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Excited states in 13°Te and the properties ofr-process nuclei withZ~50 and N>86
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Excited states in*°Te were observed for the first time, using EUROGAM2 multidetector array to measure
prompt-y radiation following the spontaneous fission?8fCm. The systematic behavior of excitation energies
in the N= 87 isotones and the multipolarity measurements suggest spinf@’2he ground state and 9/Zor
the 271.0 keV level in**Te. The 271.0 keV level most likely corresponds to g, single-particle excita-
tion. A shape transition from spherical to prolate Te isotopes is observed at the neutron iIN#n®er in
accord with the Hartree-Fock plus BCS, PES calculations. Predictions for excitationsf#/$henucleus are
made based on the extended systematics obtained fd\ &7 isotones.

PACS numbg(s): 23.20.Lv, 21.60.Cs, 25.85.Ca, 27.60.

The knowledge of the very neutron-riciNt82) nuclei  complementary fission fragments to Te isotopes. A cascade
around the doubly magi¢®*%Sn is crucial for understanding of y rays of energies 271.0, 356.5, 436.4, 534.8, and 611.8
the flow of the astrophysicalprocesq1]. Key experimental keV was found in prompt coincidence with transitions in
data required for calculations of theprocess path are the 06 1%8Ry isotopes and was therefore assigned to a tellurium
positions of single-particle orbits in the nuclear potential. Inisotope. This is illustrated in Fig. 1, where coincidence spec-
this region the positions of thehg,, and wh,4, orbitals de- tra, double-gated on lines in Ru isotopes and the newly found
termine the Gamow-Teller3~ decay rates and, conse-
quently, nuclear half-lives, which decide about the direction

of ther-process flow. One expects, that for the very neutron- 5550l Z §Eote (271 - 356) keV

rich tin isotopes, quenching of the=50 gap will appear. - g ¢§3‘

This would also influence theprocess patfi2]. An indica- 00 3 S e 3

tion of such quenching would be the observation of nuclear 1200} % N g 213 Q € £l

deformation in the very neutron-rich tin isotopes. Such de- 800l g < % 3 % %}

formation would help to explain discrepancies between the L 5 5 E
o I

observed and calculatedprocess abundances around mass 400
A=140(3]. o
To provide the relevant data, we studied the very neutron- §

gate (436 — 356) keV

T

rich tellurium isotopes, for which no excited levels had been § 2000} 2
reported previously. The properties bt'Te and**®Te have  « - %
been published recent[y,5]. In the present work we report 8 tecor g e —
on the first observation of excited states in fi&Te nucleus, ~ § woof 5 & 2 g o
located in between theprocess nucldil]. With 87 neutrons g ool IR % E % o
this nucleus is the most neutron-rich nuclide near the = - 5’:: 5
=50 closed shell, for which spectroscopic information has 400
been obtained. 0

Levels in 13°Te were populated in the spontaneous fission - T T T 5 gate (356 — 242) keV
of 2%Cm and multiple coincidences between promyptays 1600 - £ £)
following fission were measured with the EUROGAM2 ar- i o 2 g
ray of Anti-Compton Spectrometers. More details about the 1200: S 3 o "B’
szpe]riment and data analysis techniques are given in Refs g | §
6-9].

Prior to this work nothing was known about levels in 400 '
139Te, To identify y transitions in3°Te we gated on the .
known transitions in ruthenium isotopdg40], which are 0 W

350 430 550 650 70 850

. L . Channel number
Permanent address: Universite Kenitra, Kenitra, Morocco.

TPermanent address: Physics Department, Jagiellonian University, FIG. 1. Coincidence spectra double-gated on line&*fte and
30-0595 Krakev, Poland. 106,10y isotopes. Transition energies are given in keV.
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el FIG. 3. The partial level scheme df°Te, as obtained in the
L) present work.

10-!

T 1 |I|
M,/

v 13%Te deduced from the observedrays in the cascade. This
! \ is illustrated in the lower panel of Fig. 2 which shows the
E\, observed yields of the different Te isotopes produced in the
experiment. The dashed line represents a Gaussian function
describing the population of the even-even isotopes. The
103 — population of the oddd nuclei falls sometimes below the
R R R R RO SO S curve describing the even-even yields, which may be due to
132 134 136 138 140 the odd-even e_ffect and the non-observat_ion of some Wez_ik
cascades feeding the ground state. In Fig. 2 this effect is
Te mass observed clearly for'**Te and to a lesser extent fdf'Te

FIG. 2. U I lation b fTei isotopes. Within the experimental error, the whole expected
- 2. Upper panel: correlation between masses of Te 'Sompeg_ield of 13°Te is found in the newly observed cascade.

and mean mass of complementary Ru isotopes. Lower panel: pop . . 13 . .
. . ! S The v transitions in **°Te were arranged into a partial
lation of Te isotopes in spontaneous fission’iCm. See text for - oo .
! decay scheme as shown in Fig. 3. The order of transitions in
more explanations. . .
the cascade was decided based on the observed inten-
tellurium lines, are shown. sities, proportional to the arrow thicknesses in Fig. 3.

To find the mass of this Te isotope we used the technique OUr measurement allows spin assignments to the excited
of mass correlation proposed in R¢l1]. The method is levels to be made using-y angular correlations, as de-
based on the smooth variation between the sum of the nucl&cribed in Refs|8,9]. Theoretical values foy-y correlations
ons in a given Te fragmem(Te) and the number of nucle- for stretched transitions ar,,=0.10 andA,,=0.01 for a
ons corresponding to the mean maagRu)), of the accom-  duadrupole-quadrupole cascade aid,=—0.07 for a
panying complementary fragments. On average, about thredladrupole-dipole cascade. Doubleangular correlations
neutrons are emitted in the spontaneous fissior?8€m  for transitions in**Te are shown in Fig. 4, together with
and, to a reasonable approximation, the sumAtfe) and  coefficients of Legendre polynomial expansions fitted to the
(A(Ru)) should equal the nucleon number ¥fCm less 3.  data. Because of the low transition intensities, some correla-
This determines the linear mass calibration(Te)  tions were generated by adding gates, as indicated in Fig. 4.
+(A(Ru))=245. This method was used for Te-Ru fission The 356.5 keV transition was correlated with the sum of
partners in our recent study ¢#'Te isotope[4]. gates on the 436.4 and 534.8 keV transitions, while the 271.0

Figure 2 showgA(Ru)) values obtained in Ref4] as a
function of A(Te). The dashed line represents a linear fit to
the points forA(Te) equal to 134, 136, and 138. Data for
35Te and *Te [4], which are also included in the figure,
show that oddA isotopes follow the same smooth trend. We
used the obtained linear fit for mass calibrationAgiTe)
=139. The relative intensities of the rays to the ground
states of different Ru nuclei, as observed in the coincidence g,
spectrum obtained by gating on the transitions in the newly .f::
found cascade, provide the mean mass of the complementan
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Ru fragments of A(Ru))=106.32). This value placed on 0 30 60 %0 0 30 60 90 0 30 €0 %0

the calibration line determines the new Te mass to be Angle [deg]

138.82), which uniquely points to the mags= 139 for the

newly identified tellurium isotope. FIG. 4. y-y angular correlations for transitions #i°Te, as ob-

This identification is further supported by the yield of tained in the present work.
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FIG. 6. Systematics of low-spin excitations in tNe=87 lan-
. . p
Sn Te Xe Ba Ce Nd Sm Gd thanides, drawn relative to the yrast, 9/Rvels.

FIG. 5. SyStemat_iCS of yrast excitations in the=87 lan-  vibration- and rotationlike excitations coupled to them. An
thanides, drawn relative to the yrast 7/@vels. extensive discussion of shape coexistence inNke87 iso-

. , tones has been presented in Rdfs4,15, where 14°Sm,
keV transition was correlated with the sum of gates on thewsis g and'5®y were discussed in detail. The excitations in

3'.56'5' 436.4, and 534'8. keV transitions. The data shown 'the N=87 isotones were classified as thi),, cluster vibra-
Fig. 4 are consistent with a stretched quadrupole charactef\r

for the 356.5, 436.4, and 534.8 keV transitions and 40T YNoe deformed, visg, deformed, visgyt vf7,®3"
stretched dipole character for the 271.0 keV transition. Spin ctupole-coupled, andh™1,,, intruder-hole states. The last
and parities in'3Te, shown in Fig. 3, were proposed based ree types are nonyrast structures and are less likely to be

. 13 . . .
on the measured angular correlations, assuming spinféf2 Ob?l_ehrvfﬂ ml “Te populated 'T ?SSlon' i fh |
the ground state. e 3, cluster states result from coupling of three nucle-

Nothing is known in the literature about the ground state®S I an orbit with spim, producing a doublet of states with
of 3°Te. The systematic trend of yrast excitations in e SPINSi and (igl)- A characteristic pair of 5/2 and 7/2
—87 isotones, drawn relative to the yrast 7/Rvels and €*citations, observed sygste.r?atlcally in the-=87 isotones,
shown in Fig. 5 suggests, however, possible spin and parity/as interpreted as tevf7,(i132) 0+ lsi2-,72- configuration,
for this state. The data for Ba-Gd isotopes were taken fron?o”eSpond'?sg to a nondeformed shdf,15. The ground
Refs.[12-15 and for *!Xe from Ref.[16], where spins and State of °Te, most likely corresponds to  the
parities were determined experimentally as 5/27/2-,  [vf7(i1sd0+172- configuration. The[vf7,(i13)0+ 15
9/2-, and 13/2 for the ground state, 35.6, 112.2, and 370.1level is not seen in the present work, probably due to its
keV levels, respectively. Fot*3Ce, where the 7/2 level is ~ nonyrast character.
not identified, no data is presented. The trends observed in In the heavieN =87 isotones, the yrast 9/2evel, with a
Fig. 5 suggest that the ground state '3fTe has spin and rptatlopal bz_ind on top of it, cgrrespond.s to a deformed con-
parity |”=7/2". An alternative, 5/2 assignment is less fllgurat|on with 8,~0.2. A similar band is now observed in
likely because the 271.0 keV, first excited state fits very well > Te on top of the 9/2, 271.0 keV level. As suggested in
the systematics for the 972evels in theN=87 isotones and Refs. [14,15, the yrast 9/2 level corresponds to the
the 271.0 keV transition is of a stretched dipole characterl ¥ T32her2le2- configuration, in which the odd neutron
Higher excitations in3°Te also follow the pattern. The occupies theshg, orbit. Unlike thef}, cluster, this configu-
627.5, 1063.9, and 1598.7 keV levels fit the systematics ifation does not form thej 1) but rather a(—2) coupling
they are assigned spins 13/217/2°, and 21/2, respec- [14]. A5/2" excitation, which appears close in energy to the
tively, in accord with the stretched quadrupole charactey of the 9/2°, yrast level in theN=_87 isotones, was interpreted
transitions, depopulating these levels. as due suchj2) coupling[15]. Thus, in theN=287 iso-

The decay scheme df°Te is remarkably similar to decay tones there are two 5/2excitations associated with the 7/2
schemes of heavidl =87 isotones. This suggests that theand 9/2 levels, respectively. This is illustrated in Fig. 6,
yrast excitations are similar in all these nuclei and allows avhere the relevanN=_87 excitations are shown relative to
comparison of'*°Te with otherN=_87 isotones, for which the yrast 9/2 level. The data shown in Fig. 6 were taken
detailed studies have been perfornjéd,15. from Refs.[12-16. The 2" levels in theN=86 andN

With five neutrons outside thd =82 closed shell, th&l =88 cores are also shown in Fig. 6 as filled and open
=87 isotones show an excitation pattern characteristic ofquares, respectively. The 13/2xcitations follow closely
transitional nuclei, i.e., single-particle excitations with boththe 2" excitations in theN==86 core nuclei, supporting the
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The clear systematic trends seen in Fig. 6 provide a reli-
able prediction for thez=50 closed shell nucleus®'sn,
located at a crucial point of theprocess path. The expected
excitation pattern of'®’Sn is similar to that observed in
151Gd atZz=64 closed subshell. The ground state most likely
has spin and parity 7/2and the 9/2 level, corresponding to
the vhg, configuration is predicted at about 350 keV above
the ground state.

One expects that the'2excitations in***Snys and 13Snyg
isotopes will have similar energies if tie= 50 shell closure
Xy is still well developed at these neutron numbers. What is

shown in Fig. 6 suggests that in tin isotopes #e50 shell
closure is still well developed at the neutron numbler 86
2b 6b 10b —Q" but the deformation may set alreadyNat 88, as observed in
t the tellurium isotopes.

FIG. 7. Potential energy surface in the,( y) plane for 1%Te, In summary, excited levels in th&°Te nucleus were ob-
calculated via Hartree-Fock plus BCS code. The distance betwee?frved for the first time. The ground state and the first ex-
contour lines is 500 keV. The minimum in the potential is markedCited 271.0 keV state were assigned spins and parities of
by an asterisk. 7127 and 9/Z, respectively. The structure of the yrast exci-

tations in *°Te is similar to that observed in the
proposed nature of these excitations as#hg,®2:,CON-  heavier N=87 isotones, with the ground state and the
graton, Foue © susgest et e sxciaion BRI 12710 ke level cortesponding 0 et an

. ' 3 core [vhopr(f7) 0+ (1132 0+]oo- configurations, respectively.
tation well separated from the(f7,,) cluster. Therefore one The properties of thé®Te nucleus indicate, that at the neu-

S;(ZF’P?'CS tlh‘?‘t EQST“NO structurzs ?0 not trr?lx stroggly and th?ron numbeN =87 a shape transitions between spherical and
ﬁ ura’ﬁc\)/ﬁ Ia?s obsir(\:/ce’:rc;eii‘r‘:)%rr]n S[lgr]a rather purBo, CON- yrojate nuclei takes place in Te isotopes, confirming the PES,
9 ' ' Hartree-Fock, plus BCS calculations. Systematic trends in

N " 0 o .
en;—rgi/l\:ha?wstyhze c%or:(;sixgr:tc‘jaitrll‘nggrezilgcnc;frlgag;Zt:ft\igi;m the excitation energies of tié= 87 nuclei, extended now by
! " the *°Te data, allow a reliable prediction of the excitation

This reflects the fact that thid=88 isotones are more de- _ - a7 .
formed than those a8i=86. The heavy Te isotope are ex- energy of thevhg, configuration in the**’Sn nucleus, which

pected to exhibit a shape transition from spherical to prolatéS expected at about 350 keV above thef¥) 7>~ ground
nuclei, which is predicted to occur betweé¥Te and4°Te, ~ state. Further studies are needed to complete the energy sys-
as discussed in our recent study GfTe [5]. Hartree-Fock tematics for theN =87 isotones, which can be used for ex-
plus BCS calculations fot*°Te, performed in the same way tensive tests of nuclear models in this region. The identifica-
as those in Ref[5], show a rathejs-soft potential energy tion of the 5/2 excitation in **¥Te is especially important,
surface (PES with an absolute minimum situated g8  as are experimental determinations of spins and parities of
=0.11, as illustrated in Fig. 7. In the case &¥Te, the low-energy excitations in thé**Ce nucleus.

vibrational character of the collective motion had been estab- The authors are arateful to Dr. M. Dufour-Fournier for
lished following theE(6™)/E(2")=3.3 andE(4")/E(2") 9 T

—20 ratios [5. In the *®Te nucleus the discussions concerning theprocess. This work was sup-

ted by the Science and Engineering Research Council of
E(21/2°)/E(13/2°), andE(17/27)/E(13/27), where the ex- P
citations are measured with respect to the 9&vel, are 3.7 the UK. under Grant No. GRH71161 and by the U.S. De-

and 2.2, respectively. The increase of the observed ratigd@tment of Energy under Contract No. W—22’>1—109—ENG-38.
from 138Te to 13°Te agrees with the decrease of Hesoft- The authors are also indebted for the use?8tm to the

ness observed in the PES display and indicates, that the efffice of Basic Energy Sciences, U.S. Department of En-

pected shape transition in Te isotopes takes place at the netdy. through the transplutonium element production facili-
tron numberN = 87. ties at the Oak Ridge National Laboratory.
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