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Excited states inf°®Te have been identified up to spins-e20% using the extremely weak@2n evapora-
tion channel(~0.2% of o,¢ from the bombardment of a backedFe target with 243 MeV>®Ni ions.
Channel selection and enhancement was made possible using the powesafithesPHERE array to measure
high-fold y-ray coincidences and the resultant application of multiptay gating techniques. The observation
in 1%8Te of two interleaved sequences of levels with assumed opposite parity connected by erfhanced
transitions is interpreted in terms of octupole correlations. The current result®fe make it the closest
nucleus to the predicted region of octupole deformation centered=aZ =56 yet studied to high spin.
[S0556-28188)50403-1

PACS numbes): 21.10.Re, 23.20.Lv, 25.70.Gh, 27.649.

Deformed shell model calculations predict that theground of y rays from more strongly populated channels.
nucleon numbers 34, 56, 88, and 134 are strongly octupol@his makes'®Te the closest nucleus to the predicted region
driving due to the proximity to the Fermi surface of single- of octupole deformation ail=Z=56 which has been stud-
particle levels(with Al=Aj=3) which are connected by ied to high spin. This Rapid Communication reports the ob-
large octupole-interaction matrix elemenis2]. Of the pre-  servation of interleaved positive an@ssumell negative-
dicted regions of stable octupole deformation, the best studsarity bands at low spin if%Te connected by enhancéd
ied and most well-developed regions are centered arounglansitions. The deduceBl(E1) transition strengths suggest
229Th,5, and seBagg [1,2]. An interesting proposition is that a weaker dependence @ than was implied by the results
nuclei withN~Z both near one of the above octupole magicfor 1“Xe [7], in agreement with the results fdt°Te [8]. A
numbers might exhibit especially strong octupole effectspronounced spin dependence of the transition moment is
firstly, because both the neutrons and protons can contributalso observed. The results provide a strong motivation for
and secondly, because of the added possibility for a protorfuture studies of the light xenon and barium nuclei approach-
neutron interaction. Indeed, experimental and theoretical eving *?Ba.
dence has been presented for octupole effects in the Excited states in%Te were populated by bombarding an
N=Z=32 nucleus®Ge[3], although it is well known that it 5*Fe target with 243 Me\P®Ni ions from the 88-inch cyclo-
is the heavier nuclei which exhibit the strongest octupoletron at Lawrence Berkeley National Laboratory. Gamma rays
correlations. Possibly the heavidét Z region which could were observed using theaAMMASPHERE array, which at the
be accessed experimentally lies ndgfBass, a region for  time of the experiment consisted of 95 large-volu(#ig—80
which there are theoretical predictions of ground state octu% efficieny Compton-suppressed HPGe detectors. A
pole deformatiorf4—6]. This has led to recent experimental 600 w.g/cn? foil of enriched **Fe backed with 15.2 mg/cm
investigations which have revealed enhanddtransitions of gold was the principal target, although a smaller amount
connecting interleaved positive and negative-parity bands inf data with a thin 50Qug/cn? foil of 4Fe was also col-
the lightest even-mass xenon and tellurium isotopes studielécted. Both previous studies of°®Te utilized this same
to high spin, i.e.,**e [7] and 11%7e [8,9]. The next beam/target combination, but under different reaction condi-
lighter even-mass tellurium isotopé®Te, is predicted to tions[10,11]. Although this is the most favorable reaction to
show the most pronounced octupole effects of the telluriummake 1%Te, the 22n evaporation channel is only very
isotopes(N=56 being an octupole magic numbdyut is  weakly populated~0.2% of the total fusion cross sectjon
extremely difficult to access experimentally due to its neu-The strong'°Sb[12] (3p), °%Sn[13] (4p), and 1°®Sn[14]
tron deficiency. Excited states are only known'fiTe upto  (a2p) channels, which comprise approximately 27%, 42%,
8% from two previous studie§10,11 and no evidence for and 17% of the total fusion cross section, respectively, pro-
octupole correlations was observed. The current work haside an intense background obscuring #9&Te y rays. The
applied the power oGAMMASPHERE to extract a high-spin  use of a backed target resulted in excellent energy resolution
level scheme for'®Te in the presence of an intense back-to resolve the multitude ofy rays created in the reaction.

This resolution combined with the resolving power of

GAMMASPHERE allowed the construction of a level scheme

*Current address: A. W. Wright Nuclear Structure Laboratory,for 1%Te up to spins of~20%, despite the small cross sec-
Yale University, New Haven, Conneticut 06511. tion.
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FIG. 1. Proposed level scheme fiTe.

Approximately 2.5<10° events in which four or more

into aRADWARE cube[15]. The LEVIT8R code[15] was then

dence spectra from the cube and the dedugedy coinci-

structing the level scheme shown in Fig. 1.

which were gated by the main transitions i¥fTe, thus re-

with the RADWARE suite of softwarg 15].

16-fold enhancement of the proportion df®Te (from

panel illustrates that the 664 keyfray is in self-coincidence,
while also showing all of they rays assigned t8°®Te in the

integrity of the proposed level scheme in Fig. 1.
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FIG. 2. Coincidence spectra obtained from the double-gated ma-
trix. Peaks labeled with the letter D correspond to interb&id
transitions. Note that not all identified peaks are labeled and some

weak contaminant peaks are present.

list (see above and Fig) are reduced in intensity. Instead, a
coincidence matrix singly gated by the 625 keV, 20"
transition was created and used solely for the purpose of
rays were detected in prompt coincidence were written tditting the intensities of the transitions. A total of 1490°
magnetic tape. During replay, the data were unfolded int@ated coincidences were sorted into this matrix with a result-
20X 10° triple-coincidence events which were incrementedant enhancement of the proportion ¥¥Te from ~0.2% to
~3.0%.
used to project double-gated, background-subtracted coinci- To ascertain the multipolarities of the transitions, matrices
were sorted in whichy rays detected at selected angles were
dence relationships and intensities were used to begin cosorted onto one axis, with coincidentrays detected at all
angles on the other axis. By gating on the “all-angle” axis,
Since the proportion of%®Te in the data set was ex- the spectrum of coincideny rays detected at a particular
tremely small, special procedures were required. To analyzangle could be projected, reducing the background consider-
angular correlations and identify some of the weakest transiably. To clean up these spectra further, the matrices were
tions it proved beneficial to sort coincidence matricesalso single-gated using the same gate list as that for the
double-gated matrix described above. The 17 rings of detec-
ducing the competing background from the more stronglytors were split into six angular grouping47.39, (31.7°,
populated channels. These gated matrices were analyz&d-49, (50.19, (58.39, (69.89, and (79.2°, 80.7°, 90.05
chosen to be roughly equally spaced across the range from
To identify and place the very weakest transitions incos 6=0.012 to 0.912 and with the rings @ and (180°
108Te, a double-gated coincidence matrix was created using ¢) treated as the same angle. The intensities ofythays
a gate-list consisting of transitions with energies of 625, 664in the spectra associated with the various angles were mea-
759, 897, 941, 830, 804, and 795 keV. Approximately 120sured and then fitted to the expressiow(6)=1
% 10 dual coincidences were sorted into this matrix and at+AzP2(cos6)+A,P,(cosé), where the intensity normaliza-
tion factor has been omitted. Because there was close to
~0.2% up to~3.2%) was obtained. Coincidence spectra Uniform solid angle coverage with 95 detectors present out of

projected from this matrix are presented in Fig. 2. The topa total of 110 in the complete array, the deduced valués,of
and A, were close to those usually expected. This was

checked using intense transitions of known multipolarity in
present work(since all of the assigned transitions are in co- °*Sn[13] and 1°°Sn[14]. For stretchedE2 andE1 transi-
incidence with either one or the other member of the 664ions, the resultingA, and A, coefficients were grouped
keV doublej. The lower panel is a coincidence spectrumaround values of A,=0.302),
gated upon the most intense interband transition with energf,=—0.283), A,;=—0.01(2), respectively. Examples of
716 keV. The absence of all other linking transitions in thisthe experimental results for botf®Sn calibration transitions
lower spectrum, taken together with the selection of the upand newly observed®Te transitions are presented in Fig. 3.
per and lower parts of the two band sequences, supports the The level scheme fot?®Te was known previously up to a
spin of & [10,11] and was extended by the current work up

To obtain accurate-ray intensities for the transitions it is to ~20% as shown in Fig. 1. The measured and deduced
again helpful to use a data set in whi¢¥Te has been en- properties of the transitions assigned ¥§Te are summa-
hanced. However, the double-gated matrix was not appropriized in Table I. Two sequences of stretched quadrupole tran-
ate for this, since the intraband transitions used in the gatesitions are observed, all of which up to the{19level were

A,=-0.12(2) and
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SRR LSS T structure. This is in agreement with theoretical expectations
L2 ("sn) T T, ] to be outlined below and with systematigk,2]; thus, the
1ok 4 L i following discussion assumes the excited band has negative
- - + . parity and the dipole transitions hatl character.
t d the dipole t t hat#d ch t
= 0.8 [ 616 kev T 716 kev T 949 kev ] Various theoretical calculatiorjg—6] make specific pre-
P o e 1 e B e B o dictions regarding the presence of ground-state octupole de-
4r > ot 67 —> 4t 137 > 117 . - . 1 .
1.2 1 osgp, T T ; . formation in the region nearsBass. In particular, the
rutinsky calculations o als exhibit octupole-
oL ] T ] Strutinsky calculat f Skalski4 hibit octupol
L ] IS ] deformed minima for the ground states of bof¥fTe and
0.8 005 ey 950 xev T 804 xev ] 110Te, although the energy gains of the octupole minima
| T T | | I

s e B 1 compared to the reflection-symmetric minima are only 60

00D 0800 Oc'fs 0 pe0.0 008 and 10 keV, respectively. Thus, Skalski suggests that at best

o G- 3- Angular distributions for selectegrays from'®Snand  an octupole softness should be observed in the tellurium iso-
°Te (see text topes fromN=54 to N=60. The tellurium isotopes would

then be expected to show the characteristics of octupole vi-

a]sp_ observed in Fhe thin-target date_l set, ruling out the PO ation rather than rigid rotation of a reflection-asymmetric
sibility of M2 assignments and confirming th&®g charac- shape, with the largest effects appareriilat56, i.e., 1%Te.

ter. The results of the angular distribution analysis for the = y/5jos methods of characterizing the observed spectrum
tLanS|rt1|ons linking between Lhe twh2 sequences SUggest ot excited states have been suggested for octupole nuclei
that the 605, 716, and 949 keY rays are stretched dipole 1,2]. Figure 4 presents results for the ratio of the rotational

transitions. The other linking transitions can then be inferre ; . ; ;
, , . . requencies of the positive and negative-parity bands,
to be stretched dipoles despite being either too weak and/or q P g party

contaminated to be measured themselves. The excited band B 3
at low E, decaying into the ground state band via stretched w(-) E[0+D) ]-E[0-1)]

dipole transitions is suggestive of a negative-parity octupole R(1) w(+) 2 E[(1+2)"]-E[(1-2)"] @
TABLE |. Properties of transitions assigned ¥'Te.

E,? 1P AS° AL° MX T J7
385.8 4.95) <0 (E1) 137 12"
395.5 8.412) (E1) 5(7) 4%
553.6 17.115) 0.264) —0.14(6) E2 750
604.9 9.07) —0.51(4) —0.06(5) €E1) 11)-10"
625.2 =100 0.323) —0.16(4) E2 20"
663.8 =100 0.313)¢ —0.15(4Y E2 4+ 2%
664.1 34.7217) 0.31(3)¢ —0.15(4Y E2 9702
699.4 8.110) —8*
716.0 24.812) —0.25(3) 0.024) (E1) 9(-)_g*
758.8 914) 0.343) —0.15(4) E2 6" -4+t
795.3 35.115) 0.31(3) —0.08(4) E2 157)—137)
803.9 33.614) 0.273) —0.08(4) E2 137)-110)
822.7 7.07) —177)
830.2 36.217) 0.273) —0.03(4) E2 117)—9(7)
861.9 4.46)

897.0 56.925) 0.323) —0.12(4) E2 8" 6"
938.7 14.811) 0.284)¢ —0.18(6Y E2 19) 5170
941.1 24.417) 0.284)¢ —0.18(6Y E2 10t —8*
949.2 15.613) —0.16(4) —0.04(5) €EL1) 716t
968.1 8.810) —97)
978.2 6.67)

1022.8 14.011) 0.244) 0.026) E2 125 —10"

1038.3 25.712) 0.273) —0.02(4) E2 177)—157)

1071.2 6.19) 0.267) —0.17(10) E2 14t —12*

1154.5 8.918) (E1) 5(-) 4+

1218.6 2.85)

1259.9 3.%5) >0 (E2) (217)—197)

®Energies are typically accurate to within0.2 keV.

bRelative coincidence intensities obtained by fitting the gatednatrix (see text
CAngular distribution coefficientésee texk

dDoublet, result obtained for composite peak.
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1.3 _ll“e'ié;otlo 'es' L I L R RN R NN TABLE I1l. MeasuredB(E1)/B(E2) ratios and deduce&l
L o R transition strengths and dipole moments in light tellurium isotopes
—o— 108 .
1.2+ 109 . (assumingQ,=200e fm?).
- —e— 110 1
1.1 F —;— %éé &) > . B(E1)/B(E2) B(Ezl) |Doyl
- [ -o- 110 &) ] Nucleus I~ (100fm™23 (10 % e? fm?) (efm)
% oct. def. /" i 1081¢ 7 0.0435) 0.0557) 0.0227213)
<09} = 4 9 0.19313 0.25618) 0.047817)
5 L B g 11° 0.343) 0.4644) 0.0643)
Loo.8t N - 13~ 0.667) 0.91(10) 0.0895)
3 : 109T¢ 33+ 0.738) 1.0312) 0.0945)
0.7 | N=88 isotones ] 3+ 0.808) 1.1211) 0.0985)
- _a- l4bp, T d+a 06412 0.9017) 0.0848)
0.6 -a- Hhce 7 a2 3.06) 0.16417)
e[ & ectuin I3 10y ] Li0re 18 063 0.89 0.087
. TR I | |': PR TR TR [N TR NN TN TN NN TN NN M SN NN SO 20+ 094) 133b 0107)
5 10 15 20 22+ 1.37 1.99 0.130
I(h) _ _ Hore 21 0.957)° 1.3510) 0.1084)
FIG. 4. Plot of Rp=w(—)/w(+) for selected light tellurium 23" 0.755)¢ 1.098) 0.0943)
nuclei[8,9,16 andN=288, Z~56 nuclei[17-20. 25~ 2.6519)° 3.83) 0.1806)

=88, Z~56 nuclei[17-20. The dotted line indicates the =2373 keV, E,(E2)=976 keV.

expected behavior when the negative-parity states resuiResuits taken directly from Refi8] (errors<10% [8]).
from the coupling of an aligned octupole phonon to thecresyits deduced from ReP].
positive-parity state§1,2], while the solid line atR=1
would be the limit for pure rotation of a reflection- OUs that a collective description may not be appropriate. In-
asymmetric Shape_ All of the previous|y studiNd= 88 nu- deed, the maximum Spin available within the |OW€St-energy
clei lie closer to the vibrational limit; indeed, only in the POsitive-parity configurationr(g7,,)5® v(972/ds)3 is only
thorium region are there nuclei which are known to approact-8%, while for the lowest-energy negative-parity configura-
the rotational limit smoothly(e.g., 222224Th [21,22). The  tion m(g71) 5®[ ¥h11A 9712/ dsj0)®]17 it is only 23h. Since ex-
results for the even-mass tellurium isotopes in Fig. 4 genereited states are observed HTe to within a few# of these
ally show a less smooth behavior than the-88 isotones. maximum spins, termination effects may be important. Fur-
This may indicate a lack of collectivity which will be dis- thermore, the limited valence space f0¥Te makes this
cussed further below. However, it does appear that thaucleus an excellent case for pursuing shell model calcula-
negative-parity states i°®Te are best described in terms of tions to help give a microscopic understanding of the onset
an aligned octupole phonon coupled to the ground-statef octupole correlations.
band. The alternative of ah,,,® (ds»/g7) two quasipar- The deduced values of tiB{E1)/B(E2) branching ratios
ticle structure can be effectively ruled out by the fact thatare presented in Table Il for all tellurium isotopes in which
such a band is not observed at Id&y in the heavier tellu- enhancecEl transitions have been observigi9,16. The
rium isotopes. It is also interesting to compare the similariresults given for'%Te assume the dipole transitions ob-
ties and differences between the even-mass tellurium isserved at high spin arEl, contrary to the assignments of
topes. For examplel®Te and '?Te are rather similar Ref. [16]. Furthermore, two additional points at high spin
despite the negative-parity states being observed in differefitave been deduced fo°Te from the present data, since
spin regimes. The results fdit’Te present a stark contrast °*Te was populated via theph channel. This extension of
however, since in that nucleus the negative-parity states athe level scheme agrees with the results of an unpublished
yrast at high spin and it is the positive-parity states whichreport [23] which also interprets the dipole transitions in
eventually decrease in energy to interleave with the negativet®®Te as possibly being1. Note however, that for all the
parity states. When the inverse raf®d '=w(+)/w(—) is  tellurium isotopes,}®Te, °°Te [16], 1%Te [8], and 1?Te
plotted for the states i'°Te, the result looks very much like [9], as well as for'**Xe [7], there is no definitive evidence
that for R for 1%811%re (see Fig. 4 This unusual behavior that the octupole bands have negatigefor 1°°%e, posi-
(for an even-even isotopés further evidence that octupole tive) parity. Thus it remains important to verify the electric
vibration is at work in the tellurium isotopes rather than thenature of the linking transitions for at least one of these iso-
rotation of a stable octupole-deformed shape. The high-spitopes via experiment.
positive-parity states in'°Te probably arise from the cou- Deducing the absolutB(E1) values and electric dipole
pling of an aligned octupole phonon to the yrast negativemoments is problematic since the tellurium isotopes are not
parity states. Further experimental and theoretical investigastrongly collective and it is difficult to estimate a value for
tions would be of benefit to understand the differencesQ, [and henceB(E2)]. Since the isotopes from*?Te to
between the tellurium isotopes. 108Te have similar 2 energies, it is not unreasonable to
The irregular behavior fotTe which can be seen in Fig. assume the same value@f for all of the tellurium isotopes
4 warrants further discussion. Sincé€®Te is only eight shown in Table Il. Usingd,= 200 e fm? (as was previously
nucleons outside the doubly closed shelt¥Sn, it is obvi- assumed for*'°Te in Ref.[8]) and applying the methods

for the light tellurium isotope$8,9,16 and a number oN  aZl+. E,(E1)=633 keV, E(E2)=991 keV and % ": E(E1)
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given in Ref.[24], values forB(E1) and|D,| have been comes apparent that the transition strength for the 396 keV,
deduced. Because of the assumed valu®gf these abso- 5(7)— 6™ transition is 24 times larger than for the 1154 keV,
lute values should only be considered accurate to withirs(-)— 4" transition. This unusual behavior requires theoret-
*25%. (Only the error due to the measured branching ratioscal interpretation.

is given in Table 1)) It can be seen that all four isotopes  To conclude, a moderate-spin level scheme has been con-
exhibit an increase ifDo| with spin. It is possibldalthough  strycted for the neutron-deficient nucled®Te, using the
unlikely) that this is an apparent increase due to a decreasiqgov\,er of GAMMASPHERE to resolve weakly populated struc-
value ofQ, with spin. There have also been suggestions thafyres. A band with assumed negative parity which decays to
octupole deformation is stabilized by rotation, which couldthe ground-state band via enhandgt transitions has been
exp'?‘” the increase ier|. However, Fig. 4 shows that thg observed at low spin and excitation energy i¥Te. The
tellurium isotopes remain vibrationlike for all observed Spmspectrum of negative-parity states is characteristic of an

\éilgetz’ ;ueg%iztg:go';hgttatbhlg 'Sg{jg;’li m(;blef'j'mag)titﬁblyu?:ttimealigned octupole vibration, in agreement with prior theoreti-
measurements, while extremely difficult to perform, WouldCal calculat_lo_ns which predict a stablbut very Sh?‘"F’W
help to resolve these issues. octupole minimum for the ground state 8f°Te. Similar

Recently, Heeneret al. [5] have predicted that in the octupole-vibrational features are seen in a number of the
11235 region theE1 transitions will be enhanced in odd- light tellurium isotopes, with in each case a similar pro-
mass isotopes compared to the even-mass cores. No su@Aunced spin dependence @|. The unusual features of
enhancement is immediately apparent #8fTe. Note also, Weak collectivity, the spin dependence of the dipole moment
that although%Te has even smalleT, than 1Te, the and the differences between the various tellurium isotopes,
B(E1) values for the two nuclei are consistent with one@ll require further theoretical investigation. Finally, these
another. This could be taken as further evidence that thB€W observations of octupole correlations in the light tellu-
dependence of thB(E1) onT, is weaker than the authors of lum isotopes provide a strong motivation for future studies
Ref. [7] have suggested. Since both these points depend d}f the light xenon and barium isotopes; such studies await
absolute transition strengths, lifetime measurements woult® development of new and more sensitive experimental
again be necessary to make firm conclusions. techniques, and, for the very lightest nuclei, radioactive

It is worth commenting on the nonobservation of a 3 Peams.
state in'%Te. Applying theB(E1)/B(E2) branching ratio The authors wish to thank A. Lipski for making the tar-
measured for the (7) state(see Table i to the §7) state, gets and the staff of the 88-inch cyclotron for providing the
the relative intensity of éestimatefl450 keV, 5 —3 tran-  ®Ni beam. This work was supported in part by the U.S.
sition is calculated to be 1.6, below the experimental sensiNational Science Foundation, the U.S. Department of En-
tivity. Since a lower energy transition would have an evenergy, the U.K. EPSRC, AECL Research, and the Canadian
weaker intensity, the nonobservation of the-53~ transi- NSERC. C.M.P. acknowledges support from the University
tion can be easily understood. In doing this analysis, it beof York.
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