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Electromagnetic transition properties and isospin
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Abstract The interacting boson model with isospin (IBM-3) is applied to study the band structure and

electromagnetic transition properties of the low-lying states in the cross-conjugate nuclei **Ti and 3?Fe. The

isospin excitation states with 7=0, 1 and 2 are identified and compared with available data. The E2 and M1

matrix elements for the low-lying states have been investigated. According to this study, the 24 state is the

lowest mixed symmetry state in the cross-conjugate nuclei 4Ti and 52Fe. The excitation energy of the second

04 and 27 states with T=0 in the nucleus **Fe are identified. The agreement between the model calculations

and data is reasonably good.
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1 Introduction

With the development of radioactive ion beam fa-
cilities and large detector arrays, the study of the
structure of the f;/,- shell heavy nuclei (A >40) with
N = Z have gained renewed interest. The main rea-
son is that (i) the structure of these nuclei provides a
sensitive test for the isospin symmetry of the nuclear
force, (ii) these nuclei may give new insights into neu-
tron — proton (np pair) correlations that are unknown
up to the present, and (iii) these nuclei are important
for the rp-process nucleosynthesis. Many experimen-
tal and theoretical works [1-38] have been carried out
recently for the investigation and understanding of
the structure of the atomic nuclei with N=2. The
initial works focused on heavy odd-odd N=Z nuclei
[1-7]. However, many experimental studies have been
done recently for even-even N=Z heavy nuclei [9, 11,
13, 24] (A >40 up to A=88). The neutron-proton cor-
relations in the T=0 channel are an interesting aspect
of the N=Z nuclei, where the T'=0 pairing may lead
to a new collective mode [39, 40]. Nuclei with N=2
are expected to exhibit interesting deformation char-
acteristics; for example, the reduction of the moment
of inertia and the bankbanding phenomenon, etc.
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The interacting boson model (IBM) of nuclei,
introduced by Arima and Tachello [41], is phe-
nomenologically successful in describing the spectra
of medium heavy nuclei 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 inter-
acting boson model, IBM-1, no distinction is made
between neutron bosons and proton bosons. IBM-1
has been extended to IBM-2 by distinguishing neu-
tron bosons from proton bosons, and proved to be a
first approximation for IBM-2. IBM-2 is effective for
nuclear states of valence protons 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 isospin
effects have to be included. To this end, IBM-3 [42]
and IBM-4 [43] were proposed. IBM-4 describes nu-
clei in the sd- shell where the nucleons couple in the
LS scheme [43, 44]. In the pf shells, the nucleon cou-
plings are treated in the jj scheme, and IBM-3 has
to be used here. As has been shown [42-44], IBM-
3 is introduced for light nuclei. But there are some
medium heavy nuclei with protons and neutrons fill-
ing the same single particle orbit; for example, the
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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 [45], IBM-3
may be used. Furthermore, with more data accumu-
lating, this method may be used to describe the case
of many N=Z even-even nuclei.

In this work, we studied the electromagnetic tran-
sition properties, the isospin and mixed symmetry
structure of the cross-conjugate nuclei **Ti and *2Fe
in the framework of IBM-3, in an attempt to iden-
tify mixed symmetry states and the isospin excita-
tion states. The investigation of the relationship be-
tween particle-type and hole-type states of the cross-
conjugate nuclei **Ti and 5?Fe contributes to an un-
derstanding of the behavior of nuclear force.

2 The IBM-3 Hamiltonian

To present our results, we give here a few impor-
tant steps of the IBM-3. Details can be found in many
previous publications [19, 25, 39, 41-43]. As in IBM-
1, the IBM-3 model includes s and d bosons with no
intrinsic spin, however with isospin. To take into ac-
count the isospin conservation in the framework of bo-
son models, besides the proton-proton and neutron-
neutron pairs (7, v bosons), a proton-neutron pair
(6 bosons) is also introduced The building blocks
of IBM-3 are s¥, sf, s+, df, df and df. The three
s-bosons and three d bosons form an isospin T=1
triplet (T,=1, 0,
pairs, respectively). The wavefunction has also to be
classified by the Us(3) D SU(2)r
SU(2)r is the usual isospin group. The correspond-
ing creation and destruction operators of the bosons
are

—1 corresponding to pp, pn and nn

group chain, where

+
Imy,1mp?

blml,lmTv (1)

where [=0, 2 and —l < m; <[, —1 <
spectively. The 324 bilinear comblnatlons of blml Tomgs
bim, Tmy generate the unitary group U(18) of the
IBM-3. In the coupled tensor form, the operators
can be written as

I (L,T)
(bl1 X bm)

My, Mrp

mr <1, re-

= > (ml'm' | LMY (Lpdp’ | TMy) b, 3 b 1,0
mm/ pp’
(2)

Where the symbol (|) is the Clebsch-Gordan
coefficient. The dynamical symmetry group for IBM-
3is U(18), which starts with U,q(6)xUc(3) and must
contain SUr (2) and O(3) as subgroups because the

isospin and the angular momentum are good quan-
tum numbers. The natural chains of the IBM-3 group
U(18) are [19]
U(18) > (Uc(3) 2 SUr(2))

(Usa(6) D Ua(5) 2 0a(5) 2 0a(3)),
U(18) > (Uc(3) 2 5Ur(2))

(Usa(6) 2 O.a(6) 2 0a(5) 2 Oua(3)),
U(18) > (Uc(3) 2 SUr(2))
X (Usa(6) D SU.a(3) D Oq(3))- (3)

The subgroups U4(5), O.4(6) and SU,(3), as in
IBM-1, describe vibrational,y-unstable and rotational

X

X

nuclei respectively. Dynamical symmetries of the
IBM-3 have been studied in Refs. [19, 25, 39, 42]. The
isospin-invariant IBM-3 Hamiltonian can be written
as [42]

H=¢ns+eqnq + Hs, (4)

where

1 -
Hy =5 > Cron,((ddF)™™ (dd)">")

L2T2

+= Z Bor, ((
+ ZAsz

+ﬁ Z Dor, ((std*)?™2 (dd)?™2)
+= Z Gor, ((s

+ + 0T (§§)OT2)

(std") 2T, (d§)2T2)

+ + 0T (dd)OT2) (5)

and
(b b3 ) 22 (bsby) "2
= (=1)F=2412) /(20, +1)(2T, + 1)
x[(bFbF)" 2" (bsba) "], (6)

is the dot product in both angular momentum and
isospin. The tilted quantity is defined as

Blm,mz = (_1)(l+m+l+mZ)bl7mfmzu (7)

where T, and L, represent the two-boson system
isospin and angular momentum. The parameters A,
B, C, D and G are the two-body matrix elements
by Ar, = (sd20|H,|sd20), with T,=0, 1, 2, By, =
(s*0T3|Hs|s?0Ty), Gr, = (s*0T%|H,|d*0Ty), Dy, =
(sd2T5|Hy|d?2Ty), and Cr,p, = (d? LyTo|Ho|d? Lo Ts),
with To= 0, 2, and L,= 0, 2, 4 and Cr,; =
(d®Ly1|Ho|d?Ly1) with Ly=1, 3. The parameters A,
C1: and Cs, are Majorana parameters which are sim-
ilar to the ones in the IBM-2. Microscopic studies of
the IBM-3 parameters [46, 47] show that the IBM-
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3 Hamiltonian depends not only on the boson num-
ber but also on the isospin value. The dependence
on isospin is more dramatic than that on the bo-
son number. To have a good understanding of the
symmetry structures of nuclei, we have rewritten the
Hamiltonian in terms of a linear combination of the
corresponding Casimir operators [19]. In the Casimir
operator form, the Hamiltonian is given by

Heasimir = ACau,y6) +arT(T+1)4+eCu, 5
+7C20,46) +NC2s0,4(3) + BCau,(5)
T0C504(5) 01004 (3)- (8)

The C,s denotes the nth order Casimir opera-
tor of the algebra G. The A\ parameter can be used
to determine the position of the mixed symmetry
states. The parameters in the Hamiltonian can be
determined by fitting the experimental spectra. The
low-lying levels of the cross-conjugate nuclei *4Ti and
52Fe can be described by the following Hamiltonians,

HCasimir == _0'53502Usd(6) + 164T(T+ 1)
+0.4C1y, 5y +0.093C50, (5
+0.02020d(5) +0.OIC’Od(3). (9)

From (9), we found that the coefficient of Ciy, )
is very large. So the spectra are dominated by the
vibrational Ciy, ) term.

Another important aspect of nuclear structure is
its transition properties. The general one-boson E2
operator in IBM-3 consists of isovector and isoscalar
parts. So the quadrupole operator was expressed as
48]

T(E2)=T°(E2)+T"(E2), (10)

where
T°(B2) = aV3[std)?° + (d+5)%]
+80V3[(d*d)>, (11)
TYE2) = onV2[std)?' +(d+5)*]
+4V2[(d"d)*. (12)

The transition M1 is also a one-boson operator with
an isoscalar part and an isovector part,

T(M1) =T (M1)+T*(M1), (13)

where
TO(M1) = goV/3(d*d)® = goL/V10,  (14)
TY(M1) = g,vV2(d*d)", (15)

and g and g; are the isoscalar and isovector g-factors,
respectively, and L is the angular momentum opera-
tor. In order to analyze the contributions from the

isoscalar and isovector parts in the M1 and E2 tran-
sitions, we note the terms in the zero isospin z com-
ponent of the transition operators as [27]

TY(E2) = [(s*d)*+(d*3)* ] +[(sTd)*+ (d"5)%]s
+[(sTd)? +(d*5)?],, (16)

Toa(E2) = [(d*d)*]+[(d7d)’ls+[(d" Ay, (17)

T4(E2) = [(s7d) +(d"5)),

—[(8+d)2+(d+§)2]v, 18

(
T5a(E2) = [(d*d)*]~[(d*d)’],, (19
1 ] ] (

(

T3,(M1) = [(d"d)' ]+ [(d"d)']s+[(d"d)']s, (20

T3a(M1) = [(d"d)']—[(d"d)"],.

)
)
)
21)

So we rewrite the total transition operators as
T(E2) = a¢T%(E2)+ BT5,(E2) + o, TL (E2)
T4 T54(E2), (22)

T(M1) = \/g{gngd(Ml)+ngc{1d(M1)}' (23)

We will use these results in our investigation.

3 Results and discussion of the cross-
conjugate nuclei **Ti and 52Fe

We perform a standard IBM-3 calculation for the
cross-conjugate nuclei **Ti and *?Fe. For the spec-
troscopy of the low-lying states in the pf-shell nucleus
4474, 49Ca is taken as the closed shell core. Accord-
ingly, both proton and neutron bosons are of the par-
ticle type. For the nucleus ?Fe, we have chosen 26Ni
as the closed shell core, and both proton and neutron
bosons are of the hole type. The parameters in the
Hamiltonian, which are determined by a best fit to
the experimental levels, are listed in Table 1. The
comparison between the calculated and the measured
levels [49, 50] for **Ti and *?Fe are shown in Fig. 1.
The energy levels have been ordered into groups ac-
cording to the isospin and U(6) symmetry labels.

In general, a good reproduction of the low-lying
structural characters observed in the experimental
data can be found, especially for those states with
T=0 in the IBM-3 calculation, as shown in Fig. 1.
We predict that the excitation energy of the second
0F and 27 states with T=0 in *?Fe are 1.916 MeV
and 2.176 MeV, respectively. The calculation sug-
gests that the excitation energy of the 3" states with
T=1 in the nuclei **Ti and *2Fe approach 7 MeV.
In “4Ti, the calculation suggests that the 0 state at
9.298 MeV is one with T=2. In the low-lying states,
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the 1T state is of particular interest. In this paper,
the IBM-3 calculation gives the 17 level at 7.104 MeV
for the nuclei *Ti and *?Fe. The theoretical energy
level is in good agreement with the data for the nu-
cleus *Ti. In 52Fe, no experimental evidence for this

level is available. We suggest the 17 state level around
this energy.

We have analyzed the wavefunction of the low-
lying states, as shown in Table 2. It is found that
the main components of the wavefunction for these
states in the ground-state band are all basically s?,

N 3 o .
149 _— ;=]2 sV7d, sV 72d?, sV 73d? and so on configurations. For
1 - o 215 mstance,
. L T0"
_ gt
104 y— . N1.1] 0— |0F) = 0.8165|sisk) —0.5774[s2) +...... ,
0 — T=1T=1&2 T=1 [2F) = —0.5774 s} d}) —0.5774 s d’)
8 +
o 3 05774 [shdl) + ... ,
+ - 2F—
61 27 - 147) = 0.8165|d dL) —0.5774|d2) +...... .
. =0 T=0 )
= For the N=Z nuclei, *Ti and %?Fe, the lowest
5 4= 42— 42 isospin value is 7=0. From Table 2, we found that
= 2— “ 20 ; the experimental T=0, T'=1 and T'=2 energy levels
+ -+ Ti + IBM- .
0Jo—  “Fe To— o are reproduced by the IBM-3 calculation. The IBM-3
Fig. 1. Comparison of lowest excitation energy calculation predicts other member levels for the T'=1
bands (T =Ty, Tz+1 and Tz+2) of the IBM-3 and T'=2 bands also. The state 0; is a s-boson state
calculation with experimental excitation ener- only and contains a significant s? contribution. We
gies of **Fe and *'Ti. found that the two-d-boson states 07, 24 and 4 come
Table 1. The parameters of the IBM-3 Hamiltonian used for the description of the cross-conjugate nuclei *4Ti
and 52Fe.
Esv =€gm Edv —=€dm AZ(Z :0,1,2) CiO (Z :0,2,4) Ciz (’l 2072,4) Cil(’i = 1,3) Bl(’l :0,2) Dl(’l :0,2) GZ(Z :0,2)
—7.630 —7.724 2.116
0.07  1.075 —2.210 —7.464 2.376 2536 —7630 0000 0000
2.210 7304 2516 —2.436 2.210 0.000 0.000
Table 2. Main components and amplitudes of the wavefunction in IBM-3 calculated for the cross conjugate

nuclei **Ti and 5?Fe. The last three columns are the experimental and calculated values of the energy levels

for the cross-conjugate nuclei *Ti and 3?Fe.

JtT  U(6) Svsn Svdr Sredy dvdyr 2 52 ssds 44T1Expt’52FO Calc.
00 [ 0.8165 —0.5774 0.000  0.000  0.000
2 0 [2 —0.5774  —0.5774 05774  1.083  0.850  1.005
40 [2 08156  —0.5774 2454  2.386  2.316
00 [ —0.8165 0.5774 1.904 1.916
2 0 [2 —0.8165 0.5774 2.531 2.176
2 1 [11] 0.7071  —0.7071 6598  6.034  6.425
11 11 1.000 7.216 7.104
31 [11] 1.000 7.204
02 [2] —05774 —0.8165 9.298 8561  9.84
2 2 2 0.4082 0.4082 0.8165 10.006  10.845
02 [2 0.5774 0.8165 10.99  11.756
2 2 [2] 0.5774 0.8165 11.78 12.016
42 2 0.5774 0.8165 12.156
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from the same band because they have the same wave-
function structure. An analogous behavior is shown
in the states with T=2, 07, 24 and 4. To identify
the mixed symmetry states, we can make use of their
general signatures: weak E2 and strong M1 transi-
tions to symmetric states. Recently, it has been sug-
gested that mixed symmetry states may form isomeric
states under certain conditions [51]. The mixed sym-
metry state 2% in light nuclei with N = Z has been
identified in 2*Mg [31], *6Ar [32], **Ti [20] and **Cr
[22]. As shown in Table 2, among the low-lying states
2+, the IBM-3 calculation shows that the state 27 is
the lowest mixed-symmetry state of composition sd.
From these wavefunction expressions one can see that
the composition of the states with T=0 and T=1 are
two boson states and each state contains a & boson
component. It is shown that the & boson plays an
important role in this nucleus.

After the determination of the levels, the wave-
function is determined. The electric and mag-
netic transition properties can be obtained accord-
ingly. The parameters in the E2 and M1 operators
are close to the values used in Ref. [27], where oy =
80=0.075 eb, a;=£,=0.05 eb, go=0ux and ¢g;=2.7ux.
The results are summarized in Table 3.

For the even-even nuclei with N = Z, only the
isoscalar part contributes to B(E2), the isovector M1
transitions are isospin forbidden between its T=0
states and the isovector M1 components are rela-
tively weak. From Table 3 we find that the tran-
sition between the T=1 states has a zero isovector
component. We find that the transition is dominated
by their E2 transition from the Table 3. It is no-
ticed that the lowest mixed symmetry state 25 decays
to the state 2 through a strong M1 transition with
B(M1; 2§ — 27) =0.6961u%, and does not decay to
the state 2. The latter transition is almost forbid-
den. It is found that the E2 transitions with AT=0
are isoscalar dominant. For example, the isoscalar
E2 component is —13.1623 for the 27 — 0 tran-
sition. Moreover, distinguishing the U(5) and O(6)
limits can be achieved from the behavior of the de-
cay pattern of the states 17. In the U(5) limit, the
one-boson T'(M1) operator cannot offer the transition
from 17 to the ground state, but leads to a strong
decay to the state 05, which has a two-phonon char-
acter in the U(5) limit. From Table 3, we find that
the value of the 1§ — 23 M1 transition with AT=1
is larger, e.g. B(MI1; 11 — 2§) = 1.6243p%. This
fact is an argument supporting U (5) instead of O(6).
In addition, the 1§ — 24 M1 transition with AT=0

is isospin forbidden. The IBM-3 calculations provide
also quadrupole moments of the 27, 25 and 4 states,
which are Q(27) =12.711 efm?, Q(25) = —5.448 and
Q(47) =19.045 efm?, respectively.

As we known, nuclei lying in the middle of the f7/-
shell are strongly deformed near the ground state.
The cross-conjugate nuclei **Ti and *?Fe, which do
not lie in the middle of the shell, are less deformed, for
instance E,,,=2.3 and FE,;»;=2.8, respectively. The
rotational characteristics at low spin rapidly weak-
ens with increasing angular momentum because of
the competion between single particle and collective
degrees of freedom. The observed ground-state bands
of the cross-conjugate nuclei *Ti and 5?Fe are shown
in Fig. 2. The cross-conjugate nuclei *Ti and *?Fe
should have equal spectra in the IBM-3 calculation.
From Fig. 2, we found that the two spectra are very
similar at low spin. It is noticed that the symmetry is
broken at high spin, e.g., the observed 12*, 10" inver-
sion in nucleus 5?Fe. The inversion was understood
by describing the 12% state as two f7,» neutron and
two fr/» proton holes aligned [24]. Recently, Gadea
et al. [13] measured the y decay of the 12F yrast
trap for the nucleus 5?Fe and found that the two E4
transitions to the 8 states are hindered with respect
to other B(E4) transitions measured in the f;/, shell.
This 12% state is considered to be an isomeric one,
which mainly decays by Bt decay into excited states
of the daughter nucleus **Mn [52].

12
8 —_—.
- T 10"
—_ 12°
g
6 — 8
> 6
g 6" -
S 4 e
20
Q
5
4" 4"
2 —
2° 2"
- 0 0
44Ti22 52Fez(7
Fig. 2. Observed yrast states in the cross-

conjugate nuclei *4Ti and *?Fe.
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Table 3.

E2 and M1 transition properties analyzed with IBM-3. Columns 2—6 are the reduced matrix elements

for the various terms in the E2 transition operator. Column 7 is the B(E2) value (e*fm*). Columns 8 and

9 are the reduced matrix elements for the isovector and the all M1 transition operator. Column 10 is the

B(M1) value(u%).

Jr—Jt 1o (B2 79, (E2 T (B2 T (E2 T(E2 B(E2 T3, (M1 T(M1 B(M1
i f sd dd sd dd dd

27 —o0f -13.1623 —0.2372 112.5

25 —2f 1.4142 0.1061 112.5

25 —o0F 2.00 0.15 45

25 —o0f —1.1547 —0.0577 6.7

25 —of —2.582 —0.1291 33.3

25 —2f 0.8165 0.0408 16.7 0.6325 0.1708 0.6961
27 —2F —1.1547 0.0577 33.3

25 —2f —0.0577 —0.0289 8.3 —0.04472 —1.2075 0.3481
0 —2f 0.6325 0.0474 112.5

37 —2f 1.3663 0.0683 33.3

37 —of 1.1041 0.0552 21.8 0.8 2.16 0.7956
37 —2f 1.6733 0.1255 112.5

37 —4f 0.9759 0.0488 30.06 0.5164 1.3943 0.5967
4f —of  —1.8074 —0.1423 112.5

4F —of —0.7667 —0.0575 18.4

4F —2F 1.0954 0.0548 16.7

03 — 27 0.8165 0.0408 83.3

1y —of 1.2649 3.4153 0.9282
1} —2f —0.8944 —0.0447 33.3

1} —2f —0.6325 —0.0316 16.7 —0.7483 —2.021 1.6243
1} —2f 1.0954 0.0822 112.5

4 Conclusion

Using the interacting boson model with isospin,
we have calculated the isospin excitation bands at low
spin, the electromagnetic transitions and the mixed
symmetry structure of the cross-conjugate nuclei *Ti
and %?Fe. The calculated levels and the electromag-
netic properties are in agreement with the available
data. The E2 and M1 matrix elements for the low-
lying states have been investigated. The present cal-
culations also give the structures of the isospin and

mixed symmetry states for the cross-conjugate nuclei
4474 and 52Fe. The states with T=1 23 are the lowest
mixed symmetry states. The states 171 are the isospin
excitation states with T=1. The excitation energy of
the second states 05 and 23 with 7=0 in the nucleus
52Fe are identified as 1.916 MeV and 2.176 MeV, re-
spectively. It will be desirable to confirm these model
predictions in future experiments.

The authors are greatly indebted to Prof. G. L.
Long for his continuing interest in this work and his
helpful discussions.
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