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Isolated mixed-symmetry 2% state of the radioactive neutron-rich nuclide **Te
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The M1 transition strengths between excited 2% states of the neutron-rich, radioactive nuclide *>Te was
studied through direct lifetime measurements using the Doppler-shift attenuation method in a two-neutron
transfer reaction on a '**Te target. An unambiguous identification of the lowest-lying mixed-symmetry 2+ state
was achieved on the basis of the large B(M1;25 — 27) = 0.18(2) w? transition strength. Results are compared
to the shell model, and the analysis of both data and calculations unambiguously identifies the second-excited
2+ state of ¥2Te as the one-quadrupole phonon mixed-symmetry state of this isotope. A lowering of the energy
and B(M1;2] — 2]) strength within the N = 80 isotones toward the Z = 50 shell closure is observed, which

> “ms

occurs along with the lowering of the E2 collectivity approaching the magic proton shell.

DOI: 10.1103/16dj-yfz7

I. INTRODUCTION

Atomic nuclei are prime examples of a strongly correlated,
two-component many-body quantum system. This fundamen-
tal character results in the prominent features of nuclei that
are manifested in their shell structure, their capability of
supporting collective phenomena, and their isospin degree of
freedom. The delicate interplay and balance between these as-
pects in the formation of the nuclear excitation schemes and of
nuclear decay reactions make the quantitative understanding
of nuclear structure an ongoing challenge.

For a quantitative modeling of nuclear structure in wide
regions of the nuclear chart, it is advisable to bench-
mark the accuracy of the description of its building blocks.
The strongest channel of low-energy nuclear collectivity is
given by the quadrupole degree of freedom as evidenced
by the occurrence of a first excited J* = 2% state for
almost all even-even nuclei in the nuclear chart. An intu-
itive yet quantitative formulation of these building blocks
of valence-shell quadrupole collectivity is provided by the
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interacting-boson model with proton bosons and neutron
bosons (IBM-2) [1,2]. Due to the strong proton-neutron
quadrupole-quadrupole interaction, it supports the formation
of isoscalar quadrupole-collective structures at low excitation
energies and of isovector valence-shell excitations at higher
energies. The isoscalar structures are fully symmetric with
respect to the pairwise exchange of proton-boson and neutron-
boson labels, while the other structures contain at least one
pair of proton and neutron bosons which is antisymmetric
under pairwise exchange of their isospin labels. These states
are addressed as having mixed symmetry [3] and form an entire
class of nuclear states with little mixing with isoscalar struc-
tures [4]. In vibrational even-even nuclei, the lowest-lying
mixed-symmetry state is experimentally known [5] to be the
one-quadrupole phonon 2] state. In a simplified, two con-
figuration mixing scenario the lowest-energy one-quadrupole
phonon states may be expressed as

Q.l00) = 12f) = «l27)+B12)). O]
Onl07) = 127 ,) = =B 12;) +[2]). )

Both states are formed by the isoscalar Q; = Q, + Q,
and mixed-symmetry Q,, = Q. /N, — O, /N, quadrupole op-
erators acting on the 0T ground state. Hence, they are
fundamental one-phonon quadrupole excitations. Ny, is the
number of proton (neutron) bosons, equal to 1, each, for 132,

While the term phonon is typically connected to vi-
brational excitation schemes, in the following we apply it
also to the underlying microscopic configurations, which are

Published by the American Physical Society


https://orcid.org/0000-0003-3568-2681
https://orcid.org/0000-0001-7368-5176
https://orcid.org/0000-0003-4001-0150
https://orcid.org/0000-0002-4797-3032
https://orcid.org/0000-0002-0398-1639
https://orcid.org/0000-0002-1593-5322
https://orcid.org/0000-0002-1729-0249
https://orcid.org/0000-0002-5395-9421
https://orcid.org/0009-0009-4553-7462
https://orcid.org/0000-0002-8232-6148
https://orcid.org/0000-0002-8824-1778
https://orcid.org/0000-0003-2405-329X
https://orcid.org/0000-0003-4520-4448
https://orcid.org/0000-0001-7066-9787
https://orcid.org/0000-0002-2809-7946
https://orcid.org/0009-0004-9381-2776
https://orcid.org/0009-0005-2312-676X
https://orcid.org/0000-0002-4486-8579
https://orcid.org/0009-0008-1677-9262
https://ror.org/05n911h24
https://ror.org/057zh3y96
https://ror.org/02jv3k292
https://ror.org/00d3pnh21
https://ror.org/03kqpb082
https://crossmark.crossref.org/dialog/?doi=10.1103/l6dj-yfz7&domain=pdf&date_stamp=2025-11-13
https://doi.org/10.1103/l6dj-yfz7
https://creativecommons.org/licenses/by/4.0/

T. STETZ et al.

PHYSICAL REVIEW C 112, 034325 (2025)

the building blocks of what may become more collective
phonon excitations in systems with larger numbers of valence
particles. This approach allows one to extend the (collective)
mixed-symmetry concept to nuclei near double-magic shell
closures, and to stay consistent with the symmetric and mixed-
symmetry phonon labels outlined in the literature [5]. We
note that this analogy and the use of the term phonons does
not imply the presence of developed vibrational structures in
near-magic nuclei.

In proximity to a doubly-magic shell closure, the underly-
ing proton and neutron 2% configurations are often identified
with the first-excited 27 states of the nearest isotopes with
only two valence protons or neutrons, respectively [6-9]. Due
to the isovector nature of the Ztms state, it decays with a
strong M1 transition to the 21* state, with a matrix element
in the order of 1 uy. This decay property of the Ztms state
is the key signature for its identification. In addition, the
ground-state transition of the 2]  state is known to be a
weakly collective E2 transition, which usually amounts to
approximately 1 W.u. [5].

The formation of isoscalar and mixed-symmetry
quadrupole excitations in the vicinity of double shell
closures is a particularly intriguing object of nuclear structure
studies because they represent the building blocks of proton
and neutron contributions to the formation of quadrupole
collectivity in the corresponding regions of the nuclear
chart [10]. The isovector character of the 27 . state is
then manifested in its preferential decay by magnetic
dipole radiation. While in some cases the Ztms state has
been assigned on the basis of a small multipole mixing
ratio for its E2/M1-mixed decay to the 2] state [11], an
unambiguous identification of the Ztms state can only be
achieved by the determination of the comparatively large
(27IM112{ ) matrix element. Reliable and established
methods to achieve this absolute measurement are Coulomb
excitation or direct lifetime measurements. Both require a
significant counting statistics that had been a challenge for the
case of neutron-rich radioactive nuclei that are particularly
interesting for benchmarking nuclear structure modeling
for astrophysical applications. Due to the development
of experimental methods over recent years, the study of
mixed-symmetry states in neutron-rich radioactive nuclides
has attracted much interest [12—-14].

In general, the above-mentioned quadrupole phonons are
defined by action of the isoscalar and isovector E2 operators
on a given state. Near shell closures often configurations of
the type (j2)@, for two particles in an orbital j coupling
to total angular momentum L, are found to dominate the
wave functions of low-lying states. These configurations form
the building blocks of precursors of vibrational phonons in
the above sense, which has been discussed extensively, in
particular for nuclides near the N = 50 shell closure (see
Refs. [7,8,15-17]).

With the introduction of shell stabilization [18], the N =
80 isotonic chain, with two neutron holes with respect to the
N = 82 shell closure, has become a center of attention in the
field of mixed-symmetry states. Information about the 2
state in these isotones accumulated rapidly, reaching down to
132Te with only two protons above the Z = 50 proton shell

closure. This isotope is of particular interest because it is close
to and an isobar of the doubly magic '*>Sn. With only two
valence protons and two valence-neutron holes, the mixing
of the respective proton and neutron configurations into the
wave functions is of utmost importance, as it constitutes the
foundation for more complex collective states when turning
to larger valence spaces. In addition, it makes a microscopic
description within the nuclear shell model in large valence
spaces possible.

The isotope '**Te was previously investigated in a
Coulomb-excitation experiment at the Holifield Radioactive
Ton Beam Facility (HRIBF) at Oak Ridge National Laboratory
(ORNL), with a '3>Te beam impinging on a '>C target. The
absolute B(M1;25 — 27) strength was determined through
the state’s population yields [12]. Measurements of the mag-
netic moment of the 2 state of 132Te at HRIBF/ORNL have
shown a balance of proton and neutron contributions to the
wave function of the 21+ state [19-21]. The same is expected
for its mixed-symmetry counterpart, the mes state. On the
basis of the measured M1 strength, the 2; state was assigned
as the most probable candidate for the 2 state and, us-
ing the literature branching ratio of 7 (2;r — 20125 —
07)=100(52) from B-delayed y-ray spectroscopy [22], a
value of B(M1;25 — 21)=5.4(35) u3 was determined.
However, this B(M 1) value stands out greatly among all mea-
sured B(M1;2  — 2) strengths throughout the nuclear
chart. Its significant uncertainty is due to the large relative
uncertainty of the 27 state’s decay branching ratio, and due
to the low statistics in the 2 — 2 transition in Ref. [12]
which, at the time, represented the limit of experimental ac-
cessibility at an early radioactive-beam facility. Within the
same study, however, a lower limit for the transition strength
was presented, which does not include the literature val-
ues of the branching ratio, but rather a lower limit deduced
from the detection limit of the Coulomb-excitation data itself.
This lower limit of B(M1;25 — 2]) > 0.23 uf, was found
to be in agreement with shell model calculations resulting
in B(M1;25 — 2{) = 0.2 ug. At this point it can be con-
cluded that the 2 is the most probable candidate for the 2

1,ms
state of *>Te; however, an unambiguous assignment can only
be made from a precise determination of the 25 — 2 tran-
sition strength. For this purpose a direct lifetime measurement
of the 2 state of the radioactive nuclide '**Te was performed
within the present work.

II. EXPERIMENT

The lower limit of the 23 — 2 transition strength from
the Coulomb-excitation data implies that the lifetime of the
27 state must be in the order of a few hundred femtosec-
onds. The Doppler-shift attenuation method is suitable to
determine lifetimes in this range. This method is based on
the energy shift of an emitted y ray, which depends on the
velocity and the angle of observation with respect to the mo-
mentum vector of the recoiling nucleus. For this purpose, a
reaction mechanism which produces fast-moving **Te ions
in their excited state is needed. Furthermore, in order to
minimize feeding effects, the reaction mechanism is desired
to favor direct population of the 2; state. A two-neutron
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transfer reaction satisfies these requirements and was carried
out with a runtime of approximately 300 hours at the 9 MV
FN Pelletron tandem accelerator at IFIN-HH in Bucharest-
Migurele, Romania. An 0 beam at 59 MeV Kkinetic energy
impinged on a '**Te target, populating excited states of '**Te
via the 39Te(130, 1°0)'*Te two-neutron transfer reaction and
at the same time inducing Coulomb excitation of the '*Te
target nuclei. The beam energy was chosen to be slightly
below the Coulomb barrier of the projectile-target system
to ensure maximum yields in the two-neutron transfer chan-
nel in comparison to fusion-evaporation events. The beam
had an average current of approximately 9 pnA. The tar-
get, with a thickness of 2mg/cm? and an enrichment to
99.4 % in '3Te, was deposited on an 11 mg/cm? thick ¥ Ta
backing.

The Doppler-shift attenuation method makes use of the
detection of deexcitation radiation at large forward and back-
ward polar angles with respect to the direction of movement
of the ions. The ROSPHERE detector array is divided into
five rings at polar angles of 37°, 70°, 90°, 110°, and 143° with
respect to the beam axis [23]. ROSPHERE was equipped with
25 high-purity germanium (HPGe) detectors, individually sur-
rounded by bismuth germanium oxide (BGO) detectors for
Compton suppression. The BGO detectors were not shielded
by heavy-metal collimators in order to facilitate their use
as multiplicity detectors. The trigger condition of the data
acquisition was set to the detection of a y ray by one or
more HPGe detectors in coincidence with an event recorded
by one or more solar cells of the SORCERER particle detector
[24]. The particle condition is necessary because, even at the
chosen beam energy, the number of fusion-evaporation events
exceeded the desired two neutron-transfer reaction by more
than one order of magnitude. The ejectile of the two-neutron
transfer reaction is predominantly scattered in the backward
direction, hence, the SORCERER array equipped with 18
silicon photodiodes of about 40 mm? in size, each, in a two-
ring configuration was placed in that position, covering polar
angles of 109° < 6 < 163° with respect to the beam axis [24].

III. ANALYSIS

In the transfer reaction, excited states of '*>Te were popu-
lated and, due to the reaction kinematics, the Te ions recoiled
in the forward direction within an angular spread of less than
5°. Furthermore, excited states of the target materials '*Te
and '3 Ta were populated by Coulomb excitation, as well as
excited states of **Xe via « transfer from '3Q. The kinematics
of all three reactions were indistinguishable by the utilized
suite of particle detectors and, hence, all are present in the
recorded particle-y data. The recoiling ions, with an initial
average velocity of about 0.02 ¢, were continuously slowed
down within the target and backing materials until coming to
rest. This stopping process is simulated using the program
StopSim [25]. The stopping powers of the ions within the
target materials, which are needed for the simulation of the
velocity distribution, were calculated with the program SRIM
[26,27]. Depending on the velocity of the isotopes at the
moment of deexcitation, the energy of the y radiation will
be shifted to higher (lower) energies in the forward (back-

ward) direction with respect to the beam. This results in a
line shape of the observed peak in the spectrum detected at
the corresponding positions. These line shapes contain larger
Doppler-shifted fractions with increasing average velocity,
i.e., shorter lifetimes, of the ions in their excited states, and
with deviation of the angle of observation from 90°. The line
shape can, hence, be fitted with the lifetime of the excited state
as a free parameter. This method is limited by the time it takes
the isotopes to come to rest, as no shift will occur afterwards.
The line-shape analysis was performed using the computer
code APCAD [25]. The data were sorted into spectra for
the individual rings, i.e., groups of detectors sharing a given
polar angle 6. The program is able to fit multiple peaks and
line shapes in all rings, simultaneously. Within this work, all
presented values were obtained with the MIGRAD minimizer
and the statistical uncertainties were provided by the MINOS
algorithm [28]. Systematic uncertainties result from the cal-
culated electronic and nuclear stopping powers, which were
varied in the simulation process by 5 % and 10 %, respectively.
The energy-dependent resolution of the HPGe detectors was
considered by fitting a detector-response function of the form
f(E) = a + byE to the calibration data.

In the present experiment, the decays from the first three
excited 27 states of '*2Te were observed, of which the 2;
and 27 states showed line shapes due to their short lifetimes.
The longer-lived 2} state, which was to a high degree fed by
higher-lying states, was used to define a particle-y-y gating
condition, in order to derive clean spectra for the 2; 5 = 21F
transitions. No transitions feeding these 2" states of interest
were observed. The resulting spectrum for the largest back-
ward angle of 143° is shown in Fig. 1. In addition to the
27 — 2] transition, the dominant peak in the depicted en-
ergy region is the transition of the 4 state to the 2} state. The
two transitions are clearly separated, and no Doppler-shifted
components were observed for the 47 — 2 decay. The fit
resulting from the line-shape analysis of the 2; — ZT tran-
sition is included as a dashed line in Fig. 1. At forward angles
the 47 — 27 transition overlaps with the line shape of the
desired transition of the 2] state and was simultaneously fitted
as a stopped contaminant.

To account for potential unobserved feeding into the states
of interest, a multiplicity filter was implemented. A condition
was set on the detection of exactly two y rays in two different
HPGe detectors. Taking into account the total efficiency of
the HPGe + BGO array of about 50 %, events with multiplic-
ities >2, in particular y cascades feeding into the 27 states of
interest, are accordingly suppressed. The line-shape analysis
was performed with and without the implementation of the
multiplicity filter. The results showed no significant changes
in the determined lifetime. Hence, the 22+ state was almost ex-
clusively populated directly through the two-neutron transfer
reaction. Nevertheless, a systematic uncertainty in the lifetime
of the 27 state of Ay 7(25) = 0.05 ps was estimated and
added in quadrature to the dominating statistical uncertainty.

The resulting lifetime of the 2; state is given in Table I
along with the lifetime of the 2;' state, which was determined
accordingly. In the analysis process of the 27 — 2 transi-
tion at 813 keV, a distinct contaminant was present at about
816 keV, which originates from y-ray transitions occurring in
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FIG. 1. A particle-gated, background-subtracted spectrum
summed over all HPGe detectors is shown (top panel). Major
transitions between excited states of the four reaction channels are
indicated. The range of the coincidence condition for the line-shape
analysis of 2* — 2 transitions is marked by the vertical bars. The
energy spectrum of the 143° ring is shown (bottom panel) with a
coincidence condition set on the ground state transition of the 2]
state in all detectors as shown in the top panel. The transition of
the 47 state to the 2 state is present at 697 keV. However, the
two transitions are clearly separated and the Doppler shift of the
23 — 2 transition to lower energies in the backwards direction is
visible as a line shape on the left of the peak.

both 139Te and '32Te, and was taken into account in the fitting
procedure as described above.

The ground-state transition of the 27 state was not ob-
served in this experiment. An upper limit for the branching
ratio of the 25 — 0] transition was determined from the
detection limit within a 3o interval to be I+ g+/hyt o+ <
2.4 %, in agreement with previous findings [22].

The multipole mixing ratio of the 25 — 2 transition is
still unknown. However, the Coulomb excitation yields [12]
and the known branching ratio already indicate a predominant
M1 character of the 2J — 2 transition. Considering the vi-
brational limit of B(E2;2) — 2{) < 2 x B(E2;2] — 0))
yields a limit for the multipole mixing ratio of § < 0.38 and,

TABLE 1. Lifetimes of excited 2% states obtained within this
work are listed.

Jr Energy E Lifetime
27 1665 keV 0.92(7) ps
27 1788 keV 7.6(27) ps

TABLE II. Transition strengths in units of u2 for M1 and W.u.
for E2 transitions for the three lowest-lying 2% states from the
present work are listed and compared to literature data from Coulomb
excitation (CoulEx) [12,29] and shell-model calculations, using ef-
fective charges and g factors from Ref. [30] as discussed in the
text. The ambiguity of the multipole mixing ratio of the 27 — 2]
transition leads to the addition of a systematic uncertainty of 0.01u%
to the M1 transition strength. Branching ratios of the 27 state were
taken from [31]. Due to the unknown multipole mixing ratio for the
2% — 2 transition, upper limits are given for the respective M1
and E?2 transition strengths.

Ji Jr mA This work CoulEx SM
2Fof  E2 10(1) 8.7
25 28 Ml 0.18(2) >0.23,25.43.5° 027
E2 <19.2 <20 0.03
0f  E2  <0.04°0.017(9) 0.5(1)° 0.02
25 27 M1 <0.013 0.001
E2 <72 43
0F E2 0.06173 0.40

“From CoulEx only [12].

5From CoulEx including literature branching ratio [12,22].
“Using upper limit of the branching ratio from this work.
4From this work including literature branching ratio [22]

hence, a predominant fraction of >87 % M1 multipolarity for
this transition in any reasonable nuclear structure scheme.
From the obtained lifetimes, the limit on the multipole mix-
ing ratio, and the literature decay branching ratio, transition
strengths can be determined, and are given in Table II.

IV. DISCUSSION

Given the large uncertainties on the literature values
from Refs. [12,29], the lifetimes for the 2{ 4 states obtained
in the present work give the first quantitative determina-
tion of the M1 decay strength of the first mixed-symmetry
2+ state of the radioactive, neutron-rich nuclide '*?Te and
first information on its potential fragmentation. With the
directly measured lifetime of the 2] state, the largely uncer-
tain but absolutely small y-decay branching ratio of this state
to the ground state plays nearly no role in the determination
of its transition strength to the 2| state. The size of the M1
matrix element amounts to |2 || M1 | 23)| = 0.95(5) uw.
in agreement with the value expected for a mes state. Also the
systematic uncertainty due to the unknown multipole mixing
ratio of the 27 — 2 decay, considering physics constraints,
is small. In the following, the resulting B(M1;25 ; — 27)
strengths are compared to predictions from shell-model cal-
culations.

These calculations were performed in a valence space com-
pOSCd of the 0g7/2, 1d5/2, 1d3/2, 251/2, and Ok, 1/2 orbitals for
both protons and neutrons, using the SN100OPN interaction
[30] and the code KSHELL [32,33]. Proton and neutron effec-
tive charges were set to e, = 1.7 e and e, = 0.8 e, which have
more widely been used in this region (see, e.g., Refs [34,35]).
The magnetic moment operator operator

Meft = &ieft] + g.effS + gpet[Y2, 8] 3)
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132Te, with the largest deviation below 10 % for the 2 state.
Furthermore, M1 and E?2 transition strengths were calculated
and are included in Table II, along with the experimental
values. The calculated B(M1;25 — 2[) transition strength
agrees with the mixed-symmetry expectations, but exceeds
the data by about 50 %. The known g factor of g(ZT) =
(4+)0.46(5) [12,20] of the first excited state is well reproduced
with g(21+)5M = 0.48. We note, however, that the choice of
free orbital g; factors and standard spin g, factors with a
quenching of 0.7 would improve the match of the calculated
B(M1;25 — 2{) transition strength of 0.19 ug with data,
while still resulting in a reasonably good g(2{") value of 0.40.

The calculated g factors of the first two excited 27" states
with g(2{)sm = 0.48 and g(2 )sm = 0.36 are rather similar
and reflect the balance of proton and neutron contributions to
their respective wave functions.

For the ground-state transition of the 2;” state, the calcu-
lations suggest a small E2 transition strength of 0.02 W.u.
The experimental value, calculated from the present life-
time measurement and the literature branching ratio, of only
0.02(1) W.u. confirms this small E2 strength and is in good
agreement with the shell model calculations. From the present
data alone, i.e., without resorting to the highly uncertain liter-
ature value for its decay branching ratio into the ground state,
we obtain an upper limit of 0.04 W.u.

The structure of the first three 2* states is investigated in
more detail within the shell-model approach by analysis of
the amplitudes of leading wave function components in all
three states. Figure 3 shows the leading neutron and proton
configurations, indicated by the configurations of J = 2 cou-
plings. The 2 and 27 states are dominated by configurations
in which either the proton pair or the neutron pair contributes
to the spin of the respective state. These configurations are

FIG. 3. Calculated amplitudes (left, solid bars) and their contri-
butions to the £2 matrix elements to the ground state (right, hatched
bars), respectively, are shown for the leading components of the
21 (top), 25 (middle), and 27 (bottom) states. All components to
the shell-model wave functions that contribute at least 1 % squared
amplitude are shown. Wave function amplitudes with positive signs
are marked blue and those with negative signs are marked red. The
same color scheme applies to their contributions to the £2 matrix
elements to the ground state.

denoted as (J, J,), with values of (0, 2) or (2, 0). For these
leading configurations, i.e., configurations which contribute
to the wave function with >1% in either state, the absolute
values in both the first and second excited 2 states are nearly
identical. However, all leading (0, 2) components of the 2{2
states’ wave functions have the same sign, whereas all (2, 0)
configurations have opposite signs. Therefore, the overlaps of
(0, 2) and (2, 0) configurations in the 2{2 states,

(213(0,2)1255(0,2)) = +0.994 ~ +1,
(2F:(2,0)125:(2,0)) = —0.976 ~ —1,

confirm the isoscalar and isovector characters of their struc-
tures, respectively, which is expected for the symmetric
2{ state and the 2f = state from Egs. (1) and (2) in a
simple two-configuration mixing scheme. This clearly iden-
tifies the 2?2 states as the one-phonon fully symmetric
and mixed-symmetry 2% states of interest, respectively. This
identification is corroborated by the corresponding coherent
contributions of the proton and neutron parts to the £2 matrix
elements of the 2, states to the ground state. While both

are in phase for the 2;r — OT transition and constructively
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add up to an appreciable E2 strength of calculated 8.7 W.u.,
they are out of phase for the 25 — 0] transition and in-
terfere destructively to a negligibly small E2 strength of a
fraction of a W.u. For both 2, states the proton and neutron
parts of their wave functions can be considered as collec-
tive, because they are fragmented over many configurations
coherently adding to the £2 matrix elements, and they are al-
most identical between both states, except for a relative phase
between proton and neutron contributions. This supports the
notion of the Ztms state as a collective isovector valence shell
excitation [1-4].
The measurement of the 2;“ lifetime also allows one to
investigate the potential mixing between fully symmetric and
mixed-symmetry wave function components and the resulting
possible fragmentation of the Ztms state over multiple 2%
states. Such fragmentation has been observed in the N =
80 isotones at higher Z, in particular, in '*8Ce [18], where
it was attributed to the closure of the proton Og7/, orbital
and the corresponding lack of shell stabilization of the mes

wave function [18]. In the neighboring isotopes, 136Ba [36]
and '“ONd [14,37,38], the mixed-symmetry configuration was
found to be predominantly concentrated in a single state,
similarly to isotopes near the N = 50 neutron shell [15,39,40].
The most likely fragmentation should occur over states in
proximity to the mes main component, most importantly the
27 state. The results from Table II show a nearly negligi-
ble M1 strength connecting the 2; and 2 states, hence the
mixed-symmetry strength appears to be concentrated in the
second excited 2% state of '**Te. This experimental result is
corroborated by the shell-model calculations, which also give
a very small value for the M1 component of the 2] — 2]
transition, despite of its proximity in energy within 123 keV,
while at the same time its £2 component agrees with the limits
set by the data. Shell-model wave-function amplitudes of the
27 state are included in Fig. 3 and show no similarities to
the patterns of the 2/, states. Further 27 states were included
in the calculations; however, they are considerably higher
in energy than the 27 state, and none of these states has a
significant M1 transition strength to the 2 state, as shown in
Fig. 4.

Similarly to Ref. [14], we applied a mixing calculation be-
tween unperturbed fully symmetric and mixed-symmetry 2%
configurations to the 27 and 27 states. The mixing calculation
requires information about the typical M1 strength between
fully symmetric 2" states, which is expected to be close to
zero but is experimentally unknown. Nevertheless, already the
B(M1;27 — 2) strength is lower than the M1 transition
strengths of assumed fully symmetric 2?; states to the ZT
state in neighboring isotopes [12,14,41]. Therefore, we per-
formed a series of two-state mixing calculations in which the
B(M1;2 — 2{) strength was varied with an upper limit of
BM1;2{ — 2{) < B(M1;2] — 27). The resulting mix-
ing matrix element Vy,x is given in Fig. 5 as a function of the
assumed M1 strengths between fully symmetric states. This
analysis gives an upper limit for the mixing matrix element of
Vmix < 31 keV; however, we note that this limit applies to the
idealized case of vanishing M1 transitions between fully sym-
metric states, and an even lower value of Vy,ix is likely for more

— i o+
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E ] 2, Exp.t 02 =
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FIG. 4. B(E2;2] — 0) transition strengths are shown in
left-hand-side panels (logarithmic scale), and B(M1;2, — 2})
transition strengths in right-hand-side panels (linear scale) for the
three lowest-lying 2% states. The upper panels show data obtained
from Coulomb excitation [12] and the present work. Analogously,
the transition strengths obtained from shell-model calculations are

shown for the five lowest-lying 27 states in the lower panels.

realistic assumptions. This finding corroborates the notion of
mixed-symmetry states as an entire class of states [3,4], the
wave functions of which can robustly persist with little mixing
in an environment of other low-energy excitations.

The present result very well fits into the trend previously
observed for the N = 80 isotones [14], shown in Fig. 6.
The mixing matrix element is relatively small between about
10 keV and 20 keV [36,41], which is a sign for the purity
of the 2] states. In contrast to this, it maximizes at Ce
[18] where the closure of the 7(g7/2) proton sub-shell at
proton number Z = 58 leads to a stronger fragmentation
of one-quadrupole phonon configurations and, thus, to a
larger mixing matrix element between them. This trend
is accompanied by the systematic behaviors of M1 and

30 g 27
2;‘; ] V 3
2%s I R o
2
Py B2 M1
= 20
S 2f +Y 21
%
g
~ 10
O T 1 T T
0 0.2 0.4 0.6 0.8 1

B(M1;2} — 27)/B(M1;24 — 27)

FIG. 5. The mixing matrix element V;x between the 2;’ state
and 2§ state is shown as a function of the assumed M1 transition
strength from a fully symmetric 2% state to the 2 state. By de-
creasing B(M1;2{ — 2{), an upper limit for the mixing matrix
element can be obtained. The B(M1;2; — 27) value is limited by
the M1 transition strength of the small fragment, which in this case
corresponds to B(M1;2§ — 2{) < 0.013 p%. The mixing scenario
is schematically shown in the top right corner.
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FIG. 6. B(M1;2} — 2})(top) and B(E2; 2} — 07) (middle)
transition strengths, respectively their upper limits (triangle), along
the N = 80 isotonic chain are shown. In the case of '*Ce, summed
transition strengths of the 2;’_6 states are shown. The V., (bottom)
reflects the fragmentation of the M1 strength observed in '*Ce [18].

Data are taken from [14,18,36,41].

E?2 transition strengths. The E2 strengths from the mixed-
symmetry 27 states drop toward the Z = 50 shell closure with
a minimum at '¥Te. The B(M1;27 — 21) strengths are
rather constant in the open proton shell, summing multiple
2] fragments in the case of '**Ce [18], and slightly drop
in the system with only two valence protons and two valence
neutrons, '*’Te. The one-phonon mixed-symmetry state
being concentrated in the second-excited 2" states, and the
trend of diminishing M1 strengths toward a two-proton and
two-neutron system, were previously observed only for *>Zr
[7,8], with two protons above Z = 38 and two neutrons above
N = 50. However, in that case the special valence space
with a low-lying proton p;,, orbital led to an asymmetric
distribution of proton and neutron wave function components
over the lowest two 2% states and to the phenomenon of
configurational isospin polarization [7,8] of the corresponding
wave functions. For *2Te, no such effect is present, as also
evidenced by known 2;” magnetic moments [19-21].

V. CONCLUSION

The lifetimes of the second- and third-excited 27 states
of the neutron-rich, radioactive nuclide **Te were measured
using the Doppler-shift attenuation method following a two-
neutron transfer reaction on a '*°Te target. The resulting
lifetime of the 27 state of 0.92(7) ps resolves ambigui-
ties from the literature, and the deduced B(M1;2} — 2)

strength clearly identifies this state as the main fragment of the
one-phonon mixed-symmetry 2+ state of '32Te. Shell model
calculations agree with the new data and a wave function
analysis shows the expected signatures for the clear mixed-
symmetry character of the 27 state. A drop of its £2 excitation
strength and its M1 strength connecting to the fully symmet-
ric 2] state as compared to its heavier isotones is evident
in this isotope with only two valence protons and neutron
holes, each. Hence, the observed states constitute the build-
ing blocks of proton-neutron collective fully symmetric and
mixed-symmetry quadrupole-excitations in this minimal va-
lence space. From the simultaneous measurement of the 2;
state little mixing between wave functions with mixed sym-
metry and those with full proton-neutron symmetry is found.
Given a larger fragmentation of this isovector valence-shell
excitation in the N = 84 isotones "“*Ce and '**Nd [42,43] it is
important to obtain similar data on the N = 84 counterpart of
132Te with two valence protons and two valence neutrons out-
side of '¥2Sn. Lifetimes of excited 2+ states of '¥Te will allow
determination of the underlying basic proton and neutron
configurations and their couplings to the respective symmetric
and mixed-symmetry eigenstates. Corresponding information
will allow assessment of the building blocks of quadrupole
collectivity for the region of neutron-rich radioactive nuclides
located “northeast” of '*?Sn in the nuclear chart, which is
important for the modeling and understanding of the r-process
path of cosmic nucleosynthesis [44].
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