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Intruder structures observed in ?>Te through inelastic neutron scattering
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The excited levels of '*>Te to 3.3-MeV excitation have been studied using y -ray spectroscopy following inelastic
neutron scattering. The decay characteristics of these levels have been determined from y -ray excitation functions,
angular distributions at E,, = 1.72, 2.80, and 3.35 MeV, Doppler shifts, and yy coincidences. Electromagnetic
transition rates were deduced for many levels, as were multipole-mixing and branching ratios. Level energies and
electromagnetic transition rates were compared to interacting boson model (IBM) calculations, both with and
without intruder-state mixing, and to particle-core coupling model calculations. The energies of low-lying levels of
122Te are well described by the IBM with intruder-state mixing calculations, and observed transition rates support
emerging intruder bands built on 07 levels. The other models considered do not produce enough low-lying positive
parity states; however, U(5) energies to the four quadrupole-phonon level agree very well with observations when
states with large intruder configurations are ignored. Mixed-symmetry and quadrupole-octupole excitations have
been investigated, but mixing with other configurations and fragmentation of strength prohibit a clear identification

of these states.
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I. INTRODUCTION

The '>>Te nucleus with two protons beyond the closed
Z =50 shell is expected to have excitations predominantly of
vibrational character, although it has also been characterized as
a y soft or O(6) nucleus [1]. Kern et al. [2] claim this nucleus
is a good example of one exhibiting the U(5) dynamical
symmetry, as was previously found in 'Cd, which mirrors
122Te with respect to the Z =50 shell closure [3].

Identification of multiphonon excitations in '*’Te and of
the best dynamical symmetry to characterize this nucleus is
complicated by the strong role played by 4p-2h intruder con-
figurations [4,5] and by two-quasiparticle proton excitations
[6-9]. Mixing between these configurations appears to play a
stronger role in low-lying levels in the Te nuclei than in other
nearby nuclei [8]. Past theoretical investigations of '?Te have
been hampered by limited experimental information regarding
the level scheme and decay characteristics of this nucleus,
especially with regard to absolute electromagnetic transition
rates. For example, intruder bands have been proposed from
IBM-2 calculations [4], but no intraband transitions have
previously been observed and B(E2) values have not been
determined to test model predictions.

In the present work involving y-ray detection following
inelastic neutron scattering, levels in ' Te with spins J < 6
below 3.3-MeV excitation were investigated. Lifetimes in
the range of a few femtoseconds to approximately two
picoseconds were determined using the Doppler-shift atten-
uation method (DSAM). Reduced electromagnetic transition
rates were determined to investigate the aforementioned
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structures within the framework of the interacting boson
model (IBM) and the particle-core coupling model (PCM).
States of mixed neutron-proton symmetry and multiphonon
quadrupole-octupole coupled states were also investigated.
Several low-lying states with J™ =01 were unambiguously
identified for the first time, and, in general, the existing level
scheme of '22Te [10] was found to be very deficient.

Previous information regarding the level structure of
122Te is compiled in Ref. [10]. More recent experimen-
tal investigations include the following: '*2Te(d,d’)'**Te,
123Te(d, 1) Te, P Te(*He, *He) ' Te, 12'Sb(*He,d)'**Te, and
122Te(y,y’ )!?*Te [5] and reactor (n,n'y) [11,12] and («,2n)
reactions [9]. Existing information is combined with new
(n,n'y) results to extend the detailed level information to
3.3 MeV in '*’Te.

The experimental procedures and data reduction techniques
used in these (n,n'y) measurements are discussed in Sec. IL.
The level properties of states requiring special attention are
given in Sec. III. Section IV is devoted to model discussions
and special structures. Finally, results and conclusions are
presented in Sec. V.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

Measurements were made using the neutron scattering
facilities at the University of Kentucky 7-MV electrostatic
accelerator laboratory. The 3H(p,n)’He reaction was used
as a neutron source. The 5.075-g powdered '*>Te sample,
isotopically enriched to 97.12%, was packed into a thin-walled
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FIG. 1. Coincidence spectra from gates set on the 564.1-, 617.1-, and 692.7-keV y rays from the first, second, and third 122Te excited states,

respectively, for y-ray energies between 1000 and 2000 ke V.

lucite container with a diameter of 1.42 cm and a height of
2.45 cm.

y-y coincidences were measured at an incident neutron
energy of 3.6 MeV. Neutrons emerging from the gas cell were
formed into a 1-cm beam using a lithium-loaded collimator
approximately 75 cm long. The sample was hung coaxially
with the beam, and four high-efficiency HpGe detectors were
placed in a coplanar arrangement approximately 6 cm from
the center of the sample. Data were stored in event mode,
and a two-dimensional matrix was constructed offline by
considering pairwise coincidences. Portions of the coincidence
spectra are shown in Fig. 1 for the 564-, 617-, and 692-keV
gates. The experimental apparatus is discussed in detail in
Ref. [13].

A singles target-detector configuration was used to measure
y-ray excitation functions, angular distributions, and Doppler
shifts. y rays were detected using a Compton-suppressed
n-type HpGe detector with 51% relative efficiency and an
energy resolution of 2.1 keV FWHM at 1.33 MeV. Compton
suppression was achieved using a BGO annulus detector
surrounding the HpGe detector. The gain stability of the system
was monitored using **Co and '3?Eu radioactive sources. The
neutron scattering facilities, TOF neutron background sup-
pression, neutron monitoring, and data reduction techniques
have been described elsewhere [13,14].

Excitation functions, measured for incident neutron ener-
gies between 1.9 and 3.4 MeV in approximately 100-keV steps,
were used to place yrays in the level scheme, to determine
level energies, and to assist in spin assignments. Figure 2
shows spectra at three different incident neutron energies.
y-ray yields from the excitation function measurements were
corrected for y -ray detection efficiency and were normalized to

yields from the neutron monitor, whose yields were corrected
for efficiency as a function of neutron energy to obtain
relative y-ray production cross sections. A normalization
appropriate for interpreting cross sections was obtained by
comparing statistical model calculations [ 15] and experimental
cross sections for 01 levels. These relative cross sections
were then compared to theoretical values calculated with
the statistical model code CINDY [15], using optical model
parameters for this mass and energy region [16] to evaluate the
consistency of the spin assignments and branching ratios de-
termined from angular distribution measurements, as shown in
Figs. 3 and 4, respectively. Levels to approximately 3 MeV that
exhibit inconsistencies with the statistical model calculations
are indicated by a k in Table I. Differences between the
calculations and experiment indicate either missing decay
strength, which affects the branching ratios, or states not
adequately represented by a statistical interpretation.

y-ray angular distributions were measured at incident
neutron energies of 1.7, 2.8, and 3.4 MeV at five, eight, and
nine angles, respectively. Level spins and multipole-mixing
ratios were determined by comparing the measured angular
distributions with calculations from the statistical model code
CINDY [15] as discussed previously [17]. Sample y -ray angular
distributions are shown in Fig. 5. Figure 5(c) is an example
of the x? versus tan~!(8) used to determine the spin and
multipole-mixing ratio for the transition shown in Fig. 5(a).
Often two solutions for § give similar values of x?; the value
of § with the smaller x? is included in the table unless the state
is discussed further in the paper, in which case both solutions
are listed in Table I. Branching ratios were derived from the
angular distribution data at the lowest incident neutron energy
possible, unless otherwise noted.
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FIG. 2. Experimental spectra from y-ray excitation function measurements at incident neutron energies of 2.25, 2.75, and 3.35 MeV.

Level lifetimes were extracted using DSAM following
inelastic neutron scattering [18]. Lifetimes were determined
by comparing experimental and theoretical Doppler-shift
attenuation factors. Theoretical attenuation factors F(t) were
calculated using the stopping theory of Winterbon [19]. Mean
lifetimes in the range of a few femtoseconds to approximately
2 ps were determined in this experiment. The Doppler shifts
for several transitions, as well as theoretical F(t) calculations
for the 2719-keV y ray, are shown in Fig. 6.

Experimental information, including y-ray intensities,
a, and a4 angular distribution coefficients, and transition
energies, derived from the excitation functions and angular
distributions for all observed levels, is available from the
authors and will be submitted to the Nuclear Data Compilation
Center.

III. LEVEL DISCUSSION

Level energies, y-ray placements, branching ratios, spin
and parity assignments, multipole-mixing ratios, F(t) values,
lifetimes, and transition rates for all observed levels are given
in Table I. Adopted levels and transitions [10] are indicated by
an « in the note column of Table I. Most transitions and many
levels observed were not previously adopted.

Adopted levels below 3.3 MeV not observed in this inves-
tigation include the following: (1) states of high spin typically

not seen in (n,n'y) reactions, which are the 2669 (8")-,
2800 (77)-, 2913 (8%)-, 3210 (10")-, and 3290 (10T)-keV
levels; (2) states with large energy spreads that may correspond
to levels observed in this work, but for which the correspon-
dence is not clear, that is, the 2549(13)-, 2665(13)-, 2740(24)-,
2780(24)-, 2790(24)-, 2940(15)-, 2971(24)-, 2980(25)-,
3100(26)-, 3220(16)-, and 3260(16)-keV states; and (3)
the 2091(10)-, 2435(12)-, 2470(10) [tentative 47]-, and
3073.6(3)-keV states for which there is no obvious reason
they are not observed. Definite spins are not known for states in
the last group, and nonobservation of these levels may indicate
they have spins J > 6. States that merit special attention are
discussed in detail in the following.

1747.0-keV 0" state. This level is tentatively labeled as a
07 state in Refs. [5,10,11,20]. It was not observed in reactor
(n,n'y) [11] and («,2n) [9] reactions. The state was observed
in conversion electron measurements, but statistics prohibited
a definite J =0 assignment [21]. Two transitions are observed
in this work that have angular distributions and excitation
functions that confirm the 0% spin and parity of this level.
The excitation function for the 1182.9-keV transition is shown
in Fig. 3 along with statistical model calculations supporting
the J =0 assignment.

1752.6-keV 2% state. New transitions of 395.1 and
495.5 keV are assigned to this level. Both y rays have

034307-3



S. F. HICKS et al.

PHYSICAL REVIEW C 71, 034307 (2005)

:J7TI=I4:+IIIIIIIIIIIII 6+ _________
| E.=1477 keV
7 5+
Fr 4+ _
g L 34+ ...
.0
© ol 2+ ... ...
O N
n
" I 1+
o
st ) 0+ —m . .. =
O o L L T NI BT T ST B STRRR
c 2 2.5 3 3.5
.0
o
g L -'|"+"|""|""|-
2 L N ]
o 3 HE,=2592 keV .
[\ Y - = -
a 3 i : 1
o I ]
2
S L 4
O o -
© ol 1
o L i
o L i
e} L 4
o | -
o |-'|'|——|—|——|||||||||||| o -|l||||||_-|’;—|——||||||-
2 2.5 3 3.5 2 2.5 3 3.5

Neutron Energy (MeV)

FIG. 3. y-ray excitation functions compared to neutron production cross sections from statistical model calculations for transitions from
states with spins of J =4%, 0%, and 1*. Such plots are used to confirm level spin assignments made from the angular distributions.

excitation functions that are consistent with those of the
adopted 1188.5- and 1752.6-keV transitions, and both as-
signments are confirmed in the coincidence data. The mean
lifetime of this level was determined to be 54412 fs from the
Doppler shift of the 1188.5-keV transition at E,, =2.8 MeV,
as shown in Fig. 6(a). A similar F(t) value was observed for
the 1752.6-keV transition. The level has an adopted lifetime of
790 £ 290 fs [10], in agreement with our value. (The adopted
value does have a compiler’s note saying the matrix elements
listed in the original paper [22] were interchanged and that
the compiler switched values before calculating the half-life.)
The branching ratios listed in Table I were determined using A
values from the £, = 2.8 MeV angular distributions; consistent
values were found using the excitation functions. The deduced
transition rate B(E2; 21 — 07) = 194139 is uncommonly large
for a nucleus considered to be vibrational. It is possible that
strength is missing from unobserved decays to other low-lying
levels; however, the branching ratio for the decay to the 05

state would have to be lowered substantially for this transition
rate to be unremarkable.

1951.7-keV 3% state. No spin value was adopted in the
compilation [10]. In work completed since the compilation,
this level is assigned J* =2" [9] and J™ =3" [5,11]. The
angular distributions of our work support either assignment.
There is a significant difference between the adopted branching
ratios [10] and the values obtained in this work. Figure 4
shows a comparison between statistical model calculations
and experimental excitation function data using branching
ratios from this work and the adopted values. The new
branching ratios consistently lead to a description of this
state as J =3 in comparisons between the relative y-ray
production cross sections and CINDY calculations, whereas the
adopted branching ratios lead to different preferred J values
depending on the transition. All transitions from a level should
line up with the same spin value in plots such as Fig. 4,
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provided the branching ratios are correct. Missing strength
from an unobserved transition could change our result, but
the inconsistency observed with the adopted branching ratios
[10] indicates a problem with those values. The combined
information indicates the J = 3 assignment best describes this
level.

2310.7-keV state. This state was previously assigned J =1
based on a tentative M1 assignment for the 953-keV transition
into the 02+ state [ 10]. The angular distribution of this transition
in the current work has a distinctive E2 shape; additionally, the
1129.6-keV decay into the 4;“ level is observed. The combined
information leads to J™ =27 for this level.

2538.7-keV state. This level is not adopted [10], but it
is observed in reactor (n,n'y) [11] reactions and is as-
signed J™ =47 it is also observed in '>*Te(d, 1)'**Te and
123Te(3He,*He)'*2Te reactions [5]. Our work supports the

J =4 assignment. The branching ratios observed in this work
of (64:13:24) differ somewhat from the reactor (n,n'y) [11]
values of (62:19:19) for the 4] — 3;’, 4 — 4;’, and 4] — 4f'
transitions, respectively. The relative size of the branching
ratios into the 47 and 47 states was used previously to
support the argument that this state is predominantly a two-
quasiparticle state [11].

2592.5-keV state. The adopted parity of this level is
positive [10]. Schauer et al. [5] list the parity as negative and
label this state as the 1~ member of the quadrupole-octupole
phonon quintuplet. The parity question was not resolved by
our work.

2758.3-keV 6 and 2758.5-keV 5 states. Four transi-
tions are observed to decay from levels at 2758.3 and
2758.5 keV. The excitation functions support assigning the
transitions of 351.2 and 1007.4 keV to the formerly adopted
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TABLE I. Levels and transition rates in '>>Te. Uncertainties are in the last digit(s). Transition rate uncertainties are from the uncertainties

in the level lifetime and do not reflect uncertainties in the multipole-mixing ratio. The adopted energy of the 2| state was used for level
development. Horizontal lines indicate changes in the energy of the angular distribution used for extracting level information, and brackets
indicate a tentative assignment. An £1 in the mixing ratio column indicates that a B(£1) value is given in the B(M1) column. The mixing ratios
and B(XL)s presented are those of the first spin listed when the spin of the initial state is not definite.

JT E, Note E, Ef BR tan~'(8) F(7) T B(M1) B(E2)
(keV) (keV) (keV) (%) (fs) (W) (W)
2+ 564.12(1) a 564.01(13) 0 100 10700175, 37.2%3
4t 1181.23(7) a 617.12(5) 564 100
2+ 1256.83(4) a 692.66(5) 564 83.12) —0.97"} 22%°E2 7173
a 1256.87(5) 0 16.9(2) 0.043(18) 1140750 10714
0t 1357.3(1) a 793.18(9) 564 100 >2ps <36
0t 1746.99(7) e 490.06(20) 1256 29.3(6) <124
1182.88(5) 564 70.7(6) >1.9 ps <4
6+ 1750.91(9) a 569.68(5) 1181 100
2+ 1752.60(5) c 395.07(21) 1357 4.5(1) 194738
c 495.54(22) 1256 4.3(1)  —0.50"% 1.6"3E-2 1413
ac 1188.48(5) 564 31.2Q2) 1.22%35 1.313E-3 4.9%°
—0.03"} L1TIE2  5.071E-3
ac 1752.64(6) 0 60.0(2) 0.093(11)  544*7¢ 1573
4+ 1909.50(5) 652.62(5) 1256 13.4(3) 2178
a 728.19(5) 1181 49.6(3) 1.35%3 L6ME3 4373
a 1345.53(7) 564 37.003) 0.043(12) 12307330 1.5
0t 1940.01(7) a 683.10(6) 1256 96.0(3) <74
a 1376.02(9) 564 4.0(3) >2 ps <0.1
3+ 1951.68(5) ae 694.87(10) 1256 53.8(4) 0.00"$
a 770.07(5) 1181 163(4)  —0.22%}9
a 1387.79(5) 564 29.93) —1.54%
4+ 2041.07(6) d 783.66(31) 1256 7.3(2) 6.6110
a 859.70(5) 1181 4553)  0.66%5 L793E2 9.7
a 1477.07(5) 564 47.2(3) 0.061(9) 856111 1.873
2+ 2099.22(6) ak 1535.11(6) 564 96.4(2) 1.1673 3.673E-3 5.7%%
0.00™$ 220E2 0
k 2098.88(35) 0 3.6(2) 0.129(9) 37739 53ME-2
3~ 2196.80(4) 939.92(6) 1256 1.4(2) El 4.472E-5
d 1014.87(10) 1181 3.1(2) El 7.73E-5
1632.86(5) 564 95.5(3) El 0.274(8) 150" 5.773E-4
1 2203.75(5) k 946.77(12) 1256 7.0(3) 0.94+8
k 1639.69(3) 564 72.0(3) 0.1975
k 2203.58(10) 0 21.0(3) 0.237(10) 182"}
6" 2283.45(7) a 532.48(9) 1751 51.922)  0.1913] 49TBE-1 4678
a 1102.28(9) 1181 48.1(22) 0.208(128) 2147739 3172
2+ 2287.36(5) [1030.18(15)] 1256 50(1) —0.977% 227E-3 3.173
1105.50(50) 1181 2.0(1) 1.37]
a 1723.23(5) 564 84.2(4) 091, 9.2%3E-3 3.712
03175 220E-2  55T3E-1
a 2287.52(15) 0 8.8(3) 0.208(8) 214+ 0.15%
0t 2297.46(6) dk 1733.34(6) 564 100 0.041(16) 12907570 1173
2+ 2310.68(5) c 557.82(50) 1752 43)  —1.00"% L75E3  9.7%38
a 953.05(16) 1357 3.9(1) 9.1 2E-1
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TABLE 1. (Continued.)

JT E, Note E E; BR tan~'(8) F(7) T B(M1) B(E2)

(keV) (ke% (keV) (%) (fs) (W) (W)
1129.64(24) 1181 3.3(1) 3370E-1
1746.59(6) 564 88.8(4)  —1.48% 0.043(11) 1230730 35Y0E-5  1.073
—0.50™% 33%E-3  23%E-1
5- 2407.12(9)  a 1225.89(9) 1181 100 El 0.156(16)  303%3,  7.079E-4
2+ 2407.96(5)  ak 1843.84(5) 564 100 113728 0.293(12) 13778 6.7T3E-3 6.4
(4 2448.47(5) e 1267.25(5) 1181 91.6(8)  0.097} 427FE2  1.572E-1
1884.27(12) 564 8.4(8) 0.141(17) 34113} 2.473E-1
0t 2499.59(8)  dgk  1242.80(11) 1256 22.2(8) 1.6%
k 1935.43(11) 564 77.6(8) 0.049(25) 108073 6.0"3E-1
2+ 2508.64(5)  k 1251.64(30) 1256 8.83) —0.193 1.5277E2  2.6'2E-1
ak 1944.53(5) 564 91.2(3) 1.0075*  0.387(11) 9174 13%E2 5873
5 2535.68(9)  k 1354.45(9) 1181 100 —0.79%13  0.024(51)  >680fs  <9.4E-3 4.2
4- 2538.58(4)  ck 586.82(5) 1951 64.3(6) El <127E-3
629.07(8) 1908 12.7(8) El <1.9%2E-4
k 1357.54(10) 1181 23.0(6) El 0.01729)  >1.1ps <3.37%E-5
2,3 2557.74(7)  k 1300.91(7) 1256 100 0.85%1;  0.117(9) 421+
2345 2560.38(21) d 1379.1521) 1181 100
1+ 2592.73(7)  ae 1335.99(13) 1256 9.48)  0.94%314 L79BE2 12,67
a 2029.25(17) 564 2128)  0.13%314 307362 9.17%E2
a 2592.44(10) 0 69.4(1) 0.693(12) 2613 4.9ME-2
3 2600.78(6) ek 1419.58(6) 1181 67.2(1.1)  1.107%
k 2036.57(12) 564 32.8(1.1) —0.69"%  0.049(30)  1080",7°
4 2603.74(14) dgk  1422.51(14) 1181 100 0.667%
(1,2,3) 2636.01(5) dgk  1379.14(5) 1256 84.4(7)  (1.32%)
dgk  2072.16(15) 564 15.6(7)  (—1.13%$)
2637.85(40)  dv 2073.73(36) 564 100
2,3 2654.39(6)  k 1397.546) 1256 82.6(7) —1.4171°
k 2091.00(36) 564 17.4(7) 12973 0.073(34) 708755
3+ 2669.046)  k 1487.80(7) 1181 83.7(11) —0.0979, 1798E2  440E2
k 2104.96(15) 564 16.3(11) —0.66%3%  0.103(40) 484735  7.2%E-4  7.0750E-2
4+ 2679.39(6)  dg 1422.51(6) 1256 29.6(15) 1.9%¢
2116.02(25) 564 70.4(15) 0.085(24)  599+%7 6.3 2F-1
4+ 2693.57(6) ek 1436.59(39) 1256 7.3(16) 1373
k 1512.35(6) 1181 92.7(16)  0.06™%  0.210(39) 212%% 4.0TE2 45 E-2
1 2719.22(9)  ad 2155.18(12) 564 55.9(13)  0.22%314
ak 2719.14(12) 0 44.1(13) 0.366(40) 98" 17
1 2742.45(9) 1485.59(15) 1256 1544) —0.72731%
217835(11) 564 84.6(4)  081"1% 033034) 116712
0* 2755.68(8)  a 1498.71(9) 1256 53.8(6) 7.8%1¢
a 2192.46(22) 564 46.2(6) 0.21935)  207%32 1.0%3
6 2758.48(6)  ac 351.2024) 2407 67.3(11) —0.31%9
1007.39(12) 1751 32.7(11) El
5(%) 2758.30(11) ¢ 717.20(14) 2040 18.0(5)  1.26%° 75%E-3 1011
1577.31(7) 1181 82.0(5) 0479 0232200 1937 27T E2 2073
43,5 2770.4709)  k 1589.24(9) 1181 100 0.181(39)  262*%
2+34,5 2772.45(8) k 1591.22(9) 1181 100 0.168(47) 288113 7730
2,3 2777.53(4)  k 2213.41(11) 564 100 —0.0377  0.256(15)  170%}3
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TABLE 1. (Continued.)

Jr E, Note E, Ef BR tan~'(8) F(t) T B(M1) B(E2)
(keV) (keV) (keV) (%) (fs) (W) (W)
2,34 2789.72(9) k 2225.60(13) 564 100
2,3 2796.21(7) k 2232.10(12) 564 100 0.00Y5  0.686(15) 2872
3 2801.35(9) ek 604.10(17) 2197 14.5(10)  0.443
k 1544.46(48) 1256 11.7(11) —1.29%°
2237.40(12) 564 73.8(13) —0.03%¢  0.112(17) 45972
[2807.7(1)] vt [899.28(5)] 1909
43 2809.99(7) dg 1628.81(7) 1181 91.8(7)  0.03™%
2245.51(19) 564 8.2(7)
54 2816.69(7) e 907.06(10) 1909 29.3(14)  0.1973
1635.61(9) 1181 70.7(14) 04477 0.060(33) 90373,
2822.7(3) dv 1641.5(3) 1181

2837.47(4) dv 1656.24(40) 1181
[2839.1(5)] vt [899.1(5)] 1940

3 2839.48(6) gk 1582.42(12) 1256 23.8(7)  —0.03%1)

dgk 1658.29(6) 1181 19.0(22) 1.04743
k 2275.78(30) 564 572(17) —0.691; 0.297(23) 1397}

5 2860.48(6) 452.10(22) 2407 36.7(6) 035722
1679.33(6) 1181 63.3(6) 0.037$  0.214(30) 21418

32 2885.67(11)  dgk 1628.81(50) 1256 10.8(6) 12619,
k 2321.55(11) 564 89.2(6) 04775 0.449(14) 734

[2889.7(10)]  acv  [1138.8(10)] 1751
2897.47(30)  dv 1640.64(30) 1256
4+ 32(1) 2898.90(14)  dv 1642.60(30) 1256

2334.63(16) 564 0.167(48) 2907138
5(7),4)  2901.05(11) 1719.82(11) 1181 El 0.12239) 4157313 1.977E-4
4*5,6 2910.82(21) 1159.9121) 1750
2+ 2911.19(10)  ec 1654.32(27) 1256 163(4) —0.35%)2 6.97°E-3  2473E-1
ac 2347.08(11) 564 76.4(5) 0.50%3} 9.8"8E-3  3.8ME-1
c 2911.46(80) 0 7.3(4) 0.286(17) 1471} 54TE2
2913.06(24)  dv 1656.31(40) 1256
dv 1731.7930) 1181
1 2915.96(10)  k 2351.96(13) 564 5105 —03174
k 2915.81(16) 0 49.0(5) 0.755(22) 2013
1 2919.31(13)  k 2919.31(13) 0 0.530(29) 5378
3(2) 2930.13(12)  k 1673.22(14) 1256 403(7)  —1.35%¢
k 2366.11(15) 564 59.7(7)  —0.067, 0.18527) 2543
4,5 2930.65(7) k 733.42(8) 2196 26(2) 0.66™%
k 1750.01(12) 1181 74(2) 0.75%5  0.500(34) 60"
324 2938.94(11)  k 2374.82(11) 564 0.533(15) 5313
2944.11(80)  dv 1762.88(80) 1181
4+3 2958.01(10) 1701.48(47) 1256 15.3(3) 1473
1776.78(11) 1181 52.6(5) 0.4113 159E2  63%3E-1
2393.79(26) 564 32.1(5) 0.257(14) 169713 5.5M3E-1
@2+, 2959.08(15)  k 2959.08(15) 0
2961.36(21)  dv 1780.13(21) 1181
4 2975.64(13)  k 778.61(13) 2196 —1.04%5°
1 2982.26(8) k 17253009) 1256 2299  0.28%3]
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Jr E, Note E, E; BR tan~'(8) F(t) T B(M1) B(E2)
(keV) (keV) (keV) (%) (fs) (W.u.) (W.u.)
k 2418.13(31) 564 15.3(5) 0.941314
k 2982.54(13) 0 61.8(9) 0.473(63)  671}2
4t 2993.54(8) 1736.18(30) 1256 12.6(5) 2.570FE-1
1812.34(9) 1181 70.0(6) 1.5116 1.9%7E-5 117
2429.49(22) 564 17.4(4) 0.072(24) 742735 6.353E-2
5(3) 2995.41(29)  k 1086.71(29) 1908 —1.22%32  0.104(132) 494753
34 2997.96(8)  k 1816.73(9) 1181
kv 2433.83(14) 564 0.451(29) 7378
3009.54(14) 2445.40(14) 564
3 3012.55(11) k 1831.28(12) 1181 63.0(6) 0.1375
k 2448.58(21) 564 37.0(6) 0.03%1)  0.626(27) 36+
2+ 3026.77(6) k 468.81(22) 2557 25.3(6) 0.06*3 3.27F-1 3.7
k 1074.90(10) 1951 17.6(4) 0.0373; 1.853E-2  1.0"2E2
k 1770.05(9) 1256 46.7(6) 0.567% 792E-3  7ATRE-1
k 2462.5(21) 564 104(8)  —0.60™%9, 6.2T0E-4  3.47°E2
ku 3026.94(51) 0 <0.2 0.19226) 244138 <TE-4
6+,5,4 3030.49(10) 1849.26(10) 1181 100 0.20033) 233" 45110
2+ 3037.04(7)  dk 1780.08(9) 1256 29.4(12)  —1.32"%
k 1856.32(16) 1181 25.0(10)
k 2472.71(20) 564 45.6(12) 1.16715
ku  3036.74(54) 0 <0.2
2+34,5  3042.00(12) k 1860.77(12) 1181 0.444(26) 75°8
2t 3044.40(12)  adv 945.50(50) 2098
k 1787.46(24) 1256 <21
—0.4113%,
a 2480.35(16) 564 <66 —0.28*31 <3.8"1%E- <83'E-
3 2
a 3043.74(54) 0 <13 0.159(63) 30674’ <3.7E-
2
32) 3047.71(12) 1790.39(24) 1256 1347  —0.75%8
1865.97(25) 1181 37.7(8) —1.57"%
2484.17(18) 564 4899  —1.38%5;  035734) 1067}
0+,1,2 3052.03(18) a 179521(19) 1256 57.9(12) 8.172¢
a 2487.74(72) 564 42.1(12) 0.405(70)  87%3 1.2+
3057.2(19) 1875.9(19) 1181
2+ 3060.98(31) 2496.71(39) 564 16.46)  —0.0373} 1.213E-3 0.0
3061.24(50) 0 83.6(6) 0.172(17) 28073, 2.5%3E-1
[3068.7(4)] [2504.6(4)] 564
523 3069.37(9) 873.30(15) 2195 11.4(7)
1887.58(12) 1181 88.6(7) 1.44%¢  0222(35)  203%%]
3071.15(16)  dg 1890.03(18) 1181 74.1(11)
2506.46(41) 564 25.9(11)
2+ 3074.49(6)  dg 1134.45(8) 1940
3080.7(14) 1899.4(14) 1181
3084.5(13) v 1903.3(13) 1181
5t 3086.20(8)  dg 1134.45(8) 1951 49.6(21)
1905.46(72) 1181 50.4(21)
2t 3094.60(6)  ct 898.78(11) 2195 18.7(6)
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TABLE 1. (Continued.)

JT E, Note E, Ef BR tan~'(8) F(t) T B(M1) B(E2)
(keV) (keV) (keV) (%) (fs) (W) (W)
994.95(9) 2099 31.4(6)
1142.69(67) 1951 9.4(8)
1837.18(15) 1256 28.2(6)
2530.3(12) 564 5.6(5)
3093.99(51) 0 6.7(4)
1,2 3104.13(52) 3104.13(52) 0 0.231(106) 1947338
3 3112.67(19) 1161.36(26) 1951 45.2(1) 0.3171%
2548.15(26) 564 54.8(1)  —0.63'3 0.050(52) <1090
4t23 3132.20(8) 935.57(16) 2195 32.8(9) El 217 3E-4
gtv 1950.83(11) 1181 14.4(13)
2568.09(20) 564 52.8(11) 0.071(43) 75373 1.4%°E-1

3134.47(50)  gtv 1953.24(50) 1181 100
3139.14(14) dg 1958.31(14) 1181 100
3142.8(5) dg 1961.61(50) 1181 100
3,1,2 3147.51(12) 1048.72(39) 2099 20.0(13)
dgv 1890.27(15) 1256 34.7(13)
dgv 2584.17(22) 564 45.3(12)
0*,1,2 3150.67(22)  adgv 2586.55(22) 564 0.621(19) 3713 531
3153.15(22) tv 2589.03(22) 564
3155.82(22) tv 2591.70(22) 564
3157.81(11) tv 1900.98(11) 1256
3 3159.76(13) tv 1903.0(13) 1256
1977.82(39) 1181
2595.73(14) 564

3160.08(11) v 1903.25(11) 1181
3172.30(11)  dv 1991.07(11) 1181 84.2(19)
2607.8(12) 564 15.8(19)
3177.13(7) 1077.88(8) 2099
v 1920.50(21) 1256
45,6 3183.10(37) 2001.87(37) 1181 0.329(41) 12072
&) 3192.6(10) 2011.40(10) 1181 —0.6673%  0.292(133)  1437%°
5) 3196.67(59) 2015.44(59) 1181 —0.6673
3(2,1) 3198.22(15) 2634.10(15) 564 0.003 0.423(28) 817
1 3199.34(55) 3199.34(55) 0 0.612(49) 3878
1 3207.76(19)  dg 1950.91(21) 1256 37.0(11)
3207.88(52) 0 63.0(11) 0.726(35) 234
0%,12,3  3209.88(12) 2645.76(16) 564 0.886(35) 8+ 22+13
3210.22(12) d 1300.65(17) 1909

d 2029.12(17) 1181
3211.29(36)  dv 1954.22(50) 1256 43.1(15)

2647.42(51) 564 56.9(15) 0.507(79) 5873
4+ 3223.24(8) 1966.39(9) 1256 26.4(9) 2.1753
2659.17(16) 564 73.6(9) 0.377(30) 98" 11 134
3246.37(48)  dg 1989.64(50) 1256 74.4(12)
2681.4(15) 564 25.6(12) 0.276(105) 153"
1(2) 3252.50(15) 2688.40(16) 564 55.8(14)
3252.18(88) 0 44.2(14) 0.414(91) 84132

3256.02(40) dv 2074.79(36) 1181
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TABLE 1. (Continued.)

J* E, Note E, Ey tan~(8) F(t) T B(MT1) B(E2)
(keV) (keV) (keV) (fs) (W.u.) (W.u.)
3262.40(22) 2081.17(22) 1181
1,2,3 3283.83(16) 2027.45(23) 1256
d 2719.30(22) 564
1 3289.10(54) 3289.10(54) 0
3293.22(51) v 2112.09(51) 1181 0.726(72) 23:3
3297.12(91) v 2733.00(90) 564
3300.73(50) v 1013.53(50) 2287
3302.62(36) v 2045.5(5) 1256
av 2738.8(5) 564
3315.28(51) v 2751.2(5) 564
3333.51(51) v 2152.3(5) 1181
3335.73(51) v 2771.6(5) 564
3339.13(51) v 2775.0(5) 564
3357.13(51) v 2175.9(5) 1181
“Adopted transition.
“See individual level discussion for this level.
dDoublet.

¢Branching ratios from excitation functions.

KCalculations show strength is probably missing from this level.
£Doublet strength split using coincidence yields.

'Triplet transition.

“Observed in summed angle data only.

VAssignment based on coincidence data only.

level at 2758 keV with J =47,57,6" [10]. Lee etal. [9]
assign a 351-keV transition to a 6~ state at this energy.
Transitions of 717.2 and 1577.3 keV are assigned to a new
level at 2758.5 keV with J =5 and a tentative positive parity.
Angular momentum considerations and CINDY calculations
exclude all of these transitions from belonging to the same
level.

2890.61-keV 5T,6%,7 state. An 1139.4-keV transition is
adopted for this level [10]. A background line is observed.
near 1139 keV that prohibits a definite assignment in our
work, although we can say the transition is extremely weak
if excited. A small line of the appropriate energy is observed
in the coincidence data; therefore, the level and transition are
listed as tentative in this work.

2911.28-keV 2 state. A 2346.9-keV transition is adopted
for this level [10]. We see two additional transitions of 1654.3
and 2911.5 keV, as well as a transition of 2347.1 keV. Each
of these transitions is consistent with a J =2 spin assignment.
The ground-state transition is observed only at back angles
where it is Doppler shifted away from the stronger 2914-
and 2916-keV lines. The 2911.5-keV transition appears to
have a very large Doppler shift relative to the other transitions
assigned to this level, but it is only observed at a few angles.
Two different Doppler shifts would indicate the level is a
doublet, but the complex nature of the y-ray energy region
prohibits a doublet assignment. The lifetime listed in the table
is due only to the 2347.1-keV Doppler shift.

3044.3-keV 27 state. This adopted level has a 945.8-keV
transition assigned to it with a 25% branch [10]. We see a
946.8-keV line, but most of its strength is assigned to the
2203.7-keV level. A weak 945-keV transition is observed
in the 1535-keV coincidence gate, which indicates that the
transition also belongs to this level. The branching ratio for
the 945-keV transition cannot be determined, but these data
indicate that it is significantly less than 25%.

IV. MODEL DISCUSSION

A. Overview

In the following sections we compare the structures and
transitions observed in '?>Te with model calculations using
the IBM-2 with intruder-state mixing, the U(5) limit of the
IBM-1, and the PCM. Calculated transition rates are presented
in Table II for each of these models along with experimental
values. The table is divided into an emerging normal and
intruder band structure based on the IBM-2 calculations with
intruder-state mixing.

B. IBM-2 with intruder-state mixing

Intruder states from proton excitations across the Z =50
closed shell have been observed rather convincingly in many
nuclei near Z =50, such as Cd [23,24], Sn [25,26], Sb [25],
and I [27]. For the Te nuclei, such structures have remained
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FIG. 5. (a) The y-ray angular distribution along with a Legendre polynomial fit to the data for the 1535.1-keV transition from the 2099.2-keV
level to the 2 state. (c) The x2 vs tan~!'§ curve used to obtain the multipole-mixing ratio for the 1535.1-keV transition is shown. The number
observed on each curve is the spin of the initial state. From this curve one cannot distinguish J =2 or J =3 as the spin of the level, although
an observed ground-state transition unambiguously determines J =2 as the level spin. Two solutions for the multipole-mixing ratio for spin
J =2 are determined from the curve. y-ray angular distributions for transitions from the 1752.6-keV (J =2) level and the 2196.9-keV (J =3)

level are shown in panels (b) and (d).

elusive and have mainly been identified only at high spins
where band structures are evident [28,29]. Both the 02+ and 2;
states are predicted to have rather large intruder components
in IBM-2 calculations and have been considered the lowest
intruder states in '22Te [4,5,11,21,30]. Intruder bands built
on such states have been suggested in calculations [4], but
the level structure, decay characteristics, and transition rates
between suggested band members have not been well enough
established to test the predictions of the model.

The most comprehensive theoretical study of the Te isotopic
chain was performed by Rikovska ez al. [4] using the IBM-
2, both with and without intruder-state mixing. Only the
calculations with intruder-state mixing produced enough low-
lying states to agree with the experimental data. We repeated
those calculations for comparison with new data using model
parameters obtained from the text and figures of Ref. [4] and
the code NPBOS [31].

Within the framework of the IBM, the 22 Te nucleus has two
protons beyond the Z = 50 shell and 12 neutron holes relative
to N=82, or N; =1 and N, =6, respectively. A standard
application of the IBM-2 [31] utilizes the Hamiltonian

v+ My, (D

where the terms represent the total d-boson energy, the anhar-
monicity due to like boson-boson interactions, the quadrupole-

H = 6(”7‘[ +n) + Ver + Vvu)+Ker '

quadrupole interaction between neutron and proton bosons,
and the Majorana symmetry term, respectively.

Intruder configurations are investigated within the frame-
work of this model by treating the intruder 4p-2h states as
contributing an extra pair of proton bosons, or with N, =3 and
N, =6 for 1?2Te. Wave functions from the two configurations,
normal and intruder, are then mixed together using the mixing
operator [4,32]

Oy pldidl +d.d.)", @
where « and B are adjustable parameters describing the
mixing between the two configurations. Further details of the
calculational procedure for both energies and transition rates
can be found in Ref. [4]. Parameters used in our calculations
are given in Table IIT and were taken from the figures and
the text of Ref. [4]. Transition rate parameters were varied
slightly from those of Ref. [4] to reproduce the experimental
B(E2; 2] — 0)).

Level energies from these calculations are shown in the
top panel of Fig. 7 and B(E2) values are given in Table II
in the column labeled IBM-2(MX). The level energies are
plotted in emerging bands with levels having large intruder
configurations in separate bands. The numbers in parentheses
are the intruder percentages. The model does an excellent job
of reproducing the number of low-lying positive parity states,

Hyix = ot(s:;sj, + sﬂsn)
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FIG. 6. Doppler shifts data for the (a) 1188.5-, (b) 2592.4-, and (c) 2719.2-keV transitions. (d) The Winterbon stopping theory calculations
used to deduce 7 from the Doppler shift of the 2719.2-keV transition shown in panel (c).

especially the extra 0" states. In the second intruder band, the
calculated 4" state occurs above 3 MeV and is not shown in
the figure. The model does not lead to the correct staggering
of the levels in the quasi-y band, a characteristic that does
appear in both U(5) and PCM calculations discussed later. This
staggering occurs to some degree in ''4~130Te and is possibly
from interactions between normal excitations and intruder 4+
levels or two-quasiparticle admixtures [8].

Model B(E2) values are compared to experimental values
in the column labeled with intruders and are found to be in ex-
cellent agreement with the experimental data for many decays.
Most notably the 27 — 05 transition is observed for the first
time in this work. The observed B(E2; 2§ — 01)=194"¢
W.u. is unusually large for a vibrational nucleus, as previously
discussed. The IBM-2 with intruder-state mixing calculations
indicate that these two states, the 27 and 05 levels, are part
of an emerging intruder band. Intruder orbitals are more
deformed, and rotational bands built on intruder 0T states are
predicted to have large in-band transitions [21]. The IBM-2
calculations predict B(E2) =36 W.u. for this transition, as
shown in Table II.

Collective intruder structures in '?>Te might be expected
to exhibit behavior analogous to that observed in the ground-

state bands of deformed nuclei having the same number of
valence particles as '**Te intruder levels and with the same
neutron number [23], that is, 2°Ba or "*Ru. The observed
B(E2; 2] — 0)) for '?°Ba is about 100 W.u. [33]; the '*Ru
value has not been measured. The B(E2; 2] — 07) observed
for '2°Ba is consistent with the large value observed in '?*Te.
This comparison supports the interpretation of the 05 state as
the band head for an intruder band in '**Te. The systematics
of this level across the chain of Te isotopes also supports its
identification as an intruder level. The energy of the O;r level
is lowest at midshell, where the number of n-p interactions is
maximized, and it follows a parabolic trajectory of increasing
energy as the N =82 shell is approached. The 2t member
of this band should be characterized by a small positive &
[34]. Our value of § = —0.034+0.19 is consistent with this
expectation.

C. Vibrational limit [U(5)]

The U(5) symmetry of the IBM-1 may be used to identify
multiphonon structures in nuclei. '?>Te has been investigated
previously in Refs. [2,4,5] with this model. We have repeated
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TABLE II. Comparisons of B(E2) values with model calculations. Comparisons are separated into bands as displayed in Figs. 7 and 8. All
values are in Weisskopf units (W.u. = 0.00359 eb? for E2 transitions.) The band labels N and / refer to normal and intruder bands, respectively,
as determined from the IBM-2(MX) calculations.

Transition ue) Expt.* w/o PCM IBM-2(MX) Prior expt. Expt.” with

sequence intruders Rikovska® intruders
SP- SP- SP-

Warr(1) Warr(2) Kisslinger

N, band 2F - 0F 372 37.1 37.1 37.1 36.9 37.202)¢
4+ = 2f 64.7 46.5 45.1 46.4 57.8
67 — 47 80.3 31.2 33.6 30.1 68.9

N, band 0F — 2 59.7 36 4.4 1.1 3.7 1.3 <36
25 — 0} 0.6 1.07(50) 0.05 0.3 0.1 0.5 1.17(28)¢  1.07(50)
2F > 2F 39.8 71(33) 35.3 26.8 22.1 53.3 97.54 71(33)
45 > 2F 0.7 1.5(5) 0.007 0.1 0.2 0.06 1.5(5)
45— 4t 19.3 43(13) 7.0 5.7 1.9 30.0 43(13)
4t - 2F 31.3 21(6) 18.2 20.1 21.6 36.1 21(6)
55— 4f 0.8 <42 1.0 1.6 0.06 1.4 <42
67 — 4F 0.6 31(29) 1.9 2.7 1.9 0.0 31(29)
67 — 6F 1.5 46(42) 2.0 1.9 0.4 20.2 46(42)

I, band 2F - 0F 0.0 0.053(4) 0.7 1.5 0.3 0.03 1.5(2)
2t — 0f 334 2.4 1.9 43 36.5 194(26)
2t - 2f 13.1 0.06 0.03 0.1 52 14(2)
2F - 2F 0.6 5.7(4) 8.2 8.2 20.6 0.0 4.9(6)
4+ - 2f 0.00 0.24(3) 8.4 9.1 9.0 0.03 1.8(3)
45 - 4F 0.1 0.15(2) 8.1 73 9.4 0.03 0.11(2)
4+ - 2f 0.9 2.2 1.9 1.8 0.00 6.6(10)

I, band 0F — 2F 20.9 <74 22.5 22.1 13.0 0.6 <140
0f — 2} 0.2 <0.1 14.4 12.0 18.4 0.2 <4
2F - 2f 0.0 3.7(2) 0.07 0.03 0.06 0.0 5.7(4)
2F - 0F 0.0 0.15(1) 0.1 0.9 0.008 0.0 0.053(4)

N; band 0f — 2F 0.8 27.4 18.1 26.2 1.8 <74
0f — 2 0.0 1.1(5) 0.0007 0.56 0.03 0.006 <0.1
2F > 2f 0.06 1.4 1.6 0.6 0.7 3.12)
2 — 4f 0.1 0.33(89) 0.2 0.4 32 0.06 1.3(1)
2F > 2f 0.0 1.03) 0.4 0.9 0.1 0.0 3.7(2)
2F - 0f 0.0 0.03 0.004 0.1 0.0 1.3(1)
45 — 4t 0.6 3.6 2.3 0.1 0.08 0.15(2)
45 - 2f 0.0 1.4 2.1 0.3 0.0 0.24(3)

“States with 50% intruder configurations in the IBM-2(MX) calculations are removed from level ordering.
"Levels are ordered as they appear experimentally.

‘Ref. [4].

dRef. [6] and references therein.

TABLE III. Model parameters used in IBM-2 calculations.

€ K Xn Xv “;:1 %_2 ";:3 €x €y COv C2v C4v o .B A
(MeV) (MeV) () () (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) e3/e

Normal 0.860 —0.160 —1.000 0.250 0.20 0.10 020 0.14 0.12 0.040 —0.124 —0.100
Intruder 0.600 —0.241 —1.200 0.250 0.20 0.10 020 0.14 0.12 0.040 —0.124 —0.100 0.19 0.095 5.18 0.128
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FIG. 7. (Top panel) IBM-2 with intruder-state mixing calculations compared with experimental levels. The levels are divided into normal
and intruder bands based on the percentage of intruder configurations in the IBM-2 wavefunctions. The intruder percentages are given in
parentheses. (Bottom panel) Comparison of U(5) level energies with experiments. All states with intruder configurations greater than 50% in

the top panel are removed from the comparison in the bottom panel.

the U(5) calculations for comparison with our new data. The
expression used to calculate the U(5) energies is

EWUS) =eng+angng+4)+ Bvv+3)+yvI(I + 1),

3)
where n; and v are the number of d bosons and d-boson
seniority, respectively, and «, 8, y, and ¢ are adjustable pa-
rameters. Several previous authors have investigated '?*Te and
determined parameters to best describe this nucleus. Parameter
sets from Refs. [2,5,35] were used in this investigation, which
was extended to include four phonon structures. The parameter
sets used are listed in Table IV. Experimental results and U(5)
calculations were compared by first removing any level with a

TABLE IV. Model parameters used in U(5) calculations.

Source € o B 1%
(keV) (keV) (keV) (keV)

Ref. [2] 672.7 0 —4.1 -5.5

Refs. [5,35] 468.70 35.9 -9.9 —4.9

greater than 50% intruder contribution as determined from the
IBM-2 calculations previously discussed. This procedure was
used previously [2,4,5,29], and in each case the authors noted
that the remaining low-lying levels appear to be well described
by the model. Although the parameter sets determined in
Refs. [5,29] best describe the suggested 1-, 2-, and 3-phonon
states, when the 4-phonon levels are included, the parameters
of Ref. [2] give the smallest average deviation for all states.
In Fig. 7 the U(5) calculated energies are shown along
with the experimental levels. This model does reproduce the
staggering observed in the second band; in fact, the correct
order is observed for almost all of the levels considered. The
model does an excellent job of reproducing the level energies
once the states with large intruder configurations are removed.
Reduced transition probabilities from the U(5) calculations
are listed in Table II along with the experimental rates for
the corresponding levels. The calculated B(E2) values for the
034 23 4 5» and 47, levels are compared to the those from the
experimental OIS, 2:5,6, and 415 states in the experimental
data column labeled w/o intruders. The U(5) transition rate
calculations were made using PHINT [36] with parameters
reduced from the IBM-2 normal parameters from Ref. [4],
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TABLE V. Model parameters used in PCM calculations.

Source/Ref. Orbital energies (keV) Pairing  Phonon energies Couplings Eeff C, C;
G (keV) I — (e) (MeV) (MeV)
872 ds) hig d32 S1/2 - & &
ha)z Fla):;
Warr(1) [40] 0 1000 2030 3190 3300 0.17 1171 1600 2.60 2.42 1.58 253 298
Warr(2) [40] 0 1000 2030 3190 3300 0.16 1171 1400 3.00 2.76 1.00 189 261
Kisslinger [42] 0 520 2030 3190 3300 0.18 1171 1800 2.60 2.15 1.61 253 335

and with E2DD = —0.62 e¢b and E2SD=0.105 eb. These
rates agree very well with many of the observed values. It
appears that '?2Te is much more like its Cd mirror than was
previously thought.

D. Particle-core coupling model

Both particle and collective degrees of freedom in '?*Te
are considered in the PCM [37] by treating the nucleus as two
proton particles coupled to a vibrational core. This nucleus has
been examined previously using the PCM [6,38]. We examine
12Te levels using the code PPCORE [37,39,40] in light of our
new level and transition-rate information.

The PCM Hamiltonian used for these calculations is

1
H = Zth <bjwbm + 5) + Ze,,cj,c,, + Vop
P

AL

s
= 2 g rehenlb + (1)
Parp

X (p|Yaulg)chey, ©)

where ¢, and c; are the particle annihilation and creation
operators, b, and bI, are the phonon annihilation and creation
operators, €, are the single-particle energies, and V,,, is the
fermion-fermion interaction, which is taken to be a surface-
delta interaction. The particle-phonon interaction strengths
are defined as Ekz(%)ﬂ,\/(ﬁhwk), _t121e deformation is

defined as B, = B(EA; 0] — kl)[3i;R8] , hw, is the core

phonon energy for A = (2, 3), and the surface stiffness param-
eter is given by C; = %

The pairing strength G between the two protons is predicted
to have a value of G =17.05/A,19.2/A — 7.4(N — Z)/ A2, or
0.20 [40]. In this work, the best value of G was determined
by considering the goodness of fit to the 17 lowest excited
levels after all other parameters were set consistent with
model definitions, core phonon energies, and deformation
parameters. The best value of G found for each parameter
set was within the range expected by predictions and is listed
in Table V.

Level energies and reduced electromagnetic transition rates
were calculated using the 1g7/2, 2ds)2, 1hy1)2, 2d3 /5, and 351 >
single-particle orbitals and values of (raV/dr) of 30, 40,
and 50 MeV. Consistently, (roV/dr) =50 MeV was found
to best represent the data and was the value used for all PCM
calculations presented. Initial model calculations were made

using particle-phonon interaction strengths deduced from the
adopted values of the '*°Sn core deformation parameters
B>=0.1075 [33] and B3 =0.1370 [41], and from the '2°Sn
27 - and 3] -level energies of 1.17 and 2.40 MeV, respectively,
which were taken as the iw, and iw; core phonon energies.
The octupole phonon energy was adjusted to reproduce
approximately the experimental 3| energy, while hiw, was
kept fixed. Parameters for all calculations, including the orbital
energies [6,40,42], are given in Table V. Calculated energies
for two different sets of single-particle energies are shown
in Fig. 8, and the corresponding transition rates are given in
Table II.

For all parameter sets, the model consistently underpredicts
the energy of the 6;“ state by overemphasizing the particle
configurations. The PCM wave functions indicate approxi-
mately a 35% contribution to this state from the (1g7 /2)2 and
(2ds/2, 1g7/2) two-proton configurations. The nearly constant
energy of the 6? state in the heavier Te nuclei is thought to be
due to proton excitations dominating the wave function for this
state [1,9]. It appears that in '>>Te collective configurations are
more important than the PCM predicts. Recent observations in
126Te support the strong role of proton particle configurations
in the 6;’ state in that nucleus, as the PCM calculations better
reproduce the level energy [17].

Another problem with the model calculations is that the
predicted 0" level energies are too high compared to what
is observed experimentally. The wave functions for each
of these states are dominated by different configurations,
so there is no obvious way to lower the 0" energies. The
levels appear to be outside the model space, which lends
more support to an intruder-state interpretation for these
states. A similar problem was observed previously with the
quasiparticle phonon model, since that model also could not
handle the intruder configurations in these levels [5]. With all
parameter sets in Table V, the PCM does well reproduce the
staggered order and energies observed in the second band.

Two different techniques were used to reproduce the
experimental B(E2; ZT — Of') transition probability: (1) the
effective charge e was varied from its initial value of e.ir =,
and (2) the stiffness parameter C;, was varied while changing S,
and &, to maintain model consistency. Differences in the level
scheme were insignificant, but the transition rates changed
for some levels. Electromagnetic transition rates from both
methods are listed in Table II and parameter sets are listed in
Table V.

No levels were removed from consideration in Fig. 8,
so the corresponding experimental B(E2) values for PCM
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FIG. 8. Particle-core coupling model calculations for the Warr et al. [40] and Kisslinger and Sorensen [42] parameter sets listed in Table V.

model comparison in Table II are in the column labeled
with intruders. The decay of most states in the N, band and
the decay of the aforementioned 27 level are very poorly
described by the model. Comparison of the calculated rates
to the experimental data with intruder states removed results
in the same conclusion regarding levels in the N, band, but
the calculated 2;’ state decays better correspond to what
is observed for the experimental ZI state. For either data
comparison, model transition rates agree rather well with those
observed for a few levels, but in general the transition rates are
not as well described as with the previously discussed IBM-2
calculations.

E. Mixed-symmetry states

Excited levels for which the collective motion of neutrons
and protons is distinguishable, or mixed-symmetry states
(MS), have been observed in several nuclei in this region;
see for example Refs. [43,44]. Signatures of MS strength in
vibrational nuclei include decays from 2y levels to the 2}
symmetric state with enhanced M1 transition rates and weak
E2 transitions to the ground state [45]. Another characteristic
of MS strength in vibrational nuclei is a small multipole-
mixing ratio for decays between the 2 and 2] states
[43,45]. Mixed-symmetry excitations have been investigated
previously in this nucleus. In QPM calculations [5], the
theoretical 2;“ state has a strong MS component. Subber

et al. [1] suggested that the 2 state contained the MS strength,
whereas Rikovska et al. [4] conclude that it is difficult to
identify MS states in the Te nuclei because of the large role
played by intruder configurations.

The lowest six 27 states are observed in this work along
with at least upper limits on transition rates for their decays.
The B(M1; 2] — 2?) (x =2-6) are shown in the left panels
of Fig. 9, and B(E2) values are shown for the decays from
the same states into the 0 (upper right) and the 2 levels
(lower right). The ground-state E2 decay is expected to be on
the order of at most a few Weisskopf units [45]. The upper
and lower left panels show the M1 rates calculated using the
multipole-mixing ratio with the smallest x> value and the
alternate solution, respectively.

Calculations completed using the IBM-2 with the nor-
mal parameters for '>Te from Ref. [4] indicate the MS
strength is located primarily in the 2] state. From these
calculations the predicted M1 rates for transitions from
2% levels into the first excited state are as follows:
BM1; 25 —2{)=0.003 u%, BM1; 27 —27)=0.02 u%,
BM1; 2] —27)=0.002 u3,, B(M1; 27 — 27)=0.003 u3,,
and B(M1; 2; — 2?) =0.002 ,u%,. These are compared with
measured values of 0.0lng, 0.006(1),0.012(1),0.012(1), and
0.002(6) 113, respectively.

Experimentally, it appears that the M1 strength is uniformly
distributed through the 2+, ZI, and 2; states with the 2;' state
having half the strength of the others, provided the smaller
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FIG. 9. B(M1) and B(£2) values for the 25 -2{ states in '?2Te. The left panels show B(M1; 2} — 2}) for x =2-6. Values in the top left panel
were calculated using the first multipole-mixing ratio listed for 27 — 2} in Table [; the bottom left panel shows the same values calculated with
the alternate mixing ratio. The right panels show B(E2; 21 — 07) and B(E2; 2} — 27) for the same levels. For the B(E2; 27 — 27) values,
calculations from the first and second multipole-mixing ratios are shown side by side.

value of the multipole-mixing ratio is used. These M1 rates
are not particularly fast for this mass region [46]. The summed
M1 strength of 0.045 3 is about 44% of the predicted MS
strength for this nucleus in the U(5) limit [45]. It appears
that mixing with other configurations weakens the role of dis-
tinguishable neutron and proton collective excitations in this
nucleus.

F. Multiphonon structures

Coupling between single quadrupole and octupole vibra-
tional modes, or quadrupole-octupole coupled (QOC) states,
should produce a quintet of levels with spins 17—57. In a
simple vibrational model these states are predicted to lie at
an energy given by the sum of E(ZT) and E(3)), which is
~2760 keV in '**Te.

Candidates for these states have been identified in a few
other nuclei in this mass region; some examples are in ''>Cd
[47], '**Sm [48], and '**Nd [49,50]. Ideally E3 transitions
from this quintet of states to the 2 and E2 transitions into the
3| should have B(£3) and B(E2) values of the same strength
as B(E3; 3] — OT) and B(E2; 2;“ — OT), respectively [49].
In practice one usually cannot observe large E3 strength into
the single phonon states. To identify candidates in '**Te,
enhanced B(E2) values, observed decay branches, and model
calculations guide the assignments.

QOC 1~ state. The lowest 1~ QOC state candidate is
at 2592.5 keV. This level was identified as a QOC state in
Refs. [5,51] from comparisons with quasiparticle phonon
model (QPM) calculations and from the identification of
analogous 1~ states in '**Te at 2747 keV and in '°Te at
2974 keV. We have investigated all three of these nuclei using
the (n,n'y) reaction, and the QOC 1~ state candidates are
all found to exhibit strong decays to the ground state and
are observed to have similar lifetimes of 26(2) fs, 42(3)
fs (unpublished), and 3973 fs for 'Te, '%*Te, and '*Te,
respectively. The 17 QOC state is predicted to decay by an
E1 transition on the order of several milli-Weisskopf units to
the ground state [51]. The parity of this level in '?>Te remains
in question, butifitisa 1~ level,a B(E1; 17 — 0f)=1mW.u
is observed, which agrees well with QPM predictions.

QOC 27 state. Berendakov et al. [11] identify a state at
2636 keV as a 27 QOC state candidate. A state at 2636 keV
was observed in (d, d") measurements, which does not support
the unnatural parity assignment [5]. We see two levels at this
energy based on the 2072.2- and 2073.7-keV doublet observed
in the y-y coincidence data, but no information was obtained
to resolve the parity issue.

QOC 3~ state. A spin-3 level at 2801 keV is observed to
decay into both the 2T and 3 states, although a definite parity
for this state was not determined.

034307-18



INTRUDER STRUCTURES OBSERVED IN 'Te.. ..

QOC 4~ state. The lowest identified 4~ state is at
2538.6 keV. Decays from this state to the 3| state were not
observed.

QOC 57 state. The lowest 5~ state is observed at
2408.0 keV. Shell-model calculations indicate this state is
formed by promoting 3sy, and 2d3,, neutrons into 1/,
orbitals [52]. This state was weakly populated in proton
stripping reactions and strongly populated in two-neutron
pick-up reactions [20,52,53], which supports the idea that
this level has strong two-neutron quasiparticle components,
although the enhancement of the excitation of this state
suggests it has collective strength as well [53]. The 5= QOC
state lies at 3048 keV according to QPM calculations [5]. A
level is observed in this work at 3068.9 keV that decays into
the 3] witha B(E2) =25 45 W.u., which is a possible 5~ state
and a candidate for a QOC state.

Clearly, definite parity information is needed for many of
the observed levels in '??Te to understand more clearly the role
of QOC states in this nucleus.

V. SUMMARY

The level scheme and decay characteristics of '**Te to
3.3-MeV excitation have been determined using y-ray detec-
tion following inelastic neutron scattering. Many new levels,
transitions, and lifetimes for more than 70 levels were found
from y-ray excitation functions, angular distributions, yy
coincidences, and Doppler shifts. Prior to this investigation,
only three lifetimes were known in this nucleus. Several
low-lying 07 levels were unambiguously identified.

The low-lying positive parity levels and many transition
rates were well described by IBM-2 with intruder-state
mixing calculations. Experimental evidence, including an
in-band transition with a large B(E2) value, was found to
support intruder excitations and an emerging intruder band

PHYSICAL REVIEW C 71, 034307 (2005)

in this nucleus. When the IBM-2 model calculations are
used to remove states with large intruder components, U(5)
calculations reproduce the remaining level energies in what
appears to be distinct 1-, 2-, 3-, and 4-quadrupole phonon
states. Experimental B(E2) rates agree with U(5) calculations
for many transitions.

The PCM treats '?*>Te as two proton particles coupled to
a 12°Sn core. Calculations with this model reproduced some
features of the low-lying spectrum, such as the staggering
observed in the quasi-y band and some transition rates. The
particle-like nature of the 6 state observed for the higher mass
Te nuclei does not appear to be as important in !> Te where the
model seems to underemphasize the collective nature of the
level and predicts too low an energy for that state. Additionally,
the model does not produce enough low-lying 0" states, nor
does it predict the transition rates for most of the observed
levels.

The neutron-proton MS strength seems to be fairly evenly
divided among the 2;, 2;“ s ZI, and 2;“ levels since each of
these has about the same M1 strength into the 2;“ state. The
summed strength is about 40% of what is predicted for a
vibrational nucleus, which may mean that mixing with intruder
and quasiparticle configurations depletes the MS strength.

Finally, QOC state candidates were identified, but many of
the levels do not have well-defined parities, nor do they exhibit
the transition rates to lower levels expected from such states.
The QOC strength appears to be fragmented and to be mixed
with other configurations much like the observed MS strength.
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