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Abstract: The concept “SU(3) analysis” for the B(E2) anomaly is proposed based on various mechanisms found

recently, in which the B(E2) anomaly is discussed in the SU(3) symmetry limit. From the results of the analysis, the

SU(3) third-order interaction [Lx Qx L]© can generate the level-crossing phenomenon for any mechanism, which
is vital for the emergence of the B(E2) anomaly. Thus the B(E2) anomaly is found to be related with the SU(3) sym-

metry. The B(E2) anomaly in " Os is also discussed.
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I. INTRODUCTION

Understanding the deformations of nuclei and their
changes, continuous or abrupt, is one of the fundamental
problems in the field of nuclear structure. Quadrupole de-
formations are the most important. The geometrical mod-
el with deformation variables £ and y has given a good
description, where S represents the degree of deviation
from the spherical shape and y presents the angle for de-
scribing the triaxial deformation. 50 years ago, the inter-
acting boson model (IBM) was proposed [1, 2], which is
an algebraic model for describing the collective excita-
tions (deformations) in nuclear structure. For the simplest
case, only the s and d bosons with angular momentum
L=0 and L =2 respectively are considered to construct
the Hamiltonian, which has the U(6) symmetry. Four dy-
namical symmetry limits exist: the U(5) symmetry limit
(spherical shape), the SU(3) symmetry limit (prolate
shape), the O(6) symmetry limit (y-soft rotation) and the
SU3) symmetry limit (oblate shape) [3]. Shape phase
transitions between different shapes can be also studied
by this model [4—18]. Thus, the IBM provides an effi-
cient theoretical framework to describe various deforma-
tions of nuclei and their collective excitation behaviors,
thus it has a broad impact in the field of nuclear structure.

Although previous IBM is self-consistent for describ-
ing various quadrupole deformations, some of the experi-
mental anomalies seem to be indescribable by previous
model hamiltonians, such as the B(E2) anomaly [19-22]
and the Cd puzzle [23—-28]. In the B(E2) anomaly, the ra-
tio Eypp = Ey |Es: of the energies of the 47, 2] states is
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larger than 2.0 (a feature for the collective excitations),
but the ratio By, = B(E2;47 — 21)/B(E2;2} — 0F) of the
E2 transitions B(E2;47 — 2}) and B(E2;2{ — 07) can be
much smaller than 1.0 (a traditional signal for the non-
collective behaviors), which cannot possibly be ex-
plained by previous theories in nuclear structure [19—-22].
In the Cd puzzle, the experimental data did not confirm
the phonon excitations of the spherical nucleus [23—27],
and questioned its existence [28]. Experimentally, the
B(E2) anomaly and the Cd puzzle can occur in adjacent
nuclei, such as 7>776Zn [29-31] and even in a single nuc-
leus, such as "“Te [32, 33], so they may have a common
origin.

Moreover, it was found that nuclei previously con-
sidered as prolate shape should be rigid triaxial [34—36],
making previous IBM descriptions not particularly con-
venient. In previous IBM, the spectra of the prolate shape
(the SU(3) symmetry limit) and the oblate shape (the
SU(3) symmetry limit) are the same [3], but this mirror
symmetry can not be found in realistic nuclei [37].

Therefore, it is necessary to make further generaliza-
tion based on the existing models. Recently an extension
of the interacting boson model with SU(3) higher-order
interactions (SU3-IBM) was proposed to resolve these
various anomalies. In the SU3-IBM, by introducing the
SU(3) third-order and fourth-order interactions, the SU(3)
symmetry limit can describe not only prolate shape
(SU(3) second Casimir operator —C,[SU(3)]), but also
oblate shape (C;[SU(3)]) and various rigid triaxial shapes
(combinations of —C,[SU(3)], C3[SU(3)] and C3[SU(3)]),
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and even dynamical effects independent of the ground
state. Thus the SU(3) symmetry plays a more important
role.

Through detailed discussions, it was found that this
model can better describe the collective behaviors of
atomic nuclei. It can describe the B(E2) anomaly and the
Cd puzzle [38, 39]. Although the B(E2) anomaly can not
be described by previous nuclear theories [19—22], many
possible explanations exist in the SU3-IBM and other ex-
tended IBM theories [40—48]. The spherical-like spectra
for resolving the Cd puzzle were really found in '%Pd
[49]. The SU3-IBM can be also used to explain the pro-
late-oblate shape asymmetric transitions in the Hf-Hg re-
gion [50—52], to describe the y-soft behaviors in '*°Pt at a
better level [53], to describe the E(5)-like spectra in 82Kr
[54], and to explain the unique boson number odd-even
phenomenon in -2**Hg [55] which was first found in
[51]. Furthermore it can well describe the rigid triaxiality
in '%Er [56]. Recently the shape phase transition from the
new y-soft phase to the prolate shape is also found and
188pd is the critical nucleus [57]. These results have over-
turned our traditional understanding of nuclear structure,
because it has captured almost all the shape patterns and
given new collective patterns for describing various an-
omalous behaviors.

Based on previous results [40—48], we continue to
discuss the mechanisms in the B(E2) anomaly. So far,
many possible explanations have been found for the
B(E2) anomaly. Some more fundamental discussions can
make some key parts clearer. We introduce the concept
“SU(3) analysis”, which is used to reanalyse the results
obtained in these studies within the SU(3) symmetry lim-
it. Remove the non-SU(3) symmetry parts of the Hamilto-
nian to discuss whether the remaining SU(3) symmetry
part can have the B(E2) anomaly (B(E2;47 — 27)=0). If
it happens, it may be the reason for the emergence of the
B(E2) anomaly in the original Hamiltonian. For the re-
maining SU(3) symmetry part, when the parameter in
front of the SU(3) third-order interaction [Lx Qx L]
changes, the partial low-lying levels and the values of
B(E2;2t - 07), B(E2;4t —27) and B(E2;6" —47) are
discussed. We find three new results: (1) The interaction
[Lx Qx L] is critical for the SU(3) anomaly; (2) Level-
crossing within the SU(3) symmetry limit is crucial for
the SU(3) anomaly; (3) Not only the value of
B(E2;47 — 27) but also the ones of B(E2;67 — 4}) and
B(E2;27 — 0}) can be anomalous (these values can be 0).
Thus the SU(3) analysis is a useful tool for identifying
the real cause. We expect it can be used in future discus-
sions on the B(E2) anomaly.

II. THE SU3-IBM HAMILTONIAN

In the SU3-IBM, the U(5) symmetry limit and the
SU(3) symmetry limit are included (some bias towards

the O(6) symmetry may be also required). In the SU(3)
symmetry limit, the SU(3) second-order Casimir operat-
or —C,[SU(3)] can describe the prolate shape and the
SU(3) third-order Casimir operator Cs[SU(3)] can de-
scribe the oblate shape, which fundamentally distincts
from previous IBM [52]. The rigid triaxial shape can be
obtained by the combinations of the square of the SU(3)
second-order Casimir operator C2[SU(3)] and the
—-G,[SUB)], C5[SU3)]. Moreover, the SU(3) invariants
[Lx OxL]? and [(Lx Q)" x (Lx Q)P are necessary.
The Hamiltonian is as follows

H = aiy +BC,[SUB)] +yC3[SUR)] +6C2[SUB)]
+n[Ex XL+ Z[(Lx Q)" x (Lx )V
+&0° (1)

where a, S, y, 0, n, { and & are seven fitting parameters.
fiy=d’-d is the d boson number operator.
O=[d"x5+s" xd]® - ?[d* xd]? is the SU3) quadru-
pole operator and L= VI10[d'xd]" isthe angular mo-
mentum operator. The first four interactions determine
the quadrupole shapes of the ground state of the nucleus,
and the positions of the 0" states of the excited levels.
The latter three ones are the dynamical interactions and
can be used to change the features of the non-0" states.

The two SU(3) Casimir operators have relationships
with the quadrupole second or third-order interactions as
follows:

~

C[SUBN=20-0+=1L-L, )

1w

Ci[SUB)] = —g V35[0x 0% 01 - ?[ix OxL1”
3)

For a given SU(3) irreducible representation (4,u),the ei-
genvalues of the two Casimir operators under the group
chain U(6) > SU(3) D O(3) are expressed as

Co[SUB) = A2+ 1% + A+ 32+ 34, 4)

R 1
CISUG) = (A= m)2A+p+ 3)(+ 24+ 3). (5)

The SU(3) irreducible representation (A,u) can have
relationships with the quadrupole deformation variables S
and y as follows

B=Bo /P +p2+ u+31+3p, (6)
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and

V3(u+1)

2/l+,u+3)’ )

y=tan"'(

where B, is a scale factor.
For understanding the B(E2) anomaly, the B(E2) val-
ues are necessary. The E2 operator is defined as

T(E2) =40, ®)
where ¢ is the boson effective charge. The evolutions of
B(E2;27 — 0}), B(E2;47 —27), B(E2;6f — 47) wvalues
are discussed.

III. THE SU(3) ANALYSIS

Although the B(E2) anomaly can not be explained by
previous nuclear structure theories, in the extended IBM
with higher-order interactions, it can be described by
many ways [40—48]. A key problem is that whether these
explanations are related to the SU(3) symmetry. Obvi-
ously, this needs to consider these explanations in the
SU(3) symmetry limit. For explaining the B(E2) anom-
aly in the realistic nuclei, the boson number operator 7, is
needed in some descriptions or the SU(3) quadrupole op-
erator Q is replaced by the generalized quadrupole oper-
ator Q, = [d' x5+s"xd]® +y[d' xd]® (some bias to-
wards the O(6) symmetry means X # —$). Thus for
SU(3) analysis, the 7, interaction should be removed
(here o = 0), and the Q, is replaced by the O again (here
X = —?). The non-SU(3) symmetry parts are removed. If
these operations are feasible, the SU(3) analysis exists,
which is important for understanding the emergence of
the B(E2) anomaly. This analysis has been ignored in
previous studies, and in this paper, as we will see, it is
very important.

B(E2) anomaly implies that By, <1.0 while
E4pn 22.0. These two quantities involve only 07, 27 and
47 states, so they are important for the success of any
nuclear structure theories. This point is similar to the ma-
gic number in atomic nuclei, which is only related to the
07 and 27 states. It should be noticed that this B(E2) an-
omaly was first observed theoretically in [60], but it is not
consistent with the experimental data in [19-22], in
which the By, values are much smaller than 1.0, even re-
duces to 0.33. To date, we have realized that the B(E2)
anomaly is an important phenomenon as the magic num-
bers. If a theory cannot explain the B(E2) anomaly, it is
insufficient.

Through many careful calculations, we find that the
SU(3) cubic interaction [Lx Qx L]® plays an important
role in explaining the B(E2) anomaly. (Whether this rela-

tionship is unique is still unclear) Thus when discussing
the problem, let the coefficient # of this interaction
change, and we will see the characteristics of the B(E2)
anomaly.

IV. ANALYSIS RESULTS

A. The first example

Now we discuss the first example using SU(3) analys-
is. Fig. 1(a) shows the evolutional behaviors of the par-
tial low-lying levels as a function of # in the SU(3) sym-
metry limit in Ref. [40]. This is the first successful ex-
planation for-the B(E2) anomaly of realistic nucleus
100s. The boson number is N =9. In [40], the paramet-
ers are a =302.4 keV, B=-30.09 keV, y=3.79 keV,
§=0.0 keV, n=-10.38 keV, £ =0.0 keV and ¢ = 18.66
keV. For SU(3) analysis, let @ =0. The ground state is a
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Fig. 1.  (color online) (a) The evolutional behaviors of the

partial low-lying levels as a function of #; (b) The evolutional
behaviors of the B(E2;2} — 07) (blue real line), B(E2;4] —2})
(red dashed line), B(E2;6] — 47) (green dashed dotted line) as
a function of 7. The parameters are deduced from [40].
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prolate shape with SU(3) irrep (18,0). In that paper, the
two SU(3) third-order interactions are considered, but the
two four-order interactions are not. From Fig. 1(a), we
can see, when # varies from 0 to -20.76 keV (the middle
point n=—-10.38 keV is the parameter used in [40]), the
red dashed line of the 47 state can intersect with the one
of one other 4* state at n=-6.45 keV (the crossover
point is marked by the black circle, and the latter ones are
also the same). In [40], it is known that the 4* state in the
SU(3) irrep (10,4) becomes lower than the 4* state in the
SU(3) irrep (18,0). In Fig. 1(a), we can also notice some
new features that are not observed by previous studies.
The 6] state can intersect with one other 6* state at
n=-4.25 keV (the green dashed dotted lines) and import-
antly, the 2} state can intersect with one other 2* state at
n=-12.97 keV (the blue real lines) (all marked by the
black circles). Thus some new results are directly found.

A key question, which has been noticed but not high-
lighted in previous studies, is that the new energy spectra
still appear to be in order and are very similar to the con-
ventional ones. If put the four nuclei '7?Pt, '%17°0s and
166w with B(E2) anomaly into the entire isotopic evolu-
tions, see [19—22], it looks very natural, but the B(E2)
values suddenly change. An imperceptible change has oc-
curred. Here we emphasize this point. At the thin dashed
line in the middle (7 =-10.38 keV) in Fig. 1(a) the en-
ergy spectra in the SU(3) symmetry limit discussed in
Ref. [40] are presented. It can be seen that although level-
crossing occurs, the positions of the energy levels does
not change too much (compared with the ones at n =0).
Unless the selected parameter is too large, the energy
levels are still in order. If the 7, interaction is added, the
changes can be more smaller. This approximate mirror ef-
fect is very interesting, and will be discussed in future.

In the SU(3) symmetry limit, if two states belong to
different SU(3) irreps., the E2 transitions between them
must be 0. In Fig. 1(b), the evolutional behaviors of the
B(E2;2F — 01), B(E2;4 — 21), B(E2;67 — 47) as a func-
tion of 5 are shown. We can see B(E2;4} — 2}) anomaly
(here anomaly means the E2 transition is 0) can appear
when n<-645 keV, and we can also notice that
B(E2;67 — 47) anomaly can happen when n < -4.25 keV
and B(E2;2} — 0}) anomaly can occur when n < —12.97
keV. These anomalies are not mentioned in previous
studies, and importantly we find they really exist in real-
istic nuclei, such as B(E2;6] — 47) anomaly for ">Zn [29]
and B(E2;2f — 0f) anomaly for '%Os [58]. We believe
that the B(E2;2} — 07) anomaly in '%Os is critical for un-
derstanding the reason of the B(E2) anomaly in realistic
nuclei. The B(E2;2{ — 0) anomaly in '*Os has been
discussed with a general explanatory framework [59].

Clearly SU(3) analysis is a powerful technique to un-
derstand the B(E2) anomaly. Due to within the SU(3)
symmetry limit, the level-crossing phenomena can occur
which is induced by the [Lx QxL]© interaction. If the

two levels belong to different SU(3) irrep., the E2 trans-
ition must be 0. This case is different from the SU(3) cor-
responding of the rigid triaxial description found in [60].

B. The second example

Ref. [41] continued the rigid triaxial description. Here
we use '%®0s for SU(3) analysis. The SU(3) correspond-
ing of the rigid triaxial description was found in [61—63],
then it was used in the IBM to remove the degeneracy of
the f and y bands [64] and to describe the rigid triaxial
spectra [65]. A key step is that Ref. [50] discussed the ex-
tended cubic Q-consistent Hamiltonian and found a new
evolutional path-from the prolate shape to the oblate
shape. This asymmetric shape evolution was also studied
analytically m [51]. Ref. [60] first found the B(E2) anom-
aly theoretically in studying the rigid triaxial rotor. Un-
fortunately, they don't realize that realistic nuclei can
really show such features in that paper. The feature in
[60] is that, when the angular moment L in the ground
band ; increases, the E2  transitional  values
B(E2; LT — (L-2)}) really decrease, but at the beginning
it decreases slowly, that By, > 0.5.

For !%8Q0s, the boson number is N = 8. The paramet-
ers in Fig. 2 deduced from [41] are a =22 keV, B=96
keV, y=27 keV, 6§ =03 keV, n=53 keV, {=-45 keV
and £ =94 keV. For SU(3) analysis, let @ =0. Fig. 2(a)
shows the evolutional behaviors of the partial low-lying
levels as a function of # from 0 to 106 keV, and the
middle point is the parameter in [41] ( =53 keV). Obvi-
ously, the 47 state really can not intersect with other 4*
states (the red dashed lines), but we can see that the 67
state intersects with one other 6* state (the green dashed
dotted lines and see the black circle). As shown in Fig.
2(b), the B(E2;4f — 2}) value can be lower than the
B(E2;27 — 07) value, so the B(E2) anomaly exists and
results from the rigid triaxial rotor effect. However this
ratio By, is 0.6 at the middle point, larger than the exper-
imental value 0.34. Whether the rigid triaxial rotor effect
can provide such a small B, value is a problem, which
should be studied in future. Clearly, the B(E2;67 — 47)
anomaly results from the level-crossing effect. Here the
SU(3) irrep of the ground state is (4,6) (y = 35.6° accord-
ing to equating (7)), thus the B(E2) values are smaller
than the ones in Fig. 1(b) if they exist. Recently, Ref. [47,
48] found that, the small B(E2) anomaly can be found for
the rigid triaxial rotor in the IBM-2 which distinguishes
the protons and neutrons. In the SU3-IBM, the protons
and neutrons can be also distinguished and more complic-
ated mechanisms can be found for the B(E2) anomaly.

C. The third example
In [41], there are another group of parameters for
1680s, which are @ =99 keV, =504 keV, y=3.5 keV,
6=0.55 keV, n=43 keV, {=-9.7 keV and £ =26 keV.
For SU(3) analysis, let @ =0. Fig. 3(a) shows the evolu-



SU(3) analysis for B(E2) anomaly

Chin. Phys. C 49, (2025)

4500 F

4000 (a)
3500 | ]
—~ 3000} .
D 2500
< 2000
) 4500} -
1000} 2, 2, RN .
500

0t 1 1 (- i~
26.5 53.0 79.5 106.0

7 (keV)

Fig. 2.  (color online) (a) The evolutional behaviors of the
partial low-lying levels as a function of #; (b) The evolutional
behaviors of the B(E2;2] — 0}) (blue real line), B(E2;4] —27)
(red dashed line), B(E2;67 — 47) (green dashed dotted line) as
a function of #. The parameters are deduced from [41].

tional behaviors of the partial low-lying levels as a func-
tion of # from 0 to 86 keV, and the middle point is the
parameter in [41] (=43 keV). Obviously, the 4] state
intersects with one other 4+ state at =23 keV (the red
dashed lines) and the 6 state intersects with one other 6*
state at n=30.1 keV (the green dashed dotted lines),
which is larger than the one of the 4% states crossing
point (see the two black circles). Thus this B(E2) anom-
aly results from level-crossing effect. However these
crossing effects may be very complicated. Thus confirm-
ing the actual crossing effects of the experimental results
requires more experimental data. If so, the emergence of
the B(E2) anomaly may be an accidental effect. In Fig.
3(b) the B(E2;4] — 2{) anomaly and the B(E2;67 — 4})
anomaly can occur simultaneously. Here the SU(3) irrep
of the ground state is (2,4) (y = 35.8° according to (7)), so
the B(E2) values becomes smaller if they exist.

When discussing the B(E2) anomaly, not only the ra-
tio By, but also the absolute value of B(E2;27 — 07)
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Fig. 3.  (color online) (a) The evolutional behaviors of the
partial low-lying levels as a function of #; (b) The evolutional
behaviors of the B(E2;2} — 0}) (blue real line), B(E2;4] — 2})
(red dashed line), B(E2:6] — 47) (green dashed dotted line) as

a function of 7. The parameters are deduced from [41].

should be also considered. If place the four nuclei 7*Pt,
16817005 and 'W with B(E2) anomaly in the isotopic
evolutions [19—22], these results vary continuously. This
is also the key for considering these spectra as the collect-
ive excitation. Too small B(E2;2} — 0}) value implies a
large effective charge ¢, which may not be very reason-
able, see [52].

D. The fourth example

In previous IBM, O(5) symmetry exists when
evolving from the U(5) limit to the O(6) limit, which res-
ults in the crossover of the 0 and 0 states. When the
parameters deviate a little, significant energy level exclu-
sion can occur [18]. No doubt this is important to con-
firm such phenomena. Recently in the SU3-IBM, similar
result was also found in [54], which is a level-anticross-
ing phenomenon.

Some important new results has been obtained re-
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cently. In [44], the SU(3) quadrupole operator Q is re-
placed by the generalised quadrupole operator Q,. We
also take the '%0s as an example, where @ = 0, and other
parameters are §=-25.0 keV, y=0, §=0, n=-269
keV, =0 and £=43.65 keV and y =-0.39. For SU(3)
analysis, let ¥ = —%. Here the SU(3) irrep of the ground
state is (16,0) with the prolate shape. Fig. 4(a) shows the
evolutional behaviors of the partial low-lying levels as a
function of # from 0 to -53.8 keV, and the middle point is
the parameter in [44] (n=-26.9 keV). Intuitively, this
evolutional behavior is very similar to the ones in Fig.
1(a). The 47 state intersects with one other 4* state at
n = —44.8 keV (the red dashed lines), and the 6] state also
intersects with one other 6% state at n=-29.4 keV (the
green dashed dotted lines). The two crossover points are
marked by the black circles. It implies that this B(E2) an-
omaly is also related to the SU(3) symmetry.

We can notice that, the middle point shows a normal

-53.80 -40.35 -26.90 -13.45 0.00
1 keV)
40} T ]
I
I
. 30 ;
X |
N :
Ll] 20 | B
~ I
R .
10 | B
I
. (b)
o i— I 1 1 1
-53.8 -40.35 -26.90 -13.45 0.00
n (keV)
Fig. 4.  (color online) (a) The evolutional behaviors of the

partial low-lying levels as a function of #; (b) The evolutional
behaviors of the B(E2;2] — 07) (blue real line), B(E2;4] —27)
(red dashed line), B(E2;67 — 4}) (green dashed dotted line) as
a function of 7. The parameters are deduced from [44].

By, value, but it is near the anomalous region. This is
very interesting, and gives a new mechanism for B(E2)
anomaly, which is related with the level-anticrossing phe-
nomenon. In [66], this new new mechanism is discussed
in detail, and it is found that the B(E2) anomaly in the
SU(3) symmetry limit and the B(E2) anomaly along the
transitional region from the SU(3) symmetry limit to the
O(6) symmetry limit are closely related. These results can
help us to further explain the anomalous small
B(E2;2¢ — 07) value in '%0s [59].

A reasonable theory is not only to explain the small
By, values, but also to consider the normal
B(E2;27 — 07) values.in '7?Pt, '%17°0g and '%*W, and to
explain the anomalous small B(E2;2} — 07) value in
16605 [58]. These will be discussed in [59].

E. The fifth example

Ref. [46] found a new mechanism at the oblate side.
We also take '®8Os for an example, where a = 72.0 keV,
B=-7.825 keV, y=2.636 keV, 6=0, n=15.1 keV,
¢ ==1.09 keV and ¢ =36.87 keV. For SU(3) analysis, let
a=0. Here the SU(3) irrep of the ground state is (0,8)
with the oblate shape. Fig. 5(a) shows the evolutional be-
haviors of the partial low-lying levels as a function of 7
from 0 to 30.2 keV, and the middle point is the paramet-
er in [46] (n=15.1 keV). We can see that the 2] and 23
states intersects with each other at n = 12.1 keV (the blue
real lines), the 47 and 4; states intersects with each other
at n=4.6 keV (the red dashed lines), and the 6] and 6]
states at n =2.5 keV (the green dashed dotted lines). The
three crossover points are marked by the black circles. At
the middle point, the By, value is infinity. This is very
interesting. We can also confirm that this B(E2) anomaly
is related to the SU(3) symmetry. This new mechanism
will be discussed in section V in detail.

F. Brief summary

These results in the five examples broaden our under-
standing of the B(E2) anomaly. Even the conditions, that
(1) the B(E2;27 —»07) value exists and (2) the
B(E2;47 — 27) is 0, are not satisfied in the SU(3) sym-
metry limit, the B(E2) anomaly can also appear.

If an explanation for B(E2) anomaly can have a SU(3)
symmetry limit, the SU(3) analysis should be performed.
From the above examples from [40—47], we can get many
new results. There are some phenomena that seem to
have nothing to do with the SU(3) symmetry, but are ac-
tually related to do with it. This may be a more complic-
ated mechanism, which we need to further elaborate on in
[66]. In the SU(3) analysis, if any level-crossing can not
occur but the B(E2) anomaly can happen, it can be con-
sidered from the rigid triaxial rotor effect. If any B(E2)
anomaly does not exist in the SU(3) analysis but the
B(E2) anomaly can happen when the d boson number op-
erator is added (this is almost impossible) or the Q is re-
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Fig. 5. (color online) (a) The evolutional behaviors of the

partial low-lying levels as a function of #; (b) The evolutional
behaviors of the B(E2;2] — 07) (blue real line), B(E2;4] — 2})
(red dashed line), B(E2;6] — 47) (green dashed dotted line) as
a function of 7. The parameters are deduced from [46].

placed by the Q,, this will be very important. A general
discussion will be given in future with the extended Q-
consistent Hamiltonian with up to fourth-order interac-
tions. In a previous paper [38], it has been proved that, in
this extended Hamiltonian, when y =0, that is the O(6)
symmetry limit, the B(E2) anomaly can not happen. Thus
it is important to discuss the evolving region from the
SU(3) symmetry limit to the O(6) symmetry limit.

For the first and fourth examples, the parameters 7 of
the fourth-order interactions [(Lx Q)" x (L x Q)P are
0. Thus the evolutional behaviors of the B(E2) values in
Fig. 1(b) and 4(b) are simple. When this interactions is
added, more complex evolutional behaviors can be ob-
served, which is very interesting. Although this interac-
tion has been studied in the rigid triaxial explanation [41,
46, 47, 60], many details are also inadequate. For the
second and third examples, the sigh of # is negative, and
the evolutional behaviors of the B(E2) values in Fig. 2(b)
and 3(b) becomes more complex (the evolution lines be-

come curved), but sill similar to the cases in Fig. 1(b) and
Fig. 4(b). However for the fifth example, the sigh of # is
positive, and the evolutional behaviors of the B(E2) val-
ues in Fig. 5(b) becomes more complex than the ones in
Fig. 2(b) and Fig. 3(b). Thus further discussing the
[(LxO)V x (Lx Q)P]O interaction is necessary to under-
stand the more complex B(E2) anomaly, such as in ">7*Zn
[29-31] and "*Te [32, 33].

V. FURTHER DISCUSSIONS

In this section, we further discuss the new mechan-
ism in Fig. 5 [46]. In Fig. 5(b), the changes of the values
of B(E2;2} — 07) (blue real line), B(E2;47 — 2}) (red
dashed line),  B(E2;67 — 47) (green dashed dotted line)
are similar to the-ones in Fig. 1(b), but shows more com-
plicated behaviors. The key for this is the introduction of
the fourth-order interaction [(£Lx Q)P x(Lx 0)V]1?. The
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(color online) (a) The evolutional behaviors of the

0 20 40

Fig. 6.
partial low-lying levels as a function of a; (b) The evolutional
behaviors of the B(E2;2} — 07) (blue real line), B(E2;4] —2})
(red dashed line), B(E2;6] — 47) (green dashed dotted line) as
a function of a. The parameters are deduced from [46]
(n=15.1 keV).
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effect of the SU(3) fourth-order interactions on the B(E2)
anomaly is very complex, and the detailed discussion will
be given in future. Here, just the parameters in [46] are
used. We can see that the fourth-order interaction brings
in some new features.

In Fig. 5(b), when n=15.1 keV (the parameter used
in [46]), B(E2;2f —01)=0 while B(E2;47 —21)#0.
Thus By, = co, which is a new result. When n=11.325
keV, B(E2;2t —07)#0 while B(E2;47 —2¢)=0. Thus
By =0, which has been discovered before. For both
cases, B(E2;6] -47)=0. When n=755 keV,
B(E2;27 — 07) #0, B(E2;47 —»21)=0 while
B(E2;67 — 47) # 0. When the fourth-order interaction is
introduced, any B(E2) results may be obtained.

Fig. 6 — 8(a) present the evolutional behaviors of the
partial low-lying levels as a function of a from 0 to 200
keV when n=15.1 keV, 11.325 keV and 7.55 keV. The
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Fig. 7.  (color online) (a) The evolutional behaviors of the

partial low-lying levels as a function of a; (b) The evolutional
behaviors of the B(E2;2] — 07) (blue real line), B(E2;4] —27)
(red dashed line), B(E2;67 — 4}) (green dashed dotted line) as
a function of a. The parameters are deduced from [46] but
n=11.325 keV.

evolutional trends are similar. Fig. 6 — 8(b) show the
evolutional behaviors of the values of B(E2;2} — 07),
B(E2;47 — 21), B(E2;67 — 47) as a function of a when
n=15.1 keV, 11.325 keV and 7.55 keV. The evolutional
trends look very different.

Fig. 9 presents the evolutional behaviors of the By,
values as a function of a for = 15.1 keV, n=11.325 keV
and n=7.55 keV. Other parameters are deduced from
[46]. In 8Os, By, =0.34. For n=15.1 keV, the smallest
value is 0.45. In [46], B4 = 0.53 was used. In next sec-
tion, By, =0.45 is used for result 1 (black point). For
n=11.325 keV and 7.55 keV, B, =0.34 exist (blue
point and red point) and are used for result 2 and result 3.
For comparison, By, =0 is also used for result 4 when
n =1.55 keV, which is just the SU(3) analysis of result 3.

VI. B(E2) ANOMALY IN '©0S
If the fourth-order interaction [(Lx Q) x (L x Q)@
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Fig. 8.
ing levels as a function of a; (b) The evolutional behaviors of
the B(E2;27 — 07) (blue real line), B(E2;4] — 2}) (red dashed
line), B(E2;67 —4]) (green dashed dotted line) as a function
of a. The parameters are deduced from [46] but 5 =7.55 keV.
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Fig. 9. The evolutional behaviors of the Bi,, values as a
function of a for n=15.1 keV (black real line), n=11.325 keV
(blue dashed dotted line) and 5 =7.55 keV (red dashed dotted
line). Other parameters are deduced from [46].

is not added, the B(E2) values of each energy level in the
yrast band can gradually decrease as the angular mo-
mentum L increases [40, 60]. However when this interac-
tion is added, this change can become more irregular.
This is important for understanding some irregular B(E2)
anomalies.

Result 1-3 correspond to the three points (black,
blue and red) in Fig. 9. Result 4 corresponds to the @ =0
point of the red line in Fig. 9. Let the energy of the 2}
state be equal to the experimental one in !*80s. Paramet-
ers of the four results are shown in Table 1 and the fitting
values are shown in Table 2. For result 1, 2 and 3, the en-
ergies of the 05 state and 23 state increase. For result 1
and 2, the values of B(E2;8f — 67) are larger. For result
3, the value of B(E2;67 — 47) is larger. Thus these B(E2)
values are sensitive to the parameters. For result 4, the
results of the SU(3) analysis are shown. The irregular
B(E2) values are clear when L increases. When 7, is ad-
ded, the result 4 becomes the result 3, which has the bet-
ter fitting effect. Level-crossing is indeed a possible reas-
on for the emergence of the B(E2) anomaly. For a better
understanding of the B(E2) anomaly in ®®Os, more ex-
perimental results are needed.

VII. CONCLUSION

In this paper, we propose a powerful technique for
understanding the B(E2) anomaly. It is the SU(3) analys-
is. From the discussions of the examples in [40—47],
many new results are obtained. There are three of the

Table 1. Parameters of the four results for fitting the 930s.
The unit is keV.
a B 4 U ¢ ¢

Res. 1 63.72 -6.23 2.33 13.37 -0.97 41.66
Res. 2 91.58 -10.73 3.62 15.53 -1.50 33.69
Res. 3 107.48 -20.41 6.88 19.70 -2.85 15.36
Res. 4 0 -13.52 4.55 13.05 -1.89 35.93
Table 2. Experimental values and fitting values of the four

results for '8 Os. The unit of the energy of the energy level is
keV and the unit of the B(E2) value is W.u.. The effective
charges of results 1-4 are 3.114 VW.u., 2.2825 VW.u., 2.823
VW.u. and 2.900 v/W.u. respectively.

Exp. Res. 1 Res. 2 Res. 3 Res. 4
Eny 341 341 341 341 341
Eyy 857 857 857 867 857
Egr 1499 1607 1586 1642 1898
Egr 2223 2342 2136 2103 2771
Eqor 2983 3522 3248 2960 4213
Eg; 261 380 521 276
Ep 424 463 575 461
Es+ 778 821 962 841
By 1057 1055 1064 1130
B(E2;2f > 07)  74(13) 74 74 74 74
B(E2:47 -27)  25(13) 33 25 25 0
B(E2;67 — 47) 16 16 50 27
B(E2;8F - 67) 57 49 11 0
B(E2;107 — 87) 2.8 2.8 22 14

most important ones. First, the SU(3) third-order interac-
tion [LxQXL]? is critical for the SU(3) anomaly.
Whether this relationship is unique requires further in-
vestigation. Second, when this interaction is added, vari-
ous level-crossing phenomena can happen. The causes of
the B(E2) anomaly in realistic experiments require more
experimental researches to determine. Looking for more
mechanisms for the B(E2) anomaly also seems to be
needed. Third, not only the value of B(E2;4] — 27) but
also the B(E2;67 — 47) and B(E2;2} — 07) can be anom-
alous. The B(E2) anomaly in '8Os is discussed. It is very
important to find more and more B(E2) anomaly results
in the experiments.
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