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Excited states in108Te have been identified up to spins of;20\ using the extremely weak 2p2n evapora-
tion channel~;0.2% of s f us! from the bombardment of a backed54Fe target with 243 MeV58Ni ions.
Channel selection and enhancement was made possible using the power of theGAMMASPHEREarray to measure
high-fold g-ray coincidences and the resultant application of multipleg-ray gating techniques. The observation
in 108Te of two interleaved sequences of levels with assumed opposite parity connected by enhancedE1
transitions is interpreted in terms of octupole correlations. The current results for108Te make it the closest
nucleus to the predicted region of octupole deformation centered atN5Z556 yet studied to high spin.
@S0556-2813~98!50403-7#

PACS number~s!: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.1j
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Deformed shell model calculations predict that t
nucleon numbers 34, 56, 88, and 134 are strongly octup
driving due to the proximity to the Fermi surface of singl
particle levels~with D l 5D j 53! which are connected by
large octupole-interaction matrix elements@1,2#. Of the pre-
dicted regions of stable octupole deformation, the best s
ied and most well-developed regions are centered aro

90
224Th134 and 56

144Ba88 @1,2#. An interesting proposition is tha
nuclei withN'Z both near one of the above octupole mag
numbers might exhibit especially strong octupole effec
firstly, because both the neutrons and protons can contrib
and secondly, because of the added possibility for a pro
neutron interaction. Indeed, experimental and theoretical
dence has been presented for octupole effects in
N5Z532 nucleus64Ge @3#, although it is well known that it
is the heavier nuclei which exhibit the strongest octup
correlations. Possibly the heaviestN5Z region which could
be accessed experimentally lies near56

112Ba56, a region for
which there are theoretical predictions of ground state o
pole deformation@4–6#. This has led to recent experiment
investigations which have revealed enhancedE1 transitions
connecting interleaved positive and negative-parity band
the lightest even-mass xenon and tellurium isotopes stu
to high spin, i.e.,114Xe @7# and 110,112Te @8,9#. The next
lighter even-mass tellurium isotope,108Te, is predicted to
show the most pronounced octupole effects of the telluri
isotopes~N556 being an octupole magic number! but is
extremely difficult to access experimentally due to its ne
tron deficiency. Excited states are only known in108Te up to
8\ from two previous studies@10,11# and no evidence for
octupole correlations was observed. The current work
applied the power ofGAMMASPHERE to extract a high-spin
level scheme for108Te in the presence of an intense bac

*Current address: A. W. Wright Nuclear Structure Laborato
Yale University, New Haven, Conneticut 06511.
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ground of g rays from more strongly populated channe
This makes108Te the closest nucleus to the predicted reg
of octupole deformation atN5Z556 which has been stud
ied to high spin. This Rapid Communication reports the o
servation of interleaved positive and~assumed! negative-
parity bands at low spin in108Te connected by enhancedE1
transitions. The deducedB(E1) transition strengths sugge
a weaker dependence onTZ than was implied by the result
for 114Xe @7#, in agreement with the results for110Te @8#. A
pronounced spin dependence of theE1 transition moment is
also observed. The results provide a strong motivation
future studies of the light xenon and barium nuclei approa
ing 112Ba.

Excited states in108Te were populated by bombarding a
54Fe target with 243 MeV58Ni ions from the 88-inch cyclo-
tron at Lawrence Berkeley National Laboratory. Gamma ra
were observed using theGAMMASPHERE array, which at the
time of the experiment consisted of 95 large-volume~75–80
% efficient! Compton-suppressed HPGe detectors.
600mg/cm2 foil of enriched 54Fe backed with 15.2 mg/cm2

of gold was the principal target, although a smaller amo
of data with a thin 500mg/cm2 foil of 54Fe was also col-
lected. Both previous studies of108Te utilized this same
beam/target combination, but under different reaction con
tions @10,11#. Although this is the most favorable reaction
make 108Te, the 2p2n evaporation channel is only ver
weakly populated~;0.2% of the total fusion cross section!.
The strong109Sb @12# (3p), 108Sn @13# (4p), and 106Sn @14#
(a2p) channels, which comprise approximately 27%, 42
and 17% of the total fusion cross section, respectively, p
vide an intense background obscuring the108Te g rays. The
use of a backed target resulted in excellent energy resolu
to resolve the multitude ofg rays created in the reaction
This resolution combined with the resolving power
GAMMASPHERE allowed the construction of a level schem
for 108Te up to spins of;20\, despite the small cross sec
tion.

,
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Approximately 2.53109 events in which four or moreg
rays were detected in prompt coincidence were written
magnetic tape. During replay, the data were unfolded i
203109 triple-coincidence events which were increment
into a RADWARE cube@15#. TheLEVIT8R code@15# was then
used to project double-gated, background-subtracted co
dence spectra from the cube and the deducedg-ray coinci-
dence relationships and intensities were used to begin
structing the level scheme shown in Fig. 1.

Since the proportion of108Te in the data set was ex
tremely small, special procedures were required. To ana
angular correlations and identify some of the weakest tra
tions it proved beneficial to sort coincidence matric
which were gated by the main transitions in108Te, thus re-
ducing the competing background from the more stron
populated channels. These gated matrices were anal
with the RADWARE suite of software@15#.

To identify and place the very weakest transitions
108Te, a double-gated coincidence matrix was created u
a gate-list consisting of transitions with energies of 625, 6
759, 897, 941, 830, 804, and 795 keV. Approximately 1
3106 dual coincidences were sorted into this matrix and
16-fold enhancement of the proportion of108Te ~from
;0.2% up to;3.2%! was obtained. Coincidence spect
projected from this matrix are presented in Fig. 2. The
panel illustrates that the 664 keVg ray is in self-coincidence
while also showing all of theg rays assigned to108Te in the
present work~since all of the assigned transitions are in c
incidence with either one or the other member of the 6
keV doublet!. The lower panel is a coincidence spectru
gated upon the most intense interband transition with ene
716 keV. The absence of all other linking transitions in th
lower spectrum, taken together with the selection of the
per and lower parts of the two band sequences, supports
integrity of the proposed level scheme in Fig. 1.

To obtain accurateg-ray intensities for the transitions it i
again helpful to use a data set in which108Te has been en
hanced. However, the double-gated matrix was not appro
ate for this, since the intraband transitions used in the g

FIG. 1. Proposed level scheme for108Te.
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list ~see above and Fig. 1! are reduced in intensity. Instead,
coincidence matrix singly gated by the 625 keV, 21→01

transition was created and used solely for the purpose
fitting the intensities of the transitions. A total of 1493106

gated coincidences were sorted into this matrix with a res
ant enhancement of the proportion of108Te from ;0.2% to
;3.0%.

To ascertain the multipolarities of the transitions, matric
were sorted in whichg rays detected at selected angles we
sorted onto one axis, with coincidentg rays detected at al
angles on the other axis. By gating on the ‘‘all-angle’’ ax
the spectrum of coincidentg rays detected at a particula
angle could be projected, reducing the background consi
ably. To clean up these spectra further, the matrices w
also single-gated using the same gate list as that for
double-gated matrix described above. The 17 rings of de
tors were split into six angular groupings~17.3°!, ~31.7°,
37.4°!, ~50.1°!, ~58.3°!, ~69.8°!, and ~79.2°, 80.7°, 90.0°!,
chosen to be roughly equally spaced across the range
cos2 u50.012 to 0.912 and with the rings atu and (180°
2u) treated as the same angle. The intensities of theg rays
in the spectra associated with the various angles were m
sured and then fitted to the expressionW(u)51
1A2P2(cosu)1A4P4(cosu), where the intensity normaliza
tion factor has been omitted. Because there was clos
uniform solid angle coverage with 95 detectors present ou
a total of 110 in the complete array, the deduced values oA2
and A4 were close to those usually expected. This w
checked using intense transitions of known multipolarity
108Sn @13# and 106Sn @14#. For stretchedE2 andE1 transi-
tions, the resultingA2 and A4 coefficients were grouped
around values of A250.30(2), A4520.12(2) and
A2520.28(3), A4520.01(2), respectively. Examples o
the experimental results for both108Sn calibration transitions
and newly observed108Te transitions are presented in Fig.

The level scheme for108Te was known previously up to a
spin of 8\ @10,11# and was extended by the current work u
to ;20\ as shown in Fig. 1. The measured and dedu
properties of the transitions assigned to108Te are summa-
rized in Table I. Two sequences of stretched quadrupole t
sitions are observed, all of which up to the 19(2) level were

FIG. 2. Coincidence spectra obtained from the double-gated
trix. Peaks labeled with the letter D correspond to interbandE1
transitions. Note that not all identified peaks are labeled and s
weak contaminant peaks are present.
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also observed in the thin-target data set, ruling out the p
sibility of M2 assignments and confirming theirE2 charac-
ter. The results of the angular distribution analysis for
transitions linking between the twoE2 sequences sugge
that the 605, 716, and 949 keVg rays are stretched dipol
transitions. The other linking transitions can then be infer
to be stretched dipoles despite being either too weak an
contaminated to be measured themselves. The excited
at low Ex decaying into the ground state band via stretch
dipole transitions is suggestive of a negative-parity octup

FIG. 3. Angular distributions for selectedg rays from108Sn and
108Te ~see text!.
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structure. This is in agreement with theoretical expectati
to be outlined below and with systematics@1,2#; thus, the
following discussion assumes the excited band has nega
parity and the dipole transitions haveE1 character.

Various theoretical calculations@4–6# make specific pre-
dictions regarding the presence of ground-state octupole
formation in the region near56

112Ba56. In particular, the
Strutinsky calculations of Skalski@4# exhibit octupole-
deformed minima for the ground states of both108Te and
110Te, although the energy gains of the octupole minim
compared to the reflection-symmetric minima are only
and 10 keV, respectively. Thus, Skalski suggests that at
an octupole softness should be observed in the tellurium
topes fromN554 to N560. The tellurium isotopes would
then be expected to show the characteristics of octupole
bration rather than rigid rotation of a reflection-asymmet
shape, with the largest effects apparent atN556, i.e., 108Te.

Various methods of characterizing the observed spect
of excited states have been suggested for octupole nu
@1,2#. Figure 4 presents results for the ratio of the rotatio
frequencies of the positive and negative-parity bands,

R~ I !5
v~2 !

v~1 !
52

E@~ I 11!2#2E@~ I 21!2#

E@~ I 12!1#2E@~ I 22!1#
~1!
TABLE I. Properties of transitions assigned to108Te.

Eg
a I g

b A2
c A4

c Ml Ji
p→Jf

p

385.8 4.9~5! ,0 (E1) 13(2)→121

395.5 8.4~12! (E1) 5(2)→41

553.6 17.1~15! 0.26~4! 20.14(6) E2 7(2)→5(2)

604.9 9.0~7! 20.51(4) 20.06(5) (E1) 11(2)→101

625.2 [100 0.32~3! 20.16(4) E2 21→01

663.8 [100 0.31~3!d 20.15(4)d E2 41→21

664.1 34.2~17! 0.31~3!d 20.15(4)d E2 9(2)→7(2)

699.4 8.1~10! →81

716.0 24.3~12! 20.25(3) 0.02~4! (E1) 9(2)→81

758.8 91~4! 0.34~3! 20.15(4) E2 61→41

795.3 35.1~15! 0.31~3! 20.08(4) E2 15(2)→13(2)

803.9 33.6~14! 0.27~3! 20.08(4) E2 13(2)→11(2)

822.7 7.0~7! →17(2)

830.2 36.2~17! 0.27~3! 20.03(4) E2 11(2)→9(2)

861.9 4.4~6!
897.0 56.9~25! 0.32~3! 20.12(4) E2 81→61

938.7 14.8~11! 0.28~4!d 20.18(6)d E2 19(2)→17(2)

941.1 24.4~17! 0.28~4!d 20.18(6)d E2 101→81

949.2 15.6~13! 20.16(4) 20.04(5) (E1) 7(2)→61

968.1 8.8~10! →9(2)

978.2 6.6~7!
1022.8 14.0~11! 0.24~4! 0.02~6! E2 121→101

1038.3 25.7~12! 0.27~3! 20.02(4) E2 17(2)→15(2)

1071.2 6.1~8! 0.26~7! 20.17(10) E2 141→121

1154.5 8.9~18! (E1) 5(2)→41

1218.6 2.8~5!
1259.9 3.5~5! .0 (E2) (212)→19(2)

aEnergies are typically accurate to within60.2 keV.
bRelative coincidence intensities obtained by fitting the gatedgg matrix ~see text!.
cAngular distribution coefficients~see text!.
dDoublet, result obtained for composite peak.
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for the light tellurium isotopes@8,9,16# and a number ofN
588, Z'56 nuclei @17–20#. The dotted line indicates th
expected behavior when the negative-parity states re
from the coupling of an aligned octupole phonon to t
positive-parity states@1,2#, while the solid line atR51
would be the limit for pure rotation of a reflection
asymmetric shape. All of the previously studiedN588 nu-
clei lie closer to the vibrational limit; indeed, only in th
thorium region are there nuclei which are known to appro
the rotational limit smoothly~e.g., 222,224Th @21,22#!. The
results for the even-mass tellurium isotopes in Fig. 4 gen
ally show a less smooth behavior than theN588 isotones.
This may indicate a lack of collectivity which will be dis
cussed further below. However, it does appear that
negative-parity states in108Te are best described in terms
an aligned octupole phonon coupled to the ground-s
band. The alternative of anh11/2^ (d5/2/g7/2) two quasipar-
ticle structure can be effectively ruled out by the fact th
such a band is not observed at lowEx in the heavier tellu-
rium isotopes. It is also interesting to compare the simila
ties and differences between the even-mass tellurium
topes. For example,108Te and 112Te are rather similar
despite the negative-parity states being observed in diffe
spin regimes. The results for110Te present a stark contra
however, since in that nucleus the negative-parity states
yrast at high spin and it is the positive-parity states wh
eventually decrease in energy to interleave with the negat
parity states. When the inverse ratioR215v(1)/v(2) is
plotted for the states in110Te, the result looks very much like
that for R for 108,112Te ~see Fig. 4!. This unusual behavio
~for an even-even isotope! is further evidence that octupol
vibration is at work in the tellurium isotopes rather than t
rotation of a stable octupole-deformed shape. The high-s
positive-parity states in110Te probably arise from the cou
pling of an aligned octupole phonon to the yrast negati
parity states. Further experimental and theoretical invest
tions would be of benefit to understand the differenc
between the tellurium isotopes.

The irregular behavior for108Te which can be seen in Fig
4 warrants further discussion. Since108Te is only eight
nucleons outside the doubly closed shell at100Sn, it is obvi-

FIG. 4. Plot of Rp5v(2)/v(1) for selected light tellurium
nuclei @8,9,16# andN588, Z'56 nuclei@17–20#.
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ous that a collective description may not be appropriate.
deed, the maximum spin available within the lowest-ene
positive-parity configurationp(g7/2)6

2
^ n(g7/2/d5/2)12

6 is only
18\, while for the lowest-energy negative-parity configur
tion p(g7/2)6

2
^ @nh11/2(g7/2/d5/2)

5#17 it is only 23\. Since ex-
cited states are observed in108Te to within a few\ of these
maximum spins, termination effects may be important. F
thermore, the limited valence space for108Te makes this
nucleus an excellent case for pursuing shell model calc
tions to help give a microscopic understanding of the on
of octupole correlations.

The deduced values of theB(E1)/B(E2) branching ratios
are presented in Table II for all tellurium isotopes in whi
enhancedE1 transitions have been observed@8,9,16#. The
results given for 109Te assume the dipole transitions o
served at high spin areE1, contrary to the assignments o
Ref. @16#. Furthermore, two additional points at high sp
have been deduced for109Te from the present data, sinc
109Te was populated via the 2pn channel. This extension o
the level scheme agrees with the results of an unpublis
report @23# which also interprets the dipole transitions
109Te as possibly beingE1. Note however, that for all the
tellurium isotopes,108Te, 109Te @16#, 110Te @8#, and 112Te
@9#, as well as for114Xe @7#, there is no definitive evidence
that the octupole bands have negative~or for 109,110Te, posi-
tive! parity. Thus it remains important to verify the electr
nature of the linking transitions for at least one of these i
topes via experiment.

Deducing the absoluteB(E1) values and electric dipole
moments is problematic since the tellurium isotopes are
strongly collective and it is difficult to estimate a value f
Q0 @and henceB(E2)#. Since the isotopes from112Te to
108Te have similar 21 energies, it is not unreasonable
assume the same value ofQ0 for all of the tellurium isotopes
shown in Table II. UsingQ05200 e fm2 ~as was previously
assumed for110Te in Ref. @8#! and applying the method

TABLE II. Measured B(E1)/B(E2) ratios and deducedE1
transition strengths and dipole moments in light tellurium isotop
~assumingQ05200 e fm2!.

Nucleus I p
B(E1)/B(E2)
(1026 fm22)

B(E1)
(1023 e2 fm2)

uD0u
(efm)

108Te 72 0.043~5! 0.055~7! 0.0222~13!
92 0.193~13! 0.256~18! 0.0476~17!

112 0.34~3! 0.464~4! 0.064~3!
132 0.66~7! 0.91~10! 0.089~5!

109Te 33
2

1 0.73~8! 1.03~12! 0.094~5!
37
2

1 0.80~8! 1.12~11! 0.098~5!
41
2

1a 0.64~12! 0.90~17! 0.088~8!
45
2

1a 2.1~4! 3.0~6! 0.160~17!
110Te 181 0.63b 0.89b 0.087b

201 0.94b 1.33b 0.107b

221 1.37b 1.95b 0.130b
112Te 212 0.95~7!c 1.35~10! 0.108~4!

232 0.75~5!c 1.08~8! 0.096~3!
252 2.65~19!c 3.8~3! 0.180~6!

a41
2

1: Eg(E1)5633 keV, Eg(E2)5991 keV and 45
2

1: Eg(E1)
5373 keV, Eg(E2)5976 keV.
bResults taken directly from Ref.@8# ~errors,10% @8#!.
cResults deduced from Ref.@9#.
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given in Ref. @24#, values forB(E1) and uD0u have been
deduced. Because of the assumed value ofQ0 , these abso-
lute values should only be considered accurate to wit
625%. ~Only the error due to the measured branching ra
is given in Table II.! It can be seen that all four isotope
exhibit an increase inuD0u with spin. It is possible~although
unlikely! that this is an apparent increase due to a decrea
value ofQ0 with spin. There have also been suggestions t
octupole deformation is stabilized by rotation, which cou
explain the increase inuD0u. However, Fig. 4 shows that th
tellurium isotopes remain vibrationlike for all observed sp
values, suggesting that the increase inuD0u is probably not
due to the onset of stable octupole deformation. Lifeti
measurements, while extremely difficult to perform, wou
help to resolve these issues.

Recently, Heenenet al. @5# have predicted that in the
112Ba region theE1 transitions will be enhanced in odd
mass isotopes compared to the even-mass cores. No
enhancement is immediately apparent for109Te. Note also,
that although 108Te has even smallerTz than 110Te, the
B(E1) values for the two nuclei are consistent with o
another. This could be taken as further evidence that
dependence of theB(E1) onTz is weaker than the authors o
Ref. @7# have suggested. Since both these points depen
absolute transition strengths, lifetime measurements wo
again be necessary to make firm conclusions.

It is worth commenting on the nonobservation of a 32

state in 108Te. Applying theB(E1)/B(E2) branching ratio
measured for the 7(2) state~see Table II! to the 5(2) state,
the relative intensity of a~estimated! 450 keV, 52→32 tran-
sition is calculated to be 1.6, below the experimental se
tivity. Since a lower energy transition would have an ev
weaker intensity, the nonobservation of the 52→32 transi-
tion can be easily understood. In doing this analysis, it
y
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comes apparent that the transition strength for the 396 k
5(2)→61 transition is 24 times larger than for the 1154 ke
5(2)→41 transition. This unusual behavior requires theor
ical interpretation.

To conclude, a moderate-spin level scheme has been
structed for the neutron-deficient nucleus108Te, using the
power ofGAMMASPHERE to resolve weakly populated struc
tures. A band with assumed negative parity which decay
the ground-state band via enhancedE1 transitions has been
observed at low spin and excitation energy in108Te. The
spectrum of negative-parity states is characteristic of
aligned octupole vibration, in agreement with prior theore
cal calculations which predict a stable~but very shallow!
octupole minimum for the ground state of108Te. Similar
octupole-vibrational features are seen in a number of
light tellurium isotopes, with in each case a similar pr
nounced spin dependence foruD0u. The unusual features o
weak collectivity, the spin dependence of the dipole mom
and the differences between the various tellurium isotop
all require further theoretical investigation. Finally, the
new observations of octupole correlations in the light tel
rium isotopes provide a strong motivation for future stud
of the light xenon and barium isotopes; such studies aw
the development of new and more sensitive experime
techniques, and, for the very lightest nuclei, radioact
beams.
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of York.
.

R.

A.
@1# I. Ahmad and P. A. Butler, Annu. Rev. Nucl. Part. Sci.43, 71
~1993!.

@2# P. A. Butler and W. Nazarewicz, Rev. Mod. Phys.68, 349
~1996!.

@3# P. J. Ennis, C. J. Lister, W. Gelletly, H. G. Price, B. J. Varle
P. A. Butler, T. Hoare, S. C´ wiok, and W. Nazarewicz, Nucl
Phys.A535, 392 ~1991!.

@4# J. Skalski, Phys. Lett. B238, 6 ~1990!.
@5# P.-H. Heenen, J. Skalski, P. Bonche, and H. Flocard, P

Rev. C50, 802 ~1994!.
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