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symmetry limit in IBM-3"
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Analysis of the spectra and E2 transition rates shows that the empirical scheme of 44T is in good agreement with
the predictions of the [Uq(5) ® Ut, (3)] ® Uz, (3) symmetry limit.
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1. Introduction

The interacting boson model (IBM) of nuclei in-
troduced by Arima and Tachello,l!! is phenomenolog-
ically successful in describing the spectra of medium
heavy nuclei®=4 and heavy nuclei. This model treats
pairs of valence nucleons (particles/holes) as bosons
with angular momentum /=0 (s bosons) or =2 (d
bosons). In the original version of the interacting
boson model, IBM-1, no distinction is made between
neutron bosons and proton bosons. IBM-1 has been
extended to IBM-2 by distinguishing neutron bosons
from proton bosons,! and proved to be a first approx-
imation for IBM-2.

IBM-2 is effective for nuclear states of valence pro-
tons and valence neutrons filling the different single
particle orbits. However, in light nuclei, the valence
protons and valence neutrons are in the same single
particle orbit; therefore the isospin effect has to be
included. To this end, IBM-3®! and IBM-4/6 were
proposed. IBM-4 describes the nuclei in the sd shell
where the nucleon couple is in the LS scheme.l®7 In
the pf shells, the nucleon couple is in the jj scheme, and
IBM-3 has to be used here. As has been shown,~7
IBM-3 is introduced for light nuclei.

some heavy nuclei with protons and neutrons filling

But there are

the same single particle orbit, for example, the proton
rich nuclei with N ~ Z ~ 40, and the lighter isotopes
of tellurium, xenon, barium. As far as the nuclei with
N ~ Z ~ 40 are concerned,® TBM-3 may be used.
Furthermore, in radioactive ion beams, this method
may be used to describe the case of many nuclei.

Although new radioactive beam facilities!®) and
relative experiments!®11] mainly search for the new
regions of nuclei far from the stability line, prior to
data on such exotic nuclei becoming available, it is
necessary to have a model applicable to such nuclei,
for example the proton-rich nuclei with N ~ Z, in
order to obtain some guideline for new experiments.
Some information on such nuclei with A > 40 region
suggests that their collective behaviours are different
from those of nuclei with N > Z. Such a new type
of collective motion for N ~ Z nuclei was studied by
Ginocchio and Leviatan.[12:13]

The properties of #4Ti nucleus are most challeng-
ing. First, the properties of radionuclide #*Ti are of
great interest in astrophysics. In most radionuclides,
the half-life'! of #4Ti is about the same as the mean
time between supernovae events in our Galaxy. From
the decay chain #*Ti-**Sc-**Ca, an abundance of
44Ca in solar matter is the decay product of 4Ti. This

is a very important clue in understanding the origin of
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the solar system. On the other hand, apart from nu-
cleus 48Cr, the nucleus #4Ti is the heaviest even—even
nucleus with T=0 for which the electromagnetic prop-
erties are measured. It is thus possible to make some
theoretical calculations by using models such as the
shell model,[5] the a-cluster model,'®! the algebraic
model,[!”] the pair plus quadrupole force modell*®! and
the cranked Skyrme—Hartree—Fock method,['® etc.

Recently, Kotal2%21] proposed a class of new sym-
metry limit [Ug(5) ® Ur,(3)] & Ur,(3) of the IBM-3
model with good s and d boson isospins, which is ap-
plicable to proton-rich nuclei with N ~ Z. In order
to treat it, complicated numerical calculations have to
be made. Therefore, it is clearly desirable to find an
empirical example for the nucleus with the new sym-
metry limit [Ug(5) ® Ur,(3)] € Ur,(3). In this paper
we analyse the data for nucleus #*Ti using the new
symmetry limit and find that nucleus **Ti establishes

some new symmetry limit characteristics.

In this paper a new symmetry limit [Ug(5) ®
Ur,(3)]® Ur,(3), described in more detail in Refs.[20]
and [21], is reviewed and the data for nucleus 44Ti are
analysed. The extent to which the nucleus #4Ti can
be described by the new symmetry limit is also in-
vestigated. In addition, we attempt to apply the new

symmetry limit to other nuclei with N ~ Z.

Ua(5)
{fifafs}

Usa(18) _ | Ua(15)
{NV} {na}

Ur,(3) D Or,(3)
{ns} T

where the labels below the groups are the correspond-
The states
corresponding to ng of Ug(15) are totally symmet-
ric and therefore the Uq4(5) and the Ur,(3) have the
same irreps. The reduction from Uq4(15) to U4 (5) (or
Ur,(3)) is

ing irreducible representations (irreps).

mal= )

f12f22f320
fitfet+fa=na

The reduction of Uy(5) = O4(5) — Oq4(3) follows
from the results of the SUsqg(5) limit of sdgIBM..[24]

The Ur,(3) — Or,(3) follows directly from Elliott’s
(25]

®[f1f2f3]. (1)

rule,

(fifefsl= (A= fi—f2, p=f2a— f3). (2)

D 04(5) D 04(3)

[v1v2]

2.[U4(5)®Ur, (3)|®Ur,(3) symmetry
limit

As in IBM-1, the IBM-3 model includes s and d
bosons with no intrinsic spin but with isospin permit-
ted to be carried. To take into account the isospin con-
servation in the framework of boson models, besides
the proton—proton and neutron—neutron pairs (w, v
bosons), a proton—neutron pair (§ bosons) is also in-
troduced. The building blocks of IBM-3 are s}, s}',
st, dt, df and df. The three s bosons and three d
bosons form an isospin T=1 triplet (7,=1, 0, -1 cor-
respond to pp, pn and nn pairs, respectively). With
the three T, values, IBM-3 has U(18) group as its dy-
namical symmetry group. Dynamical symmetries are
important, because (1) they provide a useful mathe-
matical basis for numerical calculation and (2) they
provide us with a typical spectrum in analytical form
with clear physical interpretation. We can look for
experimental candidates for them, which are useful in
guiding numerical studies.

In general, the dynamical symmetric group chain
must contain Of(3) and SUr(2), because the angular
momentum and the isospin are good quantum num-
bers. There are quite a few group chains satisfying
these requirements.[?>23] One class of physically sig-
nificant group chain for the [Uq(5) ® Ur, (3)] & Ur,(3)

limit 2021 g

® UTd (3) ) OTd (3)
L {f1f2f3} T4

5 04(3) ® Or(3)
L T

)

For the Ur, (3) irreps (A, p),

K = min(A, p), min(A, p) —2,------ ,1or0. (3)
For K # 0,
Tag=K, K+1, K+2,------ , K + max(A,p). (4)
For K=0,
Ty = max(A, p), max(A, p) — 2, -+ ,Lor0. (5)

Similarly the reduction [ns] — [T;] has been car-
ried out. Because [ns] = (A = ng, p= 0), Ty =ns, 0
-2, ng —4, e , 1 or 0. We list the results of the
reduction for T=0 in Table 1.
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Table 1. State labels for [Ug(5) ® Ur,(3)] @ Ur, (3)limit with T=0 (for our purpose, the

results with ng < 5 are given).

Ua(15) Ua(5) 0a(5) 04(3) Or,(3) O1,(3)
ng [f1f2fs] [v1v2] L Ty Ty
0 [000] [00] 0 0 0
1 [100] [10] 2 1 1
2 [200] [20] 2,4 0,2 0,2
[00] 0 0,2 0,2
3 [300] [30] 0,3,4,6 1,3 1,3
[10] 2 1,3 1,3
[210] [21] 1,2,3,4,5 1 1
[10] 2 1 1
4 [400] [40] 3,4,5,6,8 0,2,4 0,2,4
[20] 2,4 0,2,4 0,2,4
[00] 0 0,2,4 0,2,4
[310] [31] 1,2,3,4,5,6,7 2 2
[11] 1,3 2 2
[20] 2,4 2 2
[220] [22] 0,2,3,4,6 0,2 0,2
[20] 2,4 0,2 0,2
[00] 0 0,2 0,2
5 [500] [50] 2,4,5,6,7,8,10 1 1
[41] 1,2,32,42 52,62,72,8,9 1 1

Wavefunctions in the symmetry limit are charac-
terized by |N;na[f1fafs](vive)L; (TaT:)T). With the
generators of subgroup, Casimir operator and their

eigenvalues, the energy formula was obtained:[20:21]

E =Ej + eqng + ang(nqg + 14)
+ Blfi(fr +4) + fa(fo +2) + f3]
+ y[vi(v1 + 3) + v2(v2 + 1)]
+ 1 L(L+1) +vTy(Tg + 1)
+ 3T (Ts + 1) + 7T (T + 1), (6)

where Ey, €4, a, B, ¥, V1, Y2, ¥3 and -4 are free pa-
rameters.

Another important aspect of a dynamical sym-
metry relates to its transition properties. The general
one-boson E2 operator in IBM-3 consists of isovector
and isoscalar parts. For the even—even nuclei with T'=
0, only the isoscalar part contributes to B(E2); hence,
the E2 operation is T¥? = e.g(d*s + s+(~i)i”%, where
e 1 effective charge. The E2 transition properties
have also been obtained in Refs.[20] and [21], we will

use these results in our investigation.
3. Results and discussions

The comparisons between the calculated and the
measured energy levels26:27) for #4Ti are shown in

Fig.1. Figure 1 (left) shows some detailed predictions

of the [U4(5) ® Ur,(3)] ® Ur,(3) limit with appropri-
ate energy scales for comparison with the measured
energy levels of #4Ti. In order to modify the energy
levels of the collective states, the model space is ex-
tended from the N=16 shell?—3%] to the N=28 shell.
The parameters in energy formula are determined by
a best fit to experimental levels. It is found that
ea=1.1(MeV), y=p=-0.006(MeV), ~;=0.025(MeV),
Ey = a =17 =17 = 14=0.
in good agreement with the measurements, especially

In general, they are

for the ground-state band levels and the backbanding
at the 107 level. The quantum number ng of U(15)
is similar to a phonon number. Thus the nuclei with
T'=0 have more eigenstates than the quadrupole vibra-
tor because of the presence of additional monopole and
quadrupole isospin quantum numbers. From Fig.1, it
is found that 41", 21" and 0;’ states with T,=0 be-
long to ng=2, and are reproduced satisfactorily by
the symmetry limit. The states with ng4=3 belong to
Ts=1. The calculation predicts an excited 51" state
at 3.9Mev. It is noticed that the calculated level for
the second excited 01 state is much lower than the
measured. We thus tempt to assume this 07 state
belongs to nq=4. This remains to be further studied.
The calculated levels with nq=4 are in agreement with
the data overall. But the agreement for 6] and 87

states is poor. The origin of the discrepancy can be
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understood by considering the strong mixture of the
61+ state and the S;r state, respectively. Good agree-

ment with the data is also obtained for those states

with ng=5. The calculation also predicts an excited
7;r state at 6.4Mev.
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Fig.1. Comparison of energies calculated in the symmetry limit in IBM-3 with experimental

excitation energies of nucleus 44Ti. The parameters are given in the text.

The low-lying spectrum of “#*Ti indicates a
phonon structure overall. The ratio of the energy of
two-phonon state 41" to that of one-phonon state 21"
is 2.27, in between the spherical vibrator or the U(5)
limit (2.0) and the deformed quadrupole vibrator or
the O(6) limit(2.5).[1l Utilizing the relation®! gy =
4m\/B(B2: 0f — 2})/(3cZR3) with Ry = 1.24'/%,
one estimated the deformation parameter (s of nu-
cleus #4Ti, which is equal to 0.26. The large de-
formation and a low value of the energy ratio R =
E(41)/E(27}) are features specific to the nucleus *4Ti

also. As has been known,®?l many rare earth nuclei

with B2 ~ 0.3 indicate the rotational characteristics
with R = 3.3.

In Table 2, we give the B(E2) values for nu-
cleus **Ti and compare with the data.[!826:27] Tt g
found that the calculations are in good agreement
with the data. The observed B(E2 : J — J — 2)

values in yrast-state band are reproduced satisfacto-

rily by this symmetry limit. In addition, the differ-
ences between the calculated B(E2) values and the
corresponding experimental data are found in Table 2.
In the [U4(5) @ Ur,(3)] & Ur,(3) symmetry limit, the
B(E2) values would vanish by the selection rule Ang=
1. As shown previously, the nuclei with T=0 have
more eigenstates than the quadrupole vibrator except
for ng=1: for example, the two-phonon 01, 2t 4%
triplet occurs twice, one with 7,=0 and another with
Ts=2, which will probably mix. The breaking of the
symmetry limit will, however, destroy this selection
rule. A non-negligible deviation in the 2§ — 0§ decay
is observed. The origin of the discrepancy 2;’ — 0;’
can be understood by considering the strong interfer-
ence effects between the vibrational and the intruder
(rotational) contributions to the transition rate, or 03
as core—excited state, which is a general phenomenon
of shape coexistence. The vibration—rotation interac-

tion has to be included.
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Table 2. Comparison of the experimental B(E2) values for 44Ti with the calculated in the
[Ua(5) ® Ur, (3)] ® Ur, (3) symmetry limit. The effective charge e.g=0.1(eb) is employed.

I I B(E2) (e2fm?)

f Exp. Cal.
2F of 120 + 36 200
4t 2f 277 £ 55 156
25 27 66 + 12 156
oF 2F 156
25 ot 1.4 +0.37 0
25 ot 222 + 55 0
67 4F 157 + 22 222
aF 27 203 + 92 116
4t 2F 25 + 5.5 0
8 67 >18 220
107 8 138 + 28 156
4t 27 258 + 129 0
4t 2F 42+ 1.9 0
27 ot 1.3 £ 0.65 0

4. Conclusion

We have given a detailed study of the energy lev-
els and E2 transition rates for the nucleus #*Ti in the
[Ua(5) @ Ur,(3)] ® Ur,(3) symmetry limit. A good
agreement with the data is obtained for both the spec-
tra and the E2 transition rates. It is shown that 44Ti is
close to this symmetry limit. Meanwhile, we find that
the heavier deformed nuclei with A ~ 40 exhibit much
stronger quadrupole collectivity. We should note that

discrepancy between the calculated results and the ex-

perimental data is observed. The dynamical symme-
try limit is usually not perfect in its nature. The co-
efficients depend strongly on the nucleon number and
the isospin.[3® It would be interesting to carry out

detailed numerical calculations in the A ~ 40 nuclei.
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