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Few particle excitations of N=_83 isotones'®Sb and **Te from 2*8Cm fission
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Gamma-ray cascades in the two- and three-valence-particle fdtSéi and**Te have been studied with
Gammasphere using?4%Cm spontaneous fission source. Isotopic assignments were based in part on coinci-
dences withy rays from complementary Rh and Ru fission partners. ff@&b and***Te level schemes have
been considerably extended, with placement of many new high-energys; delayedy-ray coincidences
observed across a 0.5is yrast isomer if**Te were especially fruitful. The yrast level spectra of both nuclei
are interpreted using empirical nucleon-nucleon interactions and compared with the known yrast excitations of
their counterpart$!°Bi and ?*Po.
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[. INTRODUCTION were of high quality in most respects, but they were acquired
with narrow coincidence time windows. Consequently, de-
The nuclei'®*Sb and*®Te areN=283 isotones, with two layed y-ray coincidence relationships across isomers with
and three valence nucleons, respectively, outside doublyalf-lives exceeding 0.2s could not be investigated in an
magic *3?Sn. The yrast spectroscopy of these nuclei is welladequate way. This was a particularly serious drawback in
worth studying, since it should be a prime source of infor-the 13Sn region, where yrast isomers abound, just as they do
mation about empirica| proton-neutron interactions in an |m'|n the region arounaospb. ThelgSTe results from Eurogam
portant sector of the nuclidic chart. These are neutron-richy serve to illustrate the problerfs]. Although Te is a
species, accessible for study only through fission of acpign._yield(3.296 product of2*6Cm fission, the occurrence of
tinides, and what little is known about their properties comesye g 51,5 isomer along its yrast line severely limited the
mainly from fission product radioactivity measurements. Inspectroscopic information about high-lying excitations in

13 ing i i
vaﬁt;’s tf;ireTarzr:\évw(-Tdec;?i)gir:]g I?‘?c?rfrsthgltr::opr:g bjrkjaltéiTon this nucleus that could be gleaned from the Eurogam Il data.
9 9 We have now performed new fission-prodyetay coin-

wg7vfp, with aligned and anti-aligned coupling of the . .
nucleonic spins; the ordering of the isomers is not yet settleqc.Idence measurements at Gammasphere, again usffiga

In 135Te, the ground state almost certainly hds=7/2", and source, but with more favorable control of the timing condi-

a well-established 0.5&s isomer at 1555 keV, assigned the tions. The data acquired were generally better than th_ose
aligned configuration ﬁ-g%,zvfm)lQ/Z, decays by arE2 fr.o'm the Eurogam Il experiment, and they have led to sig-
cascade through 15/2and 11/2 members of the same mul- ?éflcant advanges in the yrast spectroscopy of B8t8b and
tiplet to the 7/2 ground state. “Te, as detailed below.

Recent investigations using largeray detector arrays to
measure fission-producy rays have opened prospects for

broad exploration of many poorly known nuclei in neutron- Il. EXPERIMENTAL PROCEDURE
rich regions. Our work has focused on yrast excitations of
few-valence-particle nuclei in th&=50-54, N=80-84 The y-ray measurements were performed with the Gam-

range, and we have analyzed fission produgy data mea- masphere array at Argonne National Laboratory using a
sured with a?*%Cm spontaneous fission source at the Euro2*®Cm source consisting of about 5 mg of curium oxide em-
gam Il array. First results for thid=82 isotones*Te, 1*1,  bedded in a pellet of potassium chloride. This source deliv-
136xe [1,2], for the N=283 isotones-¥/sSb, ¥Te, 139, 13Xe  ered ~6.3x10*fission/s. The fission fragments were
[2—-4], and for theN =84 isotones®Sn, 13°Sh, 13¢Te [5,6]  stopped inside the source inl ps, with subsequent emis-
have already been reported. sion of the deexcitatiory rays occurring from nuclei at rest.
The y-ray data from the Eurogam B*Cm experiment The y-ray coincidence data were recorded over a 10-day
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period using Gammasphere, which consisted at that time o
99 escape-suppressed large-volume Ge detectors. The eve 50+ (@)
trigger required detection of at least foyrrays within an

800-ns time interval, with storage of time and energy infor- 1
mation for everyy ray registered. A total of about 1.8

X 10° events were collected, and they were subsequently 30-
sorted off line into variousyy matrices andyyy cubes, both
prompt and delayed, covering energy ranges to above t
MeV.

Gates: 2126 keV - Rh partner y-rays

W 1968

n 134Sb

| 2444

IIl. RESULTS
b 8
A. B¥sp 15 (b) 3 Gate: 2126 - 308 keV

As mentioned in the Introduction, the one-proton, one-
neutron nucleus®*Sh has twog-decaying isomers with™ £
=0~ and 7, both assigned the configuratiang,,vf,.,. 3101
Our first analysis of the Eurogam Il data identified a cascade® _
of 1073- and 1053-keVy rays in **%Sh, together with a 8
strong 2126-keV crossoverray [3]. Guided by shell model 5 ﬂ

n 1348b

considerations and by the known level structure of another

IpIn nucleus?'9Bi, we placed these transitions feeding the M

"¥'Sb 7" isomer from (rgz,vhg)8” and (whiywf7)9" Lt MHM M”ﬂﬁ o L hnﬂnﬂﬂN\nmnhnW L
states at 1073 and 2126 keV, respectively. Further analysi: 1900 " o100 2300 2500

[4] located a new level at 2434 keV deexciting by 308- and 704 Gate: 2126 - 1968 keV
1361-keVy rays to the 2126- and 1073-keV levels. Angular © 9

correlation results indicated stretched dipole character for the .

308-keV transition and suggested that the 2434-keV level gq | _
might be the ¢rg,,vii3,) 10" two-particle state firmly ex- 8
pected in this general region; the problem was thatihg, § o o
single-particle energy around®Sn was not previously 0 .
known. As shown in Ref. [4], adoption of the 30 ﬂ

| 423

u 134g,
O Rh partners

(7g7,ovi 139 10" interpretation for thé®*Sb 2434-keV level _ .
pointed towards a value close to 2.7 MeV for the ), o o J\

single-particle energy. 10+ o
The superiory-ray coincidence data acquired with Gam- il Mﬂﬂn ] 0
masphere enabled us to identify many additioh¥Sb y 150 = 250 = 350 @ 450 550
(

rays, including seven new transitions with energies above EY keV)

1.99 MeV. As previously noted3], the strongest®‘Sb y

rays appeared in coincidence withrays from the @, 3n, FIG. 1. Gamma-ray coincidence spectra fifSb. (a) displaysy
and 4 fission partner%lth, 1119h and%Rh. In the analy- rays coincident with the 2126-ke¥?“Sb transition and the strongest
sis of the new data, double-coincidence gates on'ffgb  transitions from the complementafy=110—113 Rh productsb)
2126-keVy ray and on Rh partney rays[Fig. 1(a)] exhib- ~and (c) show y rays coincident with double gates on th&Sb
ited a group of high-energy lines of 1968, 2083, 2136 andransitions specified. Contaminant lines of known origin are also
2444 keV. Of these, the 2083- and 2136-keV lines, togethefrdicated.

with a 1991-keV transition, appeared also with a double gat@ng 2136-keV transitions, located levels at 4766 and 5045
set on 2126- and 308-keY rays[Fig. 1(b)]. These results key. |n addition, double gating on the 249-, 279-, and 2126-
and further checks of the promptyy data led to the conclu- keV y rays identified a 2391-keV third deexcitation branch
sion that the 1968- and 2444-key'rays feed the 2126-keV from the 4517-keV level. Gating on the 1991-keMay and
level from 4094- and 4570-keV parent levels, whereas theransitions following thaty ray showed the 249-and 279-keV
1991-, 2083-, and 2136-keVy rays directly populate the lines to be in coincidence, indicating that the 4425-keV level
2434-keV level from 4425, 4517, and 4570 keV. is fed from the 4517-keV level. There was also some indica-
Double gating on the 2126- and 1968-keV lines, as showrions of a 92-keV connecting transition, but they were not
in Fig. 1(c), identified a feeding cascade of 423, 249, and 27%onclusive, and the transition is not included in the level
keV. Of these, the strongest is the 423-keV transition deexscheme of Fig. 2.
citing the level at 4517 keV, which is also the parent level of  One particular problem concerning the proposed interpre-
the 2083-keV transition. The 249- and 279-keV transitionstation of the *3‘Sh 2434-keV level as then(g/,vi3;) 10"
together with a 196-keVy ray found to precede the 2444- two-particle state required special investigation. In Réf,

[s]
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FIG. 2. The proposed level scheme fb¥'Sb. Arrow widths o Lt s
denote the relative transition intensities. The results of the shell 500 1000 1500 2000 2500
model calculations described in the text are shown to the left. © ? Gates: 2469-370 keV & 2469-406 keV
140 + 5
4 _ ot u 1%7g
the 308-keV 10—9" and 1361-keV 10—8~ were the 1 £ gl” © Ru partners
only deexciting transitions reported, but one would expect 8 .
— (2] ©
also a 2434-keV 10—7~ E3 decay branch at least as € Z
strong as the 1361-keV transition. This problem was not eas-§ °
ily settled, because only weak’Sb vy rays feed the 2434-
keV level. However, in the present work, by multiple gating
on thesey rays and on Rh partner lines, it was possible to
observe a 2434-keV photopeak and to determinestiay °
branching ratid (308)/1 (2434)=1.8(4). (Unfortunately, the
region around 1361 keV was obscured by a strong 1363-ke\ 150 250 350 450 550

yray from one of the Rh partnejs. However, other spectra E,(keV)

gave the branching(308)/1(1361)=8(2), andfrom these

one could obtain the branching ratio of most interest, FIG. 3. Gamma-ray coincidence spectra #Te. (a) showsy
1(2434)1(1361)=4.4+1.5. We return to this result in a 'ays preceding the 1180-ke¥°Te transition.(b) and(c) display y

later section. rays coincident with double gates on th&Te y rays indicated.
The extended®Sb level scheme displayed in Fig. 2 in- . _
corporates these new findings. As mentioned earlier, the Eurogam 4Jkray data were
acquired with narrow coincidence timing ranges, which were
B. 135Te unsuitable for investigating delayed coincidences acjass

. . isomers. In this respect, the timing conditions in the Gam-

The low-energy portion of th&*Te level scheme consists masphere experiment were much more favorable, as is illus-
of 7/2°, 11/, 15/2", and 19/2 levels of wg7,,vf7, char-  trated in Fig. 8a) by a coincidence spectrum gated on de-
acter, the 19/2 state being arE2 isomer with a 0.5Ius layed 1180-keVy rays. The 1086-, 1357-, 1679-, and 2407-
half-life. The Eurogam Il study3] identified foury rays of  kev v rays (seen previously as weak lineare prominent
1086, 1357, 1679, and 2407 keV preceding the 196dmer  peaks in Fig. &), with statistics higher by a factor of 50 and
and deexciting levels at 2641, 3234, 4591, and 5641 keV. Omuch improved peak to background compared to the corre-
the basis of shell model calculations in which empiricalsponding Fig. (a) of Ref.[3]. Othery rays seen in Fig. (@),
proton-proton interactions were taken from th&Te level including those at 1263, 1916, 2007, 2186, 2292, 2469, and
spectrum and proton-neutron interactions were estimateg839 keV, must also bé®Te transitions preceding the
from known #%Bi interactions, the 2641- and 3234-keV lev- 0.51us isomer.
els were interpreted as w@%,zvhg,z)ZUZ and Particularly useful promptyy matrices for high-lying
(797011772 25/2° states. transitions in 13Te were sorted by selecting only those
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£5e the above 10 assignment. As described earlier, the relevant
s T W — e branching ratiol (2434)4(1361) in the deexcitation of the
o) Ao o L 741 2434-keV level was determined to be 4.4.5. If one takes
72y %5 @127) § s641 0.5 Weisskopf unit§W.u.) as a reasonable value fB(M 2;
ese) ds |7 B 5% 1662 1361 keV}, one obtain8B(E3;2434 ke\y=20+7 W.u., a re-
o0, st T - 1080 sult in excellent agreement with those found for otE&
829 @) o1 transitions in the'%Sn region[8,9].
2292 %2 ssap 2407 Most of the 1*Sh levels above 4 MeV located in the
e g present study appear to be members of a multiplet connected
1ot 51 "|°8 o by low-energy transitions. An exception is the level at 4570
otss 052" T s o keV, which decays only by high-energyrays to the 2434-
oo 2007 o, 8% keV (mg7,,vii3) 10" and 2126-keV ¢hyqvf;) 9" states.
2510 2468 | (pyp- | oot T We suggest that the 4570-keV level could be the
T (mhyyviig) 12 state. The relative energies of the
(7Q97,5vi13) 10" and (whyq i) 12 two-particle states
- ] 0.50s =  in1%Sb have been estimated using empirical proton-neutron
{152 ) s interactions extracted from the counterpatihg,vj 5 12°
) and (i3] 150 14~ excitations in?1%Bi, with mass scaling
asA~ 2 The calculated level energy separation of 2393 keV
is in fairly good agreement with the experimental value 2136
72" 0 keV. On balance, this interpretation of th&'Sb 4570-keV
135Te Ie_ve_l as the ¢hqqoviiz)12° state, which woul_d imply
similar viq3,— vf;, E3 character for the close-lying 2434-
FIG. 4. The proposed level scheme f3fTe. and 2444-keV transitions, may be regarded as probable, but
by no means certain.
events with 1180-keVy rays in delayed coincidence. For  The sequence of levels 4094, 4425, 4517, 4766, and 5045
example, such gating on the 1180-keV delayed and 167%eV must involve excitations across the shell gap, and we
keV prompt transitions generated the coincidence spectrumaturally interpret them asg-,»f3,h;j, excitations of the
of Fig. 3(b), where new'**Te y rays of 265, 319, 346, and 1323 core. The energies of these states have been calculated
1937 keV are to be seen. The promptay triples data were using known single-particle energies and empirical nucleon-
also important in establishing coincidence relationships benycleon interactions. Thefh;}, and vf2, two-body ma-
tween the observed transitions. Among the new results, thgix elements were taken frof$2Sn and*3‘Sn, and those for
653-, 1916-, 2469-, and 2839-keV transitions were found 104 .,h7 L and g-,,vf 4, were adopted from corresponding
feed the 19/2 isomer directly, and a casca(_je of 370-, 406'*multiplets in2%88j and 2198i, with A~ scaling as described
371-, 355-, 265-, 319-, and 346-key/rays with 777-, 726-, in Ref.[3]. The results are displayed in Fig. 2 with the cal-
and 620-keV crossover transitions appeared to feed a state gf|ated energies normalized to 4517 keV for the (L&2vel.
4024 keV. Other wealy rays connecting or feeding already The good overall agreement with experiment provides solid
located levels were added. FigureBshows, as an example, g 0001t for the proposed interpretation of thésh levels.
the coincidencey-ray spectrum with double gating on the The two 12 levels proposed at 4517 keléore excita-

2469- and 370- or 406-keV lines. The finafTe level tion) and at 4570 keVhvi) are separated by only 53 keV.
scheme, which includes all the new findings, is displayed iPrhe weak 196-keV branch from the (1Bcore excitation to

(21/27) 4 4394

(19:27)
{a7i27) 2017 1086

1180

Fig. 4. the 4570-keV level, and the 2391- and 2083-keV branches
from the 12 (core excitationto the 9" and 10" states may
IV. DISCUSSION be due to a small degree of mixing between the close-lying
A, 134gp 12~ states.
Yrast states below 4 MeV in thepln nucleus **Sb B. 135e

should have simple two-particle structures. The number of
possible configurations is small, and it is easy to list the yrast The*°Te level scheme has been considerably extended in
excitations withl >7 that might deexcite by emission gf  the present work, although it is obvious from Fig. 4 that only
rays to the'®*'Sb (wg,wf7,) 7 state. The possibilities in @ few yrast states above the 0.a$-isomer are strongly
order of increasing energy would seem to bepopulated following fission of*Cm. In this section, we
(797;vNg)87, (mhyyvf7)9%, (mg7viig)107, and  discuss the interpretation of the level structure of thid 2
(7hyyvi132)12° . In earlier reportd3,4], we assigned the nucleus, bearing in mind the results for the neighboripg 2
8~ and 9" configurations ta3“Sb levels at 1073 and 2126 nucleus***Te previously obtainefil], and those for then
keV, and suggestedn(g,,,vii3)10° for a level at 2434 nucleus®¥sb reported in Refd3,4] and the present paper.
keV. The low-lying 7/2°, 11/2°, 15/2", and 19/2 levels in
The detection in the present work of a moderately strongl35r e are interpreted asg%,zvfm states corresponding to
2434-keV transition to the 7 “ground state” strengthens the 07, 2%, 4", and 6 wg3, states in **Te. The
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B(E2;19/2 —15/27) of 4 W.u. is about twice as large as s}
the 1**Te B(E2;6"—4"), which can be understood as an 27 ayi
effect of the mixing in the 15/2 state of the (rg§,2)4+ 812~
X vfq, and (wg?,z) 6" x vf,;, couplings, with coherent con- T
tributions from protons and neutron to tB@ amplitude. The  _
new level at 2017 keV, decaying to the 15/2nd 19/2
levels, is very likely the 17/2 member of the same _— I
Trg%zvfm multiplet. There is little doubt that the level at i ,,{',thvf syt f F

2208 keV is the 19/2 state ofwg,ds,,vf-,, character, with ’_.;j}"' . FBR g
full alignment of the three angular momentum vectors—it 12t _mhy ST W 7 -
would correspond to therfg,;,ds;,)6" state at 2398 keV in 1 B e movh S

whivg <

13 o 31/2™ e
"Te. 10-__rhvi .- " rhavi -

The '*°Te level at 2641 keV was reported previously and | g=__ing 7" pppt_ g 1927 o

nghvi

nghvh

Joomet
3 S

E (MeV.

14~ mvj 10%

tentatively interpreted as a 2I/2state from Tl'g%zl/hg/z 210, 134Gy 211py
maximum-spin coupling; its energy and that of the 83 127 5177 8s 84" TH27

- . 3 .
(mg7,vho)8” state at 1073 keV in*Sb are consistent 5 g Comparison of yrast two-particle states2iiBi and

with thisS interpretation.  The  strongly  populated 1345y, ang of the yrast three-particle states?iiPo and **°Te.
3234-ke\}*Te level is almost certainly the fully aligned pominant shell model configurations are indicated.

(7970110 f72) 25/2° state. Newy rays deexciting this

level are the 1026- and 593-keV transitions, which should
haveE3 andM2 character, respectively. For ti8 transi- correspondence between theSETe levels and the known

tions deexciting the 3234-keV level, the observed branchingore'exCited sta}telg%n neighboriﬁ@“Te.wlior example, the
ratio 1 (1026)/1(1679) is smaller by a factor of 6 than what fgr?-ket;/ 'e"]f_"' In—=ie s p_r(?bablyi .thld _Zdl/T member ¢
one would estimate by assuming that the two T9&vels at  ©' tN€ above five-quasiparticle multiplet and a counterpart o

2 -1 + ial3
1555 and 2208 keV have the same proton composition as tH88 (972172118 state at 4557 keV ',nl “Te. The
corresponding 6 excitations in1%*Te. The level at 3471 4394-keV level deexcites to th&°Te 19/2" isomer by a

keV may be the 21/2 state ofmg;hy1,vf 7 character. It 2839-keVy ray, very close in energy to the 2866-keV tran-

lies 237 keV above the 25/2state of the same configura- Sition from the 4557-keV level to th&*Te 6" isomer. Our

tion, compared to a spacing of 285 keV between theProad conclusion is that this sequence of level$3ie ex-
7g.h11 9 and 7 states int*Te. tending from 4394 keV to above 6 MeV is composed of

The 4591-keV level iH35Te, already reported in Ref3] core-excited states analogous to those identified at similar
has the right energy to be the 27/21ully aIigne(’:i excitation energies in the simpler nucléfsn, 133sb, 134sb,

and 13Te.
w7017y State. Its decay to the 3234-keV level would
involve the vhg,— vfy, M1 transition, as expected. The . e 13 o 21
5641-keV level, populated moderately strongly, appears the C- Comparison of yrast states in**Sh*Te and #%i,**Po

perfect candidate to be ther§7;n11/,vi132)31/2" state. The It has been known for some time that the spectroscopy of
2407-keV y ray from that level would then be @iz,  the 13%Sn region closely resembles that of the well-studied
—vfs, single-particle transition, a3 analogous to the nyclei around doubly magié®®Pb[7]. The orbitals above

2434-keV transition in***Sb. The 1050-keV branch to the and below the energy gaps in the two cases are similarly

4591-keV level would be a competingiiz,—vhe, M2 ordered, and every single-particle state in #i&n region
transition like the 1361-keV transition from the 2434-keV has its Counterpart arour?aspb with the same radial guan-

level in 134Sb. The branching ratio determined for the tran-tum numbem and one unit |arger in angu|ar momettand
sitions deexciting the 5641-keV*°Te level was determined . Moreover, nucleon-nucleon interactions required for calcu-
to be 1(2407)A(1050)=17(5), giving within errors the |ations in the*’Sn region can be estimated from the corre-
sameB(E3)/B(M2) ratio as observed for the deexcitation sponding empirical interactions known in few-valence-
of the 1**Sb 2434-keV level. Such agreement bolsters COI’lfi-partide nuclei around?°®Pb; this aspect was of central
dence in the proposed configurations for bdfiSb and  importance in the present work. It should be noted that the
13Te. spectroscopic information obtained directly from these
The regular sequence of levels above 4 MeV shown at théission-producty-ray measurements was quite limited, con-
left side of the'*Te level schemeFig. 4) are probably sisting of a few shorte-ray cascades iA*Sbh and more ex-
core-excited states, involvingf,;h 5, and other particle- tended cascades #i®Te, but essentially nothing about tran-
hole excitations. We have performed shell model calculasition multipolarities and spin-parity assignments. Our
tions with theoxBAsH code ofrg3,vf2,h; ], level energies interpretation of thé*“Sh and'**Te results was vitally influ-
using empirical nucleon-nucleon interactions, but in this casenced by existing knowledge of yrast excitations in their
the calculated level spacings could not be matched to theounterpart nuclef*Bi and ?'*Po.
experimentaf-**Te level spectrum in a convincing way. Ac-  We conclude by displaying in Fig. 5 the assigned two-
cordingly, a detailed interpretation of th€°Te level se- and three-particle yrast states 1'Sb and*°Te and the
quence cannot be given, although there are many points @rresponding states known fi%i and ?*'Po. Each two-

1356
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particle state in***Sb has its counterpart iAt%Bi with the ACKNOWLEDGMENTS
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