
4x103 exhibit the correct half-life. The peak or incorrect
: half-life may be due to contamination.

100 300 500 700 900 1100 1300 1500 1700 1900

Energy (keV)

These missed coincidences suggest that some portion of the The observation of the low-lying,,, state in1%°Sn sug-
545-keV intensity observed by Danket al. did not arise gests that this state may also lie at an energy lower than
from 19%Sn, and may be the cause for the finite angular disexpected in'%Sn. While the energy of this level has a little
tribution coefficents. influence on the calculated shell model energies, it may play
A clear candidate for the,, level in 19Sn was not iden- a role in the transition rates. This was observed in recent
tified. For the 704-keV level to have 17Zpin and parity, the calculations for an isomeric 6-4" decay in 1°%5n [16];
553-keV peak in the 151-keV coincidence spectrum mustancellations in the matrix elements caused the calculated
arise from random events. The lack of a 553-keV transitiorB(E2) intensities to be sensitive to the single-particle ener-
in the time subtracted data supports a random observatiogjes of thes;;, andd;, orbitals.
but the statistics may be too poor for confirmation. Further- Three stronglys-fed states were observed 1°Sn and
more, the low-energy 1/2state cannot be directly populated °’Sn: states at 925, 1062, and 1496 keV*#iSn and 970,
in the 8 decay of the 5/2 1°’Sb parent. We did not observe 1280, and 1454 keV if°’Sn. These states are suggested to
any vy rays in coincidence with the 704-keV transition, nor have relatively largeds, neutron quasiparticle admixtures
did we identify anyy rays in the singles data that may rep- and were assigned 3/2spins and parities. Other low-spin
resent decays to the 704-keV level from higher-lying™3/2 states were also observed in both isotopes. Tentative spins
states. In'%°Sn, these decays were relatively strong and easand parities have been assigned in accordance with observed
ily identified. Therefore, a 3/2 spin is assigned to the 704- B branching andy intensities. Results are summarized in
keV level in 197Sn. Figs. 4, 3, and 8.

107Sb (5/2+) QEC (rec) = 7.91 MeV
B+/EC tl/z = 4.0(2) S

=t
Q
5.01-5.21 T 1454 (3/2%)
]
4.77-4.87 1280 (d3p) 3/2° FIG. 8. Proposed level scheme f#Sn fol-
lowing 1°’Sbh B decay. Transition energies and
e o levels are in keV;y intensities relative to the
5.15-5.25 AR o 970 (3/2%,5/2%) ds-ds), transition are schematically displayed by
= 8 3 5+ arrow thickness. Internal conversion contribu-
498-5.08 2 818 (g7/2>3( +) tions to the intensity are denoted in white. A
541-551 704 (ds2)” (3/27) range of proposed lofj values are also shown
for the extrapolations presented in Table II.
The decayQ-value has been recommendés].
a
5.69-5.79 L - 151 (g7/2) 772*
| Y
5.07-5.41 ‘ Y y | 0 sy 52t

107Sn
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TABLE lIl. v intensities in'%’Sn following 1°’Sb B decay. En-

100

PHYSICAL REVIEW C 65 044330

————r————— 100 F————————————————
ergy errors are-0.3 keV. Intensities are relative to the 1280-keV o | | oo b B2 ¢ E
transition. 80 - 667 20 +
Level energy To level vy-ray energy Relative intensity @ 60 — 100 120 140 160 180 200
(keV) (keV) (keV) 3 C 1
© 40 gey ]
0 L
151 0 1515 60) 20 [ i 819
704 151 552.7 Q) M‘J‘"MM%MW
0 703.5 342) R AL o (L Chiedi | Dt Lt .
818 151 666.6 63) 550 600 650 700 750 800 850 900
0 818.2 342) Energy (keV)
970 151 8194 @) FIG. 9. Coincidences with the 151-keV transition ¥¥Sn. A
0 970.2 442) peak at 819 keV is easily observed, suggesting a transition between
1280 0 1280.1 100 the 970- and 151-keV levels. A coincident transition of 152 keV is
1454 0 1453.9 43) not observed, supporting the absence of a second 152-keV transi-
(1619 0 1619.5 101) tion from the 970-keV to the 818-keV level. A small peak may or
(2045 0 2045.5 170 may not exist at 553 keV. If real, this transition would arise from the

704-keV level. The small peak at 169 keV is due to Compton scat-
tering of the strongly produced 321-keV transition*fiCd follow-
ing 1¥In decay.

B. Cluster states

Nuclei having three particles or holes outside single
closed shells may have a cluster state, in which the threthe result of theg, cluster. Three valence protons or holes
particles (or holeg interact without pairing. For an odd-  in the g, orbital couple to 5/2 in **1 and **'Cs, respec-
nuclide with three nucleon&r holes occupying a staté tively. Such cluster structures are not observed in the other
=5/2, the last odd particle is responsible for the observediuclides as thegy, orbital contains too few or too many
nuclear spin. In addition, a low-energy cluster statejdf particles.
=J—1 may be observed above the single-particle= () Spectroscopic factors from3le,d) transfer reactions
state, but well below the core-coupled states. Other clustdi7] are shown for the 5/2 levels in | and Cs. The lower
states 0f3=J—2J+2J+1, ... lie at higher excitation en- 5/2" state contains higher single-particle character for both
ergy. Secondary 3/2and 5/2 states have been observed in isotones. However, the single-particle strength for cluster
both 1098[] and 107Sn below 1 MeV. These states may arisestructure in 135| shows a Significant amount of miXing be-
from three-quasiparticle coupling involving particlésr  tween theds,, and (@;,)°5/2" levels. Mixing between the
holes in the vdsj, and vg,, orbitals, respectively. two 5/2" states in'33 will push the 5/%L level down in

Shown in Fig. 10 are the oddN=282 isobars withZ excitation energy, and the 5/2higher. This is not the case in
=51-65. For both®*3 and **'Cs, two 5/2 levels are ob- '3'Cs, where theds;, composition is minimal in the 5§2
served contrary to the single level in the remaining isotonedevel.
The single 5/2 level is attributed to thels,, proton single- Three-quasiparticle or cluster coupling was also used to
particle level. The additional 5/2level in *3 and *'Cs is  describe low-lying 7/2 levels on odd-mass Ag isotopes with

TABLE IV. B-decay feeding intensities i’Sn. The difference betweenfeeding and decay intensities
was attributed to th@ population. Intensity differences relative to the 1280-keV transition and fraction of the
total are shown. The fraction @8 feeding for the ground state is extrapolated with an approximate error.
Calculated lodt values for each state are also shown, in which the recommeDgdgd 7.91 MeV|[23] was
used. In the last column, proposed spins and parities for each level are shown.

Level energy y-Intensity B feeding  logft? g feedind log ft J7
(keV) difference (%) (%) (R)

0 14.6 541 32 5.07 512
151 284) 6.94) 5.69 5.%3) 5.79 71
704 312) 9.1(5) 5.41 7.24) 5.51 (3/12)
818 893) 22(1) 4.98 171) 5.08 (5/2)
970 543) 13.27) 5.15 10.%6) 5.25 (3/2,5/2+)
1280 100 261) 4.77 2q1) 4.87 3/
1454 4Q@3) 9.86) 5.11 7.84) 5.21 (3/2)

#The first extrapolation assumed léig=5.41 for thevds, level.

The second assumed I6i=4.87 for thevds, level.
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1073n [22] 107G 109gn [7] 1098n[22] 109G 1gn[2z) 1115
FIG. 10. Level systematics fo =82 isotones. The presence of
the second 5/2 state in '3 and '3'Cs is attributed to d,) =3

cluster structures. Spectroscopic factors are adopted fron Raf.

FIG. 12. Experimentalsolid) and theoreticaldashed energy
levels for the light oddA Sn isotopes. Single-quasiparticle neutron
levels are shown in bold and with an asterisk Calculated levels

three go,, holes in thez=50 closed shel[18]. This model ~ &re adopted from Ref$21] and[7].

was also used to explain a 3/devel at only 267 keV in
9zr, having a @ds,)® configuration. Similar low-energy

+ P 95
3/2" states are not observed in eithezr or *Zr. the level at 678 keV is suggested to be primarily comprised
Neutron clusters above thé=50 shell gap may also be 4 4 (vg+») ~35/2" configuration. In Fig. 12, experimental

observed in the light Sn isotopes. The close proximity of the, .4 theoretical energy levels for the light oddSn isotopes

neutron ds;, and g;, orbitals suggests that three- ;e ghown. Calculations in Ref@1] and[7] support a 5/2
guasiparticle/hole clusters may be observed for both orb|talqeve| in this energy region. The calculated energy levels of

Experimental energy levels for the light oddSn isotopes p¢ [21] show only two low-energy 3/2 states—
o= 1 : :

are shown in Fig. 1_1' Fﬁtsssn’ bOth thEd5/,2 3”0!97/2 orbit- presumably thel,, single-quasiparticle level and a particle-

als are full as théN=64""Sn core is semimagic. No three- ¢ore sate. Calculations in Ref7] show three low-energy

quasiparticle structures otig;)) "3/2" or (97,)°5/2" are ob- 35+ giates consistent with the three states suggested from

served or expected. The str_ucturelb?Sn, with a single hole  he experimental data. The level at 664 keV is proposed as
in the N=64 subshell, consists of the same five quasiparticlg,g (vdsp) “33/2" state, while the level at 925 keV is largely

levels below 1 MeV as compared {3°Sn. The removal of comprised of thel,, single-neutron configuration. The third

two neutrons provides three holes in tg, orbital, which 35+ giate at 1062 keV may arise fronta, or g, neutron
couple to form the second 5/2state at 755 keV in‘*!Sn. coupled to the 2 core.

Transfer reaction studies determine a spectroscopic factor of |, 1075, the level at 818 keV is expected to be the three-

only ~2% [19,2 of the value observed for thi; ground ¢ aiparticle clustersg,,;) ~35/2" state, as the separation

state. energy from they,,, level is 667 keV, similar to the 664 keV
00 observed in*%Sn. The 3/2 spin and parity proposed for the

B 704-keV level may be theids,) “33/2" state, as it is only

— 26 keV higher in excitation energy than a similar state at 678

In 1%9n, three-quasiparticle/hole cluster structures may
be observed for both thg;, anddg, orbitals. In our data,

1500 — —11/2+

:
|

Energy (keV)

500—

*5/2+
103gn

FIG. 11. Experimental energy levels for the light a8ldSn iso-
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keV in 19Sn. The 5/2 level at 819 keV and 3/2 state at
970 keV closely approximate the 5/2and 3/2 levels near
950 keV calculated in Ref21]. The strongB decay branch-
ing to the 1280-keV level suggests dominahy, single-
quasiparticle configuration. Calculations in Rgf1] do not
reproduce thels, cluster state, similar td°°Sn results.

lOlSn

Values for the single-particle energies #1'Sn are pre-
sented in numerous theoretical papers available in the litera-
ture. A sample is shown in Table V. The largest divergence
between the models is the placement of &g and g,
levels.

The calculated energy levels 81°Sn shown in Fig. 12 by
Danko et al. [7] used the model of Sanduleset al. The
single-particle energies are shown in Table V for RétL].

V. EXTRAPOLATED SINGLE-PARTICLE LEVELS IN

topes. Single-quasiparticle neutron levels are shown in bold ands seen in Fig. 12, calculations in R¢21] place the 1/2

with an asterisk*).

level of 1°95n too high in energy, while Ref7] is too low.
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TABLE V. Single-neutron energy levelin MeV) for 1'Sn.

Sandulescu Engeland Duflo Leander Leander folded Leander Skyrme Ill Borzov

[22] [21] [24] Wood-Saxon Yukawa [25] [26]
ds)s 0 0 0 0 0 0 0
972 0.5 0.20 0.5 1.45 1.09 0.47 1.899
S1/ 1.6 2.45 0.8 2.16 2.46 2.54 2.106
dzp 2.2 2.54 1.6 2.86 3.22 2.44 2.262
i1 2.6 3.00 2.4 2.77 3.13 3.24 2.862

These two calculations may then suggest a reasonable limilsn down to!%°Sn, the lowered energy if°Sn is unex-

for thes,, level in *'Sn, i.e., 1.6 — 2.45 MeV relative to the pected. This rollover raises questions about the position for

ds, ground state. A rough extrapolation from the heavierthe 1.g,, level in 1°'Sn. Does the downtrend continue, sug-

mass oddA Sn isotopes supports placement of ) or-  gesting a 100-ke\ds,-g-,, Separation energy? Or is the rela-

bital within this range. . _ _ tively low »g-,, level in 1%Sn due to an effect present in
Values for the single-particle energies shown in Table V105-109g hyt not in%3sn or 10l5n?

are typically extrapolated from experimental observations |t the new data for'%3Sn is used to support a 100-keV

near other shell closures. The Fermi level is assumed tg_ q. ., separation energy fot”’Sn, this may suggest that

smoothly decrease away from the shell closure. This can be Fermi level may be “trapped” between the close-lying

seen for theN =82 isotones shown in Fig. 10, where excita- 4. , andg,,, orbitals forN=51-55. Theds, Sy, andhyy,

tion energies for thels; andh,, single-quasiparticle orbit-  orhitals would then increase slightly Bis=50 is approached,

als smoothly decrease @sdrops from 6510 51. ~ ~ and would lie at much lower energies than that suggested in
However, such an assumption may not be justified in thergpje /.

regions where little experimental data is available. System- The centroids for the Gamow-Teller spin-flip transition

atics for the Ni isotopes ne&t= 40 is shown in Fig. 13. The

0oy, intruder orbital is high in energy ne&t= 28, then low-

ers as the neutron number increases. Howevermghdevel a)  j000F
remains at a nearly constant excitation energy for the iso- 200
topes having\=35-39. For these isotopes, the Fermi level = (9723 512+
becomes “trapped” between the close-lyifg, andp4, or- = eo00r (970)3 5/2* a5
bitals. The additional neutrons do not significantly alter the = (97,2}
Fermi energy, and therefore do not affect the excitation en- § 4001
ergy of the'gg{z state. > 200k g 2 g,
Uncertainties in the light Sn structures may also lead to < -
: 10 & - 8=
large errors for extrapolations toward’Sn. In 1%3sn, the 8 0 %5 G %s  ds  Tm n
07, level is suggested to be positioned at only 168 keV 5 200k Tn
above theds, ground stateg2]. This finding was recently G
confirmed in ana fine structure experimeniB]. As the ex- -4001 97/2
citation energy of theg,,, level smoothly increases from —_| 1035nH 1053nH 1075nH 1095nH IHSHH 1133n|_
b) _
3500 - 1000
o
3000 L _op+ _9pt E 8001
. 2 (g7/2)° B/2*
_ i E 6001 7/2 .
> 2500 - 2 (@72 5/2* —,
& . ot 2 400f (97,2)° /2%
~ 2000 [ 4
) : > 200+ 9712
2 1500 [ - < Sz gy
3 ; _op+ L —3 = ok —  d5p
Fo_ 1 ; 2 Uz Ogp Ogp . dgp 4
1000 [ ot THp s 5/2 502 5/2 e 5/2 5/2
oy s = 2001
500 F _1p- 972 —
¥ — 5 o —12 -4001 9712
[ - - 77 _—3125/2‘ 112" - +
ob 3 A =, —y; ==y A\
MNijy PNij OWNig; ONigs ONiy; Nigy Niy, FIG. 14. Mixed and unmixed 5/2levels in 1%3-1135n jsotopes.

Energies are shown relative to tle, state. The presence of the
FIG. 13. Level systematics for the Ni isotopes. The nearly con{g,) ~35/2" cluster state irt®”~1Sn may lower thels,, quasipar-
stant excitation energy for the 9/tate in® 8’Ni may arise from ticle state~80 keV. A potential cluster state 7°Sn is assumed to
Fermi level “trapping” between thés, andp,,, orbitals. lie at a similar energy a&®’~*'1sn.
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strength using the four lowest 3/2evels in 1%°Sn and!%’sn  separation energy within 100—300 keV is proposed'fdgn
are 1075 and 1200 keV, respectively. This would suggest thdly comparison to the systematics and unmixed levels of Fig.
the dy, level in 1%3Sn would lie at 1750 keV by a simple 14. A separation larger than 441 keV would be unexpected.
linear extrapolation. While this energy is well below the pre-
dictions in Table V, it is consistent with the knova-d5/, VI. CONCLUSIONS
spin-orbit splitting of 1656 keV for the single neutron hole
levels in 131Sn. This would suggest that tisg, level would
also lie between 1.5 and 2 MeV i?!Sn. The largest differ-
ence would be for thé,4, orbital, which may lie below the
expected range between 2.0 and 2.4 MeV. 'f#iSn, the
ds;-hq4/ Separation energy is only 1415 keV.

An alternative explanation may suggest that the observe
trend for the 5/2-7/2* energy separation iA®>~1°5n is af-
fected by mixing between thés, single-quasiparticle state

Low-energy, low-spin levels were observed and character-
ized in 19°198n following 1°%19Gh B decay. Combined with
the recent datdi.e., Ref.[7]), the structure of'%Sn is now
well established below 1.5 MeV.

The gradual rise in th@-decay strength centroid for the
low-energy 3/2 levels, combined with the low 5/27/2"
Separation energy it’3Sn can be used to support Fermi level
“trapping” between close-lying ds;, and g;, single-

30 ot i quasiparticle neutron levels. The Fermi level rises only
and the @gy),) '5/2" cluster state. Mixing between these two slightly asN decreases below 57. Consequently, extrapola-

states would lead to an exaggerated lowering of the 5/2 tions for the energies of they,, dy, andhy, shown in

ground state relative to the first excitgg,, state in the iso- Table V lead to energies that may be too high by 500 to 1000
topes where cluster states are present. The observed stryc-

tures could arise from a smalt(100-150 keV) depression

. s . Moreover, new data fot°’Sn and a more complete level
for the ground state if matched by a similar increase in the 10
scheme for'%°Sn may demonstrate trends for cluster struc-

cluster excitation energy. This is shown in Fig. 14. The effecttures in the light Sn isotopes, which may offer another pos-

of mixing will be weak in 1°Sn due to the relatively large . .
ds»-g7,» Separation energy. Moving three neutrons into thes’Ible approach for understanding the ldy, g7, separation

. 10 . . ey
g+, orbital will require a significant amount of energy: the energy in1%Sn. These data support an intermediate position

5/2" cluster state will thus lie high in excitation energy and T(?gn 2&2 c'\gr?nvafroer dttk:)e\?glzugseg:]rg:vnqiz?l'sallgigt\lf lT:OIeV!eI n
mix little with 5/2* ground state. As more neutrons are ' P . 2

added, thevg,,, nears the Fermi surface and the effects oprSﬂtlon, a quantlta_tlve evaluation of mixing between the
mixing are significant. Fot'3Sb, with a single neutron hole 572 cIustﬁr state with thf@dS’z gr.oundjtate 1 nec;aszsmary o
in the N=64 subshell, the cluster state is no longer availableImprove the precision of an estimated position o )

Mixing effects are maximized foN=55, 57, and 59 neu- kev.
trons, respectively, as three particles/holes are readily avail-
able for both theds, and gy, orbitals.

Similar to **Sh, the cluster state is unavailable in single-  Support for this work was provided by the U.S. Depart-
neutron'®’Sn. Systematics for thes,, andg, orbitals in the  ment of Energy under Contract Nos. DE-FG02-91ER-40609,
lighter N=51 isotones has recently been extended%@d, DE-FG02-88ER40417, DE-FG02-94ER-40834, and W-31-
where the separation energy is 441 kg37]. A ds-g7»,  109-ENG-38.
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