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Abstract: Based on the neutron and proton degrees of freedom, low-lying energy levels, E2, M1, and EO transition

strengths of nucleus =

“Te have been calculated by the neutron-proton interacting boson model. The calculated results

are reasonably consistent with the experimental data. By comparing the key observables of the states at the critical

point of U, (5)-Oy,(6) transition with the experimental data and calculated results, we show that the 124

Te is a pos-

sible nucleus at the critical point of the second-order phase transition from vibration to unstable rotation, and such a

critical point exhibits slight triaxial rotation. The 07 state of "**Te can be interpreted as the lowest state of the first-ex-

cited family of the intrinsic levels in the critical point symmetry.
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1 Introduction

The characterization of the underlying structure of
**Te is difficult, and it has attracted a significant amount
of attention m Varlous theoretical and experimental stud-
ies [1-6]. The "**Te lies outside the major shell Z = 50 with
two protons, and its ratio E(47/21) =2.07 is very close to
the s]zt)herlcal vibrator value of 2.00. This indicates that
the "**Te is a vibrational or U(5) symmetric nucleus.
However, the energy levels spread of the two—phonon
multiplets do not suggest a vibrational character in #Te.
Meanwhile, the encrgy level of the lowest excited 0" state
suggests that the "**Te exhibits more vy-unstable or O(6)
behavior; however, the E2 decays of the 0] state do not
support the y-soft rotational nature.
On the contrary, shape coexistence in the Te isotopes
is still elusive [4]. The appearance of strong
p(E0,05 — 07) transition is an important spectroscopic
ﬁngerprmt that mostly supports the shape coexistence in
nucleus [7]. For "*'Te, the experimental value of the elec-
tric monopole transition strength p?(E0,05 — 07)x 10° is
12 +3 [8]. This value is very similar to the corresponding
transition in the Cd isotopes; the latter demonstrates firm
evidence for the nature of shape coexistence, providing
strong support for the deformed intruder structure of the
first-excited 0" state in '~ 'Te isotopes. However, it does
not provide conclusive proof for the shape coexistence in
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*Te yet [4]. Meanwhile, systematic research on the
known experimental information suggests that **Te may
be an example of the nucleus at the E(5) critical point [9].
Recent investigations indicate that "**Te exhibits E(5)-like
structure [5, 10]. However, the low-lying structure of

**Te has still not been understood (see, e.g., Refs. [3, 10,
11] and references therein).

The E(5) and X(5) symmetries originally developed
by lachello [12, 13] correspond to an exact solution of the
Bohr Hamiltonian for y-independent potentials and an
approximate solution of the Bohr-Hamiltonian for y ~ 0°,
respectively. From the Bohr-Hamiltonian with y frozen at
v =30°, a four dimensional critical point symmetry mod-
el called Z(4) was introduced [14]. Most recently, anoth-
er four-dimensional critical point symmetry called T'(4)
was obtained from the Bohr-Hamiltonian with the B-soft
potential and for a fixed value of y with 0° <y <30°[15].

In the nuclear system, the E(5) symmetry can be used
to describe a nucleus at the critical point of the second-or-
der phase transition from a spherical vibrator to a y-soft
rotor. In the interacting boson model (IBM-1) [16], which
does not distinguish between the proton boson and neut-
ron boson, the E(5) represents a nucleus that is located at
the critical point of the shape phase transition between the
U(5) and O(6) symmetries. Because the neutron and pro-
ton degrees of freedom are explicitly taken into consider-
ation, the proton-neutron interacting boson model (IBM-
2)[16] has a complex phase diagram [17, 18]. The critic-
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al point of the second-order phase transition can occur at
the phase transition from U, (5) to O, (6) symmetry and
can be subsumed to the critical point of the second-order
phase transition in IBM-1 [17-19]. Compared to their
neighboring isotopes, nuclei at or close to the critical
point of shape phase transition demonstrate drastic
changes in the properties of the low-lying states, such as
the energy levels, the E2 transition strengths, and E?2
branching ratios [20]. However, so far, there has been no
discussion on the critical point symmetry in the real nuc-
lei for the phase transition between Uy, (5) and O, (6) in
the IBM-2 phase diagram.

The low-lying levels of **Te have recently been ex-
amined with the (n,n’,y) reaction. The spins, level ener-
gies, B(E2) transition probabilities, and multipole-mixing
ratios were obtained [3]. The experiment provides the
basis for an in-depth study of the low-lying structure of
124Te In this work, we study the low-lying structure of
the '**Te within the framework of the IBM-2, with a fo-
cus on the key observables of the critical point of the
second-order transition between Ug,(5) and O,,(6). We
also calculate the low-lying energy levels and the E2, M1,
and EO transition strengths, and we compare the predic-
tions of the critical point symmetry of the Up,,(5)-O,(6)
transition with the experimental data. We attempt to de-
scribe the critical point symmetry in the "**Te, and reveal
the low-lying structure of "**Te in IBM-2 space.

The outline of the paper is as follows. In Section 2,
we introduce the Hamiltonians of IBM-2, E2, M1, and EO
operators, used in this work. The criteria adopted for the
determination of the model parameters and the comparis-
on of the numerical results with experimental data and the
predictions of the critical point symmetry are presented in
Section 3. Finally, the conclusions and summary are
provided in Section 4.

2 Theoretical framework

The IBM-2 is an algebraic model, in which valence
nucleons are coupled to form s, bosons (angular mo-
mentum 7=0) and d, bosons (angular momentum L = 2),
where p=nx denotes proton bosons and p=v denotes
neutron bosons, respectively. The microscopic structure
of the model suggests that there are only two significant
terms: the pairing interaction between identical nucleons
and the quadrupole-quadrupole interaction between
nonidentical nucleons. The simple standard IBM-2
Hamiltonian [16, 21] is written as

A

H = ggnfign + Eayiiay + Kann : QV’ (1)
R A s @ NG

where g, =d}-d, and Q,=(s\d,+d}s,)" +x,(d}d,)

represent d-boson number operator and quadrupole oper-

ator, respectively. The parameter y, determines the type
of the deformation of the quadrupole operator. &4, is the

energy of the d bosons relative to the s bosons, and «, is
the strength of the quadrupole-quadrupole interaction
between the neutron boson and the proton boson.

The Hamiltonian of Eq. (1) has a much richer shape
phase structure, which contains U, (5), O, (6), SU.,(3),
SU.,(3), and SU, (3) dynamical symmetries, correspond-
ing to the spherical vibrator, y-unstable rotor, axially
symmetric prolate rotor, axially symmetric oblate rotor,
and triaxial rotor, respectively. The shape phase trans-
itions in nuclei can be characterized as the quantum phase
transitions between the different dynamical symmetries in
the IBM [17, 18, 22]. Although the standard IBM-2
Hamiltonian can provide a clearer space of dynamical
symmetry, other physical dominant interactions must be
included to describe the real nuclei more accurately. We
use the following IBM-2 Hamiltonian in this study [16,
23, 24],

H= Ednllan + Eayfidy + Kny Qﬂ' Qv + wﬂVL L + Mmf’ 2)

where I, = V10[d} - d,]" is the angular momentum oper-

ator with a dipole proton -neutron interaction parameter
. NG NG

Wny, and My, = /lg(sj,d:[ - syd;) -(s,,dv - svdﬂ) + Z

k) (5 ~\K) . . . . k=13
/lk(dj,di)( )~<d,,dy)() is the Majorana interaction; the Ma-

jorana parameters A (k= 1, 2, 3) represent the strength of

the Majorana interaction. If the Majorana term is not in-
cluded in Eq. (2), the adopted parameters in the remain-
ing four terms of Eq. (2) indicate that the nucleus de-
scribed by the IBM-2 may be located on the the plane of
Uz (5)-0O4,(6)-SU,(3), because the Lr-L, only generates
the physical rotational group SO, (3) of the IBM-2
[16-18]. On the contrary, in Ref. [25] the authors pro-
posed a new algebraic model F(5) based on the Euc-
lidean dynamical symmetry in five dimensions (Eu(5)),
which can build a symmetry intermediate between the
E(5) and X(5) symmetries [22]. However, the F(5) can-
not directly be defined in the IBM-1 or IBM-2 because of
the noncompactness of the Eu(5) group [25].

The decay properties of the low-lying states, such as
the B(E2) transition probabilities, the magnetic dipole
B(M]1) transition strengths and the p>(E0) values between
the lowest 0" states are the characteristics of the phase
structure. In the IBM-2, the E2 transition strength is giv-
en by the following expression

B(E2,J - J)=

2
o Y. G)

where J’ and J are the angular momenta for the initial
and final states, respectively. The T(E2) = ¢;Q0x +¢,0, is
the E2 operator, where the operator Q, is the same as in
Eq. (1). The parameters e, and e, are the effective
charges of proton bosons and neutron bosons, respect-
ively. The values of e, and e, could be taken differently.
In the proton-neutron interacting boson model, the
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magnetic dipole M1 transition operator is defined as

T(M1) = \/T (8L +grln), )

where the L, is the same as in Eq. (2). The g, and g, are
the effective proton and neutron boson g-factors, respect-
ively. Typically, one can take the values of g, =1, g, =0
in the calculations [21].

The EO transition matrix element p in the IBM-2 is
written as [26, 27]

p(E0,J — J)= [

+/30V<||TV(E0>||JJ/] , )

where R = 1.24'3fm, By., and By, are the effective mono-

pole charges of proton and neutron boson in units of
2 . .

efm”, respectively. The EO operator is expressed as

f (E0) = ﬁOnfn (E0) +ﬂ0va (E0) = Borftar + BovAay, where

the fiqp is the same as in Eq. (1).

3 Results and discussion

The '**Te is located between the vibrational nucleus
and the deformed nucleus [28]. The IBM provides a
powerful tool to describe the nuclear shapes and the
shape phase transitions. Several studies have used this ap-
proach to describe the properties of the low-lying states
of *Te isotope. In IBM-1, early studies regarded the

**Te as an example of O(6) symmetry, however, the en-
ergy levels of yrast states of **Te differ from the 0(6)
11m1t [29]. Further systematic investigations found that

**Te was close to the U(5) symmetry [30, 31]. Moreover,
recent results of experiments and calculations 1ndlcate
that **Te may possess the E(5) features [3, 9, 5, 10]. I
IBM-2, the calculations with and without the mixed con-
figuration suggest that "*Te is an O(6)-like nucleus, but
the B(E2) decay pattern is not consistent with this sym-
metry [32]. A subsequent study showed that neither O(6)
nor U(5) symmetries can describe the ' Te well [33], al-
though the potential energy surface of "*Te exhibits an
obvious manifestation of O(6) limit [34]. Another recent
experiment and IBM calculation support that *Te
demonstrates soft tr1ax1a1 behavior [6]. Although the low-
lying structure of the **Te is still not understood it is in-
dubitable that these results indicate that **Te is a trans-
itional nucleus between vibration U(5) symmetry and y-
unstable O(6) symmetry in IBM, and might accompany
with a slight soft triaxial rotation.

To describe the low-lying structure of **Te, we selec-
ted the doubly closed shell 132Sng, as the inert core. There
are N, =1 particle-like bosons beyond the Z =50 major
shell, and N, =5 hole-like neutron bosons from the
N = 82 shell closure; the total number of bosons is Ng = 6.
Considering that the proton bosons are particle-like and

the neutron bosons are hole-like based on different single
particle orbitals i in "**Te, we choose different relative en-
ergies for d neutron and proton boson in this case, i.e.,
Ear # €4y, Similar to Refs. [35-37]. To describe the differ-
ent type of valence neutrons and protons exhibiting op-
posite intrinsic quadrupole deformation, and to obtain the
y-unstable O(6) symmetry, we adopt y,+x, =0. To in-
troduce some characteristics of the soft triaxial rotation in
I24Te, the value of y, and y, should not be zero. In prin-
ciple, the parameter g4, mainly leads to vibrational solu-
tions, while «,, drives the system into a deformed shape,
and the description of the electromagnetic properties is
very sensitive to the parameters x,. The dipole interac-
tion L L can improve the rotational spectrum and can
adjust the position of the 4] relative to 27 state; however,
it does not affect the wave vectors [38]. The Majoranan
operator mainly contributes to the mixed symmetry states
including the scissors mode. All the free parameters in
our calculations were fixed to reproduce the experiment-
al energies and electromagnetic transition strengths of

*Te. By fitting to the energy levels of the experimental
data, especially for the 2} state, we obtain the parameters
of IBM-2 in this study as follows: &4, =1.220MeV,
gay =0.710MeV,  kp = —0.140MeV, y, = —y, = —1.00,
wry, = —0.055MeV, 1; = -0.700MeV, A, = 0.220MeV, and
A3 = —0.100MeV. The IBM-2 Hamiltonian will be numer-
ically diagonalized by using the NPBOS code [39]. In
Fig. 1, we compare the calculated level energies with the
experimental results [3, 40]. The experimental level ener-
gies in Fig. 1 are separated into different bands based
only on their order of appearance; only the low-spin pos-
itive parity states with uniquely assigned spin and parity
are displayed in the figure.

3.5
1 Exp. 1 IBM-2
3,o-f — O L2
] ] 64+ 4; 2—6_7
L4 2] R s
2.5 6 4o 20—
e 30— 1] . 0t 17
3] 23 = — ] L3 &—4
£204 77 1 6217
) 1% e i 45
s - 3 ]
F154 .0 1 o
] 1 > ﬂ:
1.0 — 2 b %
12 12
0.5 7 ]
001 % 1%
Fig. 1. (color online) Comparison of the calculated and ex-

perimental 3, 40] low-lying positive-parity levels of *Te.

Figure 1 shows that the theoretical levels are in good
agreement with the corresponding experimental levels. In
particular, the 67 state is dominated by two valence pro-
tons and is relatively unaffected by the increase of neut-
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rons. The 67 states remaln at a nearly constant excitation
energy for even-even 121307e isotopes [3]. By introdu-
cing the dipole interaction term into the Hamiltonian [41-
43], the structure of the yrast bands including the 67 level
are reproduced by the theoretical predictions. Similar to
the 67 state, the observed energy of 47 level is only
changed by approximately 135 keV frorn “Te to 'Te
isotopes. The present calculation reproduces the experi-
mental energy of the 47 level well. Meanwhile, the
present calculated energies of the 23, and 67 levels
agree with the experimental observations. Even though
the 07 level is clearly higher than that is expected for a
two-phonon multiple state, the description of the first two
excitation O+ states in energy sequence is satisfactory.
Furthermore, the calculated energy level of the first scis-
sor mode 1] perfectly reproduces the experimental data.
However, there are some discrepancies between the ex-
perimental observations and the theoretical predictions
for higher energy states, such as 27, and 27 states, which
is a general feature of this model [44]. For the 0} state,
the calculated level is significantly higher than the experi-
mental level. The IBM-2 with the mlxed configuration
shows that 0, is an intruder state in "**Te and is located
outside the IBM-2 space [32].

In order to investigate the properties of the E2 trans-
itions in 4Te, the effective charges of the proton and
neutron bosons were determined to reproduce the experi-
mental B(E2) values. Using the same method as in Refs.
[45, 46] and exactly fitting to the experimental data of
B(E2,27 — 07) = 31(5) W.u., we obtain e, = 3.780 VW.u.
and e, =1.670 YW.u.. The theoretical calculation of
B(E2) values for "**Te in comparison with the available
experimental data [1, 3, 10, 47-49] is given in Table 1.

Table 1 shows that the computed B(E2) transition
strengths are in overall agreement with the experimental
data, although most cases of the experimental value have
a large uncertainty. In particular, the typical strongly col-
lective E2 transitions with tens of Weisskopf units are de-
scribed by the theoretical predictions very well, some of
them consist with each other within the experimental un-
certainty. It is noteworthy that the experimental
B(E2,47 — 27) transition strength is 35.9(x17) W.u. in
Ref. [3], which is taken from Ref. [6]. In Ref. [48], the
experimental values show that the lower and upper limits
of this transition probability are 27.3 and 163.5 W.u., re-
spectively. Similar to Ref. [47], we adopt the experiment-
al averaged value 54.51 W.u. for this transition; the de-
tails are provided in Ref. [50]. The experimental value
agrees with the present calculated value. At the same
time, the experimental relatively strong B(E2) transitions,
which are comparable with the experimental transition
probability of the first-excited state 27 decay to the
ground state with dozens of W.u., are reproduced by the
calculated results perfectly except the B(E2,4] — 27)

Table 1.
W.u. are compared with the calculated results. The experimental
data are taken from Refs. [1, 3, 10, 47-49]

Experimental E?2 transition strengths in "*Te in units of

I =I5 Expt. IBM-2
27 - 0F 313 31.02
4t > 2f 54.51 48.06
25 > 2f 55.500° 49.53
25 -0t 0.832 0.24
03 —2f 20} 27.92
0F — 2% 50.00 48.51
45 - 2% 1413 29.94
4% -4t 12.7% 27.06
45 -2t 4.39 0.31
3t —>28 5915 42.65
2 - 0F 0.26% 2.08
25 - 2f 0.025% 0.50
232 <2712 4.03
25 - 4F 0.81,% 5.38
2t 37 0.263 0.37
25— 28 0.293 1.85
25 > 2f 1.63 1.39
25— 07 0.0531] 2.16
0f —2F <05 0.04
0F —23 <50 0.03
-2t 1.24 4.99
Ir—2f 0.743% 1.13
4t > 28 13.4% 1.16
4t >4t 6.7% 2.89
4F -2t 1.95 0.95
2F -2 0.613 1.02
2t > 2f 0.06] 0.15
2F 5 0F 0.07835 0.09
28 -2 1.63 1.67
28— 4F 175 0.00
28 —>2f 0.046§ 0.23
285 0F 0.123 0.01
47 >4t 2.69 0.10
47 >2f 0.05138 0.72
25 > 2f 4.05 0.56
25— 28 0.201¢ 0.00
25 >4t <16 1.10

transition strength. Furthermore, the calculated results are
in good description of the properties of the experimental
weakly collective E2 transitions with about one or even
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less than one W.u.. The theoretical E2 transition strengths
from the scissor mode 17 to the 27 and 27states are in
agreement with the corresponding experimental data, al-
though the theoretical values are slightly higher than the
experimental data test

To identify where the **Te can be placed in the U, (5)
to O,,(6) transition, we focus on a set of key observables
[51], such as the energy ratios Ry, = E(4])/E2]),

Ry, 0, = EQ23)/EQ2]), Ro,;2, = E(03)/E27), Ro,j0, = E(03)/
E(03), and the B(E2) ratios Rp4r = B(E2,4] —2])/
B(E2,2} — 0), Rpp = B(E2,2% — 27)/B(E2,2} — 0%) and

Rpo> = B(E2,05 — 27)/B(E2,2] — 07), which reflect the
characteristics of the nucleus behavior at critical point of
the phase transition from Uy, (5) to O,,(6) in IBM-2 space
[17]. These observables are the most crucial nuclear
structure indicators [52]. Some indicators can even distin-
guish the first-order quantum phase transition from the
second-order quantum phase transition [53-55]. The val-
ues of these key observables at the critical point of the
phase transition from U, (5) to O,,(6) for infinite num-
bers of bosons [12], as well as the experimental data and
the calculated results in '**Te, are listed in Table 2 for
comparison.

Table 2. Comparison of the key observables of the states at the critic-
al point of the Uy, (5)-Op(6) transition (taken from Ref. [12] and
denoted as CPST), the experimental data of *Te (taken from Refs.
[1, 3, 47-49] and labeled as 124Te) and the calculated results (labeled

as IBM-2).

CPST 1247 IBM-2
Ry, p2, 2.20 2.07 2.06
Ry, 0, 2.20 2.20 2.13
Ro, )2, 3.03 2.75 2.35
Ro, )0, 1.18 1.14 1.46
Rpar 1.68 1.74 1.55
Rp2 1.68 1.79 1.60
Rp02 0.86 0.65 0.90

Table 2 shows that the overall agreement is well. On
the energy ratios, the experimental ratio Ry, is almost
exactly reproduced to the critical point of the U, (5)-
On,/(6) transition. The experimental ratio Ry, is very
close to the value of CPST. Meanwhile, the experimental
energy of the 0] state, relative to E(2]), satisfactorily
matches the predicted value of CPST. The experimental
Ry pp, lies between Ug,(5) (Ra,2, =2.00) and Oy, (6)
(Ra,/2, = 2.50) limits, although it deviates slightly from the
predicted one. On the B(E2) ratios, the experimental Rp 4>
is well reproduced by the theoretical prediction and
clearly points to a structure intermediate between U, (5)
(Rp42 =2.00) and O, (6)(Rpa2 =10/7). Meanwhile, the
experimental value of Rp2, also approaches the predicted

value of the critical point theory. In particular, the in-
formation of Rpyp is a signature for identifying the U, (5)
from the Og(6) symmetry. In Ug(5) limit, the
B(E2,05 — 27) transition strength is two times larger than
(B(E2,27 — 07). In Oy, (6) limit, the B(E2,0; — 27) trans-
ition is forbidden [56]. Here, both the experimental and
theoretical values of the Rp, can correctly reflect the
nature of the B(E2,0; — 27) transition, although the cal-
culated value overestimates the experimental value by ap-
proximately 1.5 times. Therefore, all the avallable experi-
mental information on the key observables for **Te is in
good agreement with the predictions of critical point of
the U, (5)-O,,(6) transition. Meanwhile, Table 2 also
shows that the present calculation of the characteristic
feature of '*‘Te is remarkable. However, the Ry, /2, of
CPST seems larger than the IBM's in Table 2; this is be-
cause the calculation of the CPST is given for the infin-
ite—Np limit [12, 51]. For a finite number of bosons, Ref.
[17] showed that the Ry,», of a nucleus at the critical
point of the phase transition from U, (5) to O, (6) with
N =N, =5 is 2.48, which agrees the result of the present
calculations. From the above discussion, we conclude that
the '*Te may be a nucleus at the critical point of the
Uyy(5)-Ox,(6) transition. Consequently, the 07 state is the
lowest possible state of the first-excited family of intrins-
ic levels predicted by the critical point symmetry.

An advantage of IBM-2 over IBM-1 is that the former
can study the influence of the critical point symmetry on
magnetic dipole transitions between the low-lying states
[23]. In IBM-2, the pure O,,(6) symmetry can be ob-
tained only with y, =y, =0. In this case, there does not
exist any asymmetry between y, and y,. This implies that
the mixed symmetry components could not mix into the
low-lying states. Therefore, the a1 transitions between
these states are forbidden in O, (6) limit [21]. The theor-
etical predictions show that the B(M1) transition strengths
among the low-lying states almost vanish when a nucleus
is at the critical point of the U,,(5)-O,,(6) transition [17].
For the scissors mode state 17, the B(M1,1] — 0}) trans-
ition strength is 3NN, (g, —gx)*/4m(2Ng+1) for O, (6)
limit; however, it is forbidden for Ug,(5) limit. The
B(M1,1} — 0}) value is 3NN, (g, —gx)*/nNp(Np—1) for
U,,(5) limit, whereas it vanishes for O, (6) limit [23, 57,
58]. At the critical point of Uy, (5)-Ox,(6) transition, the 17
state allows M1 decays to first and second 0* states. In the
case of **Te, the B(M1, 17— 07)i8 0.10 13, for Oy,(6) limit,
and B(M1,17 — 03) is 0.50 3, for Ur,(5) limit, with the typi-
cal values g, = land g, = 0. Indeed, only a few M1 trans-
itions, with very small absolute values of B(M1), among
the low-lying states in '**Te have been measured [49, 59].
By using Eq. (4) and also taking g, = 1 and g, = 0, the cal-
culated M1 transition probabilities, as well as the corres-
ponding available experlmental data for the scissors mode
and the low-lying states in #*Te, are provided in Table 3.
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Table 3.
units of /112\,) and the experimental data for "**Te. The experimental
data are taken from Refs. [11, 48, 49, 60].

Comparison of the calculated M1 transition strengths (in

Transition Expt. IBM-2
27,27 0.0003 0.006
27,23 0.004 0.025
27,27 0.013 0.072
25,23 0.001 0.031
27,27 0.004 0.075
17,07 0.04 0.029
17,05 0.034

From Table 3, it can be seen that all the experimental
B(M1) transition strengths between the lowest 2+ states
are of the order of approximately 0.01 3 or even less,
which is far from the typical B(M1) value of the mixed
symmetry state. This demonstrates that the observed M1
transitions are in qualitative agreement with the predic-
tions of the critical point symmetry of the U,,(5)-O,,(6)
transition. At the same time, Table 3 shows that the cal-
culated results reasonably reproduce the characteristics of
the M1 transitions among low-lying states. In particular,
the calculated B(M1,1] — 07) strength is close to the ex-
perimental one, which is comparable to the predicted
value of the critical point between the U,,(5) and O,,(6)
limits. This indicates that both the experimental and the
calculated results of the B(M1,1] — 07) transition reflect
the property of the nucleus at the critical point of the
Usy(5)-Op, (6) transition. Unfortunately, the B(IM 1,17 — 03)
strength in ~ Te has not been measured, the calculated
value for this transition is 0.035 13, locating between the
U.(5) and O.,(6) transition similar to the case of
B(M1,17 — 07) transition. All these results indicate that
both the calculated and experimental M1 transitions are
consistent with the characteristic behavior of the '~'Te
nucleus at the critical point of the Uy, (5)-O,,(6) transition.

However, some deviations between the theoretical
and experimental M1 transition strengths are also are dis-
played in Table 3; all the calculated A1 values are
slightly larger than the corresponding experimental val-
ues. In IBM-2, y,=-x,#0 leads to a spectrum with
many O(6) features. In addition, some mixed symmetry
components from the asymmetry of y, and y, mix into
the low-lying states beside the pure mixed symmetry
states at higher energies [21, 61]. On the contrary,
X = —x» # 0 makes the nucleus have some features of the
SU.,(3) symmetry, because the proton and neutron have
opposite types of deformation [18]. The calculated B(M1)
values among the lowest states are systematically slightly
larger than the experimental data, which implies that the
description of "*Te with the characteristics of the SUL,(3)
is slightly rather than the actual nucleus. Furthermore, the

small B(M1) values among the low-lying states in **Te
also indicate that "**Te may contain some components of
SU;,(3) symmetry. Therefore, the **Te may be the nucle-
us at the critical point of the U, (5)-O,,(6) transition and
with a slight SU7,(3) symmetry.

The electric monopole transition strengths between 0"
states can be considered as a characteristic of shape coex-
istence [7] and quantum phase transitions [62], and it can
reflect the properties of E(5) dynamical symmetry [9]. In
fact, the pz(E0,0; — 07) value of "**Te has been meas-
ured [8]. However, the p?(E0) value on the first-excited
0" state in "*Te has not been understood yet, as men-
tioned in the introduction [4]. In IBM, the EOQ transitions
do not occur in the U(5) dynamical limit, because EO op-
erator is proportional to 7y [63].While in O(6) limit, the
selection rules require the EO transition from the 07 to
ground state to be forbidden [64]. For the predicted E(5)
symmetry, the 07 level, which is the lowest member (zero
phonon) of the first-excited family, should have an al-
lowed EO branch to the O state. However, so far, the
studies of the behavior of E(5) symmetry in "*Te have
not provided a detailed analysis of the properties of E0
transitions. In IBM-2 space, all the symmetrical states
have correspondence with the IBM-1 states; therefore,
IBM-2 subsumes the critical point of second-order trans-
ition of IBM-1[17, 23]. The critical point symmetry of
U,y(5)-Or,(6) has considerably similarity to the predic-
tions of the E(5) symmetry [17]. Subsequently, the 0
level should also have an allowed EO decay to the ground
state in this prediction of the critical point symmetry. We
take the values of parameters By, and By, as in Ref. [65],
namely, Bo, =0.25 and By, =0.10 efm”. The calculated
p*(E0,05 — 07)x 10° value is 11.00, which is consistent
with the experimental data within the experimental uncer-
tainty. The theoretical and experimental EQ transitions
prove that the 0] state may be interpreted as the lowest
state of the first-excited family of intrinsic levels in the
critical point symmetry of second order U, (5)-O,(6)
transition.

It is well known that the low-lying yrast states in oth-
er Te isotopes such as "> " Te show similar behavior,
i.e., typical vibrational like spectra, but other properties
deviate from the vibrator's [6, 66—688]. These Te isotopes
are located around the midshell '*Te. The large-scale
shell-model calculations indicate that the behavior of the
B(E2) values of these nuclei is related to the competition
between the seniority coupling and the neutron-proton
correlations. From the viewpoint of the IBM model, "*Te
is below the midshell '""Te; it has N, = 5 bosons beyond
N =50 major shell. Both "*Te and '*'Te have the same
numbers of bosons with N, = 1 and N, = 5; therefore, they
show similar properties of spectrum. As for "Te, the
measured ratio of B(E2,47 — 27) to B(E2,2] — 07) is less
than one, which is a very unusual deformation; no theor-
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etical models can provide a satisfactory description [68].
4 Conclusion

In summary, the low-lying structure of the **Te was
investigated within the framework of IBM-2. The calcu-
lated low-lying energy levels are in good agreement with
the corresponding experimental data. In particular, the 67,
47 levels, which are maintain a nearly constant excitation
energy from PTe to 'Te isotopes, have been satisfactor-
ily reproduced by using the calculated results. In addition,
the first two excited 0 states were described well in the
energy sequence, although the 07 level is clearly higher
than that is expected for a two-phonon multiple state.
Furthermore, the calculated energy level of the first scis-
sor mode 17 perfectly reproduces the experimental data.

The calculations show that the computed B(E2) trans-
ition strengths are in the overall agreement with the ex-
perimental data. The observed typical strongly collective
E?2 transitions with tens of Weisskopf units, and most of
the experimental relatively strong B(E2) transitions com-
parable to the experimental B(E2,2] — 0]) transition
probability with dozens of W.u., are reproduced by the
theoretical predictions nicely. Furthermore, the calcu-
lated results provide accurate description of the proper-
ties of the experimentally weakly collective E2 transition
with approximately one or even less than one W.u.. Par-
ticularly, the theoretical E2 transitions from the scissor
mode 17 to the 27 and 27 states are in good agreement
with the corresponding experimental data, although the
theoretical values are slightly higher than the experiment-
al data.

By comparing the key observables of the states at the
critical point of the U,,(5)-O,,(6) transition with the ex-
perimental data and the IBM-2 calculations, we show that
both the experimental data and the theoretical results of
the "**Te agree with the predicted properties of the states
at the critical point of the phase transition from U, (5) to
O,,(6) very well. This indicates that the *Te may be a

nucleus at the critical point of the Uy, (5)-Oy,(6) transition.
Consequently, the 07 state is the lowest possible state of
the first-excited family of the intrinsic levels predicted by
the critical point symmetry.

At the same time, the characteristics of the B(M1)
transition strengths among the low-lying states are con-
sistent with the predictions of the critical point of the
transition from U, (5) to O, (6), and there is good agree-
ment between the experiment and the theory for charac-
teristics of the B(M1) transition strengths. Especially,
both the experimental and theoretical B(M1,17 — 07) val-
ues are located between the U, (5) and O,,(6) limits. By
analyzing the calculated results and the structure paramet-
ers of the quadrupole operators in this work, all quantit-
ies support that the **Te may be the nucleus at the critic-
al point of the U,,(5)-O,,(6) transition and with feature of
SU;,(3) symmetry.

The calculated p?(E0,05 — 07)x10* value also ex-
actly reproduced the observed data. Both the theoretical
and experimental properties of EO transition indicate that
the 07 state in **Te may be interpreted as the lowest state
of the first-excited family of intrinsic levels at the critical
point of second-order U, (5)-O,,(6) transition. Therefore,
we conclude that the ''Te is a possible nucleus at the
critical point of the second-order phase transition from vi-
bration to unstable rotation, and such a critical chzint ex-
hibits a slight triaxial rotation. The 05 state in = Te can
be interpreted as the lowest state of the first-excited fam-
ily of intrinsic levels in the critical point symmetry.
However, it should be mentioned that some of the meas-
ured B(E2) and B(M1) values have a large uncertainty
and the experimental data of B(M1,1] — 07) is still miss-
ing. More theoretical and experimental investigations
should focus on these aspects.

We are grateful to Prof. CaiWan Shen, and Dr.
XiaoBao Wang of Huzhou University, Prof. YuXin Liu of
Peking University, and Prof. GuiLu Long of Tsinghua
University for their helpful discussions and good sugges-
tions.
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