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Abstract The level structure of 7% Zn isotopes is studied within the framework of interacting boson model-3 (IBM-3) . The mixed

symmetry states are investigated in these nuclei by analyzing the wave functions. The isospin excitation states are identified for ® Zn

(N = Z) nucleus. The calculated energy levels and transition probabilities are compared with available experimental data. The re-

sults obtained and the values of parameters used in this calculation indicated that the Zn isotopes are in the transition from vibrational

to Y-unstable nuclei.
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1 Introduction

The symmetry concept has been very productive in
investigating nuclear structure and provides a simple inter-
pretation of excitation energies. This concept has been
used in the interacting boson model. First introduced by
Arima and Iachello" ™ , nuclear properties are described
in terms of pairs of nucleons paired to angular momentum
L=0(s-boson) and L = 2( d-boson). The six possible
boson states are classified according to the irreducible
representation [ N ] of the group U(6) and its subgroups.
In its original version (IBM-1), only one kind of boson is
considered. In IBM-2, a relation among the IBM and the
underlying shell model has been established by including

the proton and neutron degree of freedom'* .

In lighter
nuclei the valence protons and neutrons are filling the
same major shell, isospin must be introduced. Within the
IBM with isospin (IBM-3)"', the neutron-proton pair
must be included in addition to the two other types of
bosons in the IBM-2 to form an isospin triplet.

There have been intensive interests in the collective

—8]

motions in the medium and light nuclei”® . Even-even
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Zn nuclei have been the subject of extensive experimental

[9—14]

and the oretical investigations~ . A number of studi-

es™™ ") have explored the structure of these nuclei and it
has been shown that their structure cannot be explained by
the simple vibrational mode. It is therefore interesting to
carry out a systematic comparison of the experimental data
with IBM-3 model calculations. In a recent work'™ we
have studied the **** Cr isotopes in the framework of IBM-
3. This study provides information on the mixed symmetry
states and isospin excitation (T > T,), as well as electro-
magnetic transitions. A good agreement with available ex-
perimental data has been obtained. We will exiend the
analysis to the Zn isotopes in this work. The aim of the
present work, is to carry out a systematic IBM-3 calcula-
tions of the even-even Zn nuclei with A = 60—66. Spe-

cial attention will be given to the identification of isospin

and symmetric structure in the low-lying energy levels.
2 The IBM-3 hamiltonian

The microscopic picture of the interacting boson

model is given in terms of collective pairs of nucleon. The
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building blocks of the IBM-3 are the neutron-neutron bo-
son (s,,d,), neutron-proton boson (s;,d,) and proton-
proton boson (s,,d,). The three s-bosons and three d-
bosons form a T = 1 multiplet, respectively. The IBM-3
has U(18) group as its dynamical symmetry group, and
the dynamical group chain must contain the O, (3) and
SU,(2) groups, because the angular momentum and the

[19—21]

isospin are good quantum numbers . Ome class of

group chain is the U (6) x U (3) limit, which

. {22
includes

U(18) 5 (U.(3) o SU:(2)) x

(U,(6) 5 U, (5) 5 0,(5) o 0,(3)),
U(18) o (U.(3) 5 SU:(2)) x

(U4(6) 5 0,(6) 5 0,(5) 5 0,(3)),
U(18) 5 (U.(3) o SU(2)) x

(U4(6) 5 SU,(3) 5 0,(3)). (1)

0(6) and
SU(3) limits, and they describe the vibrational,

These group chains are called the U(5),
7-un-
stable and rotational motion, respectively. These limits
have been used in the microscopic study of the IBM-
3[19,23] .

The IBM-3 Hamiltonian can be written as
H = ¢h, + ¢, + Hy, (2)

where

Cpp ((d7d)%7 - (dd)"") +

L2T

! ZBOT ((5+ +
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EA”Z ((std’
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)

B (55)) +

)ZT2 . (Zlg)ZTz) +
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2
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33 G () @) @)
The symbols T, and L, represent the two-boson isospin
and angular momentum. The parameters A, B, C, D
and G are the two-body matrix elements. There has been

. The Hamiltoni-

an can also be expressed in terms of the Casimir operators

microscopic study of these parametersm]

which is convenient to analyze the dynamical symmetry

nature. In Casimir operator form, the Hamiltonians is

H =2Cy o + a; T(T +1) + eCiys) + YCo 0 +
7]025U34<3) + :Bczud(s) + 5\Czod(5> + G’LCOd(3)' (4)

The A parameter determines the position of the mixed
symmetry states. They occur when the motions of the
protons and neutrons are not in phase. These states are
characterized by strong M1 transitions to the full
symmetry low lying states, and they have been observed
in various nuclei. Typically, the representative states
are, in the rotational nuclei, a 1* scissor mode at ~
3MeV™>

state with J = 2

, while in the vibrational and Y-soft nuclei, a
at ~ 2MeV* %,

% Zn isotope is especially interesting.

Mixed symmetry
states in Recent
experimental and theoretical study by Gade et al.
suggests that this nucleus is better described by a

Elliott et al.™

symmetry close to O (6). performed a
systematic study for pf-shell nuclei by mapping boson’ s
Hamiltonian into shell model, and showed that, at low
energy, states can be approximately classified by U (6)
representation [ N ] for the full symmetry state and [N-
1,1] or [ N = 2,2] for the mixed symmetry state. It will
be interesting to see if this is born out in this calculation.
The parameters of the Hamiltonian Eq. (3) used to
describe the Zn-isotopes in this work are given in Table
1. The values have been chosen so as to obtain an
optimum description of the low energy spectra.

The E2 transition can be calculated by the following
isoscalar and isovector transition operators { = Q°+ Q'

Ref.[31], where

0° = ao3[(s*d)® + (d*$)®] + BW3[(d"d)]",
(5)
Q' = a, V20 (s*d)" + (d*)"] + B20(d d) 1.
(6)

The M1 transition is also a one boson operator with

an isoscalar part and an isovector part M = M+ M,
where

M = g,3(d* d)° = g,LI/10, (7)

g /2(dr )", (8)

where g, and g, are the isovector and isoscalar g-factor

Ml

respectively and L is the angular momentum operator.



%28 %

372 BRWAES KY E (HEP & NP)
Table 1. The parameters of the IBM-3 Hamiltonian used for the description of the Zn-isotopes.
Nucleus
0Zn 27n %Zn %Zn
o =6 0.505 0.708 1.223 1.380
@, =t 1.6356 1.914 2.526 2.737
A(i=0,1,2) -5.600, -1.780, 1.780 - 1.846, 1.846 -5.350, -2.026, 2.026 -5.296, -2.084, 2.084
Cio(i=0,2,4) —4.777, -5.406, —5.602 —4.706, -5.790, -5.286 —~4.936, -5808, —4.926 -4.666, —5.772, —4.946
C,(i=0,2,4) 2.608, 1.978, 1.778 2.674, 1.590, 2.094 2.444, 1.572, 2.452 2.714, 1.608, 2.434
C,(i=1,3) -1.750, -1.890 -2.166, —1.806 -2.580, -1.950 -2.552, -1.962
B (i=0,2) - 5.430, 1.950 -5.354, 2.026 -5.224, 2.150 -5.200, 2.180
D;(i=0,2) 0.000, -0.380 0.000, -0.402 0.000, -0.290 0.000, -0.214
G(i=0,2) - 0.380, 0.000 —0.402, 0.000 -0.290, 0.000 - 0.214, 0000
ag = o 0.050 0.050 0.053 0.035
ay =B 0.055 0.055 0.055 0.055
8o 0.000 0.000 0.000 0.000
-4} 1.000 1.000 1.100 1.600
(V]
3 Excitation energy =2
104 « +
Zn 4 —
4 — .
The Zn isotopes ( Z = 30) have N, =1 proton bo- 8 9 [N—l,l]o+
073 T=1 -
son, relative to the ( Z = 28) shell. The neutron boson > . -
[ - 3"
~ = 14
number, also relative to the 28 shell, goes from 2 to 5 (A E = (V] P
=60—66) . According to this, both proton and neutron g 44 S sl
b { particl ' o 0=
oson are of particle-type. , e 2 " o
“Zn This nucleus is one with Z = N, in the pf- e N
shell . Studies of the existence of isospin excitations have 00— 0 —
received wide interest in the last few years” ** . The exp. IBM-3

more recent study is performed using the decay properties
of ®Ga"™" . According to this study, the level 2.558 MeV
has been assigned to the 2, state. It has also observed an
isospin excited state of 2 (T =1) at 4.85 1 MeV. Svens-
son et al."® have observed a superdeformed band in this

! performed a shell model

nucleus. Langanke et al.'?
Monte Carlo calculation in the pf-shell with pairing-plus-
quadrupole Hamiltonian. Our calculated levels are shown
in Fig. 1. Clear reproduction of the low-lying structural
features observed in the experimental data can be seen,
especially those of the isospin excitation states. In this
figure the energy levels have been arranged into groups ac-
cording to the isospin and the dynamical symmetry struc-
ture. As it can be seen, our results agree very well with
the experiment. In particular, all low-lying 2" states with

different isospin values are reproduced correctly. The lev-

el at 5.337 MeV, with possible angular momentum J =

Fig.1. Comparison between lowest excitation energy bands (r

=T.,T,+1and T, +2) of the IBM-3 calculation and experi-

mental excitation energiés of “Zn. The experimental data are

taken from Refs.[37,39].

3* ,4" is assigned to the 3, state in our calculation and
its wave function has a large predominant [N -1, 1] par-
tition. Our calculated second 0° state at 3.058 MeV is
closed to the observed state at 3.035 MeV. The compari-
son of experimental and theoretical excitation energies
shows it is most probable that the 2, state is the lowest
mixed symmetry state. This state comes from [N-1,1]
with T=1. A similar result is expected for 3] . The 0;
(T = 2) state is the band head of an isospin excitation
with T= T, +2, and it is quite closed to the experimén-
tal level at 7.380 MeV. The 2,7 and 4, states are also

members of this band. More detailed informations on
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these states can be derived from electromagnetic transi-
tions de-exciting from these states. Since no absolute val-
ues for E2 and M1 transition probabilities are known, the
IBM-3 results are the relative values, and are illustrated
in Fig.5. The agreement is good.

2%7n nuclei In Figs.2—4 we show the results
of our calculation for ground state band and the gamma
band in the ® % Zn isotopes. They are well reproduced.
We include the known 0, states in the Zn isotopes and
their positions are reproduced reasonably well. Mean-
while, the 0, states in the IBM-3 results are in good
agreement with the observed ones in %% Zn isotopes. The
deviations between calculation and experiment may be at-
tributed to the mixing of the collective excitation with qua-

si-particle excitations.

v (N-1,1]
2z =1 T=1
| — 1r !
. 4
44 y——le— 33—
o — y— r
I
4
. & »y__ 3 5
- 3t 0
< 0" — p—
B, *
& 2" r—
LY
Jy— >
00— o' —
exp. IBM-3
Fig.2. Comparison between lowest excitation energy bands of

the IBM-3 calculation and experimental excitation energies of

“7n. The experimental data are taken from Ref.[39].

M [N-11T
: T=2 T=2
64 +
Zn . 6—-5*_ . 3+_
4 e 4'— 7
4‘6—5+_ 1 4"t — RIS M
4" — 2 %::
+ 1"— * 4—
> I—2— N 3+_2 _ .
Lot 20— . =
2 o4—2 o0
FI
3 24 2*‘_ Ot—— . 00—
5 27—
27— 2—
040— 0—
exp. IBM-3

Fig.3. Comparison between lowest excitation energy bands of
the IBM-3 calculation and experimental excitation energies of

*7Zn. The experimental data are taken from Ref.[39].
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n 4 44_ R
. 6— .~ . —
al6— 4 S— 4— =3
4= o
. 2 12‘_ 4 2— 1—
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Fig.4. Comparison between lowest excitation energy bands of
the IBM-3 calculation and experimental excitation- energies of

®7Zn. The experimental data are taken from Ref.[39].
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74 - Ml
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1] 2 V § = R
ElE i
04 o= = H
Fig.5. Energy levels (T=T,T +1,T, + 2) and relative

electromagnetic transition probabilities for © Zn.

4 Mixed symmetry state

In order to identify the lowest mixed symmetry state
we analyze the wave function of low lying 2" states in
these nuclei. The main components of the wave function
for 2; and 2, are given as follows, respectively,

|2:) =- 0.573|s*d,) + 0.405|s,s,d,)
0.527|s2d,) + 0.405!s,s,d,) + =+,

12:) = 0.577]s5,(d}),) - 0.408]s,d,d.)

+
0.5771s,(d%),) - 0.408] s,d,d,) + -
for Zn isotope,
|2:) =- 0.696]|s.d,) + 0.401|sis.d,) +

0.401] s’ s, dy) — 0.401 | s,s5d,) + =,

12:) = 0.560|(d})od,) + 0.625](d);d,)
0.292] (d?),(d2),Y - 0.163|(d2),(d}),) + -
for ®Zn isotope, and

12:) = 0.516] 5,(d?)od,) +0.571 5,(d)), d,)
0.421]s,(d*),) - 0.199]s,(d2),(d}),) + =+,

12:) =- 0.761]s*d,) + 0.381|sls.d,)

+

+
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0.381 1 s’s,d,) — 0.125| s2(d2)pd,) + = Table 2. Experimental'®’ and calculated B( E2)(e*b*) and
for % Zn isotope : calculated B(M1)(p%) for ®Zn isotope.
In these expressions, we have labeled the angular Je—r B(E2) B(M1)
i f
momentum sub-total for the d-boson configurations. For Exp. Cal. Exp. Cal.

. 24 =07 0.0170(1) 0.0171
instance, | (d>),d,) means that the 3 d, bosons couple v
2 ~0f  0.0004(1) 0.0002
to L"v =3 and then they couple with a d, boson to form 2r 27 0.0175(6) 0.0202 0.0537 o
an L = 2 basis state. The wave functions show that the 2; 27 =2 0.0016 0.0804
state is the mixed symmetry in the *'*Zn isotopes, while S 0.0018 0.
* 3 : . 6 27 >0y 0.0042
the 2, is the mixed symmetry state in the = Zn, and all
] 0y =2 0.0001
N-1 . .
these states are from the s" ' d configuration. We found 0F =2} 0.0140
that the 2, state is a totally symmetric state, it is almost a oF =2, 0.0086
pure s"~? d* configuration, and has almost equal ampli- 05 =2 0.0176
tudes in the | s 'd,d,) and | shv"?s.d>) components. 05 =2 0.00
. ) 17 =0 0.0044
For the other 2* states, large mixed symmetry components
2.6 ' =2 0.0049 0.0000
. e . , . .
are included in 2, state in the Zn and 2 state in the 1F s 0.0012 0.1392
%7n (i.e. 2,, state with [ N - 1,1] partition) . From 12 0.0453 0.0000
Fig.2—4 one can see that the energies of 1" states are in 3 0.0016 0.0682
-good agreement with the available data, and they belong 4720 0.0378(17) 0.0202
e . . 45 =2 0.0015
to partition [ N —1,1]. The next higher mixed symmetry '
47 =27 0.0001
states come from the partition [ N - 2,2] find that
partition [ ads we ll 47 47 0.0262(87)  0.0066 0.0000
such states are about 5 MeV or higher and the lowest ex- 67 47 0.0276(48) 0.0141
ample is a 17 states in ***Zn at 4.92 MeV and 5.42
MeV, respectively. Table 3. Experimental’® and calculated B(E2)(e’b*) and
calculated B(M1)(u?) for ¥ Zn isotope.
5 Electromagnetic transitions’ P B(£2) B(MY)
' Exp. Cal. Exp. Cal.
_ N , 27 ~0f  0.0328(1)  0.0334
Our results for electromagnetic transition probabil-
27 07  0.0004(1)  0.0004
ities are summarized in Tables 2—4. The parameters of 2 —2;  0.0608(76) 0.0446 0.0013(7) 0.0000
the E2 and Ml operators were ﬁtted to experimental B 23+ ..,21+ 0.0198(182) 0.0018 0.0895(537) 0.1030
(E2; 27 —0;) and B(M1; 2;,—>2; ). The B(E2) 27 =27 0.0014 0.0000
values in the g.s.b. are calculated up to the 6" states, 2 =00 0.0061
s . ;=2 . . 1
and are well reproduced within the experimental errors. 07 =27 0.0001(1)  0.000
0 —2,;  0.0912(121) 0.0212
From these tables we see that the 2, , 2, and 3 states s
0f =27  0.0258(106) 0.0218
are connected by very strong E?2 transitions, indicating 17 =07 0.002(1) 0.0066
they are of full symmetry. In contrast, we see in these ta- 12 0.0011 0.1577
bles that the 2; and 3; states decay to 2, and 2, states 3r—>2¢  0.0002(1)  0.0002 0.0057 0.0000
by strong M1 transitions and weak E2 transitions in both 3¢ =2 0.0002(1)  0.0298 0.0501 0.0000
. . . 3, =2  0.0027 0.0016 0.0591(179) 0.0772
%71 isotopes. It is also true for 2, and 3; states in the >
« : 47 =27 . 0.0441(91) 0.0446
Zn isotope. We find that the mixed symmetry state tran- 427 0.0011(3)  0.0002
sition 2 —>2;" has an E2/M1 mixing ratio 0.099, 0.095 4727 0.0456(91) 0.02134
and 0.071 for ® *Zn, respectively. They are nearly pure 474} 0.0136(106) 0.0196 0.0268(71).  0.0000

M1 transitions. 6 —4;  0.0349(91) 0.0412
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Table 4. Experimental'®®! and calculated B(E2)(e’b*) and
calculated B( M1)(u?) for ®Zn isotope.
B(E2) B(M1)
Ji—=Is
Exp. Cal. Exp. Cal.

27 =07 0.0283(11) 0.0294

2 —0f  0.53(20) x10"* 0.0002

27 =2t =0.0750 0.0430 0.0000
27 =0 0.0054

2/ =27 0.0158(628) 0.0016  0.21(3) 0.2010
0} =2 0.0123

07 —>2; 0.0265

1 =0 0.07(2) 0.0100
172 0.0004%] 0.0080  0.0014(5) 0.0000
1 =2 0.0010  0.19(6) 0.2900
17 =2+ 0.0750(270) 0.0292 0.0000
372 0.0002 0.0000
37 =27 0.0329 0.0000
3 =2 0.0013 0.1420
4 =24 0.05591 % 0.0430

45 =2} 0.0001

47 —2; 0.0234

4} —~4; 0.0216 0.0000
6 4+  0.0200*3 0.0454
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6 Conclusions

We have investigated the ® *Zn isotopes using IBM-
3. The main focus of this investigation has been the
isospin and symmetry structure in these nuclei. A number
of isospin excitation states have been found up to 4 MeV
in the ®Zn (N = Z) nucleus, where the 2, level at 4.85
MeV is the T = 1 band head, and the O, state at 7.38
MeV is the head of T =2 band. When we did the calcu-
lation for this nucleus, we did not take into account of the
experimental 2, states in the fitting. However, after the
calculation, the calculated 2, state result agrees very well
with the recent experimental data”” . The present IBM-3
wave functions have been stringently tested in the energy
level and electromagnetic transition comparisons with ex-
periments. By inspecting the wave function, the (2,
27 ) and (2, , 2¢ ) are the first and second mixed sym-
metry 2" states in the :%7n and * Zn respectively. From
the Casimir form of the Hamiltonian, we found that these
even-even Zn isotopes are in the transition from U(5) to
0(6) dynamical symmetry. The U(6) label is also an

approximately good quantum number.
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