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The low-energy level structure and electromagnetic transitions of 48:50Cr nuclei have been studied using the

interacting boson model with isospin (IBM-3). A sequence of isospin excitation bands with isospin T = T,, T, + 1

and T, + 2 has been assigned, and compared with available data. According to this study, the 2; and 2; states are

the lowest mixed symmetry states in “8Cr and 50Cr, respectively. In particular, the present calculations suggest that

a combination of isospin and F-spin excitation can explain the structure in these nuclei. The transition probabilities

between the levels are analysed in terms of isoscalar and isovector decompositions which reveal the detailed nature of

the energy levels. The results obtained are in good agreement with recent experimental data.
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1. Introduction

The interacting boson model (IBM)[!~3] is capa-
ble of giving a simple yet realistic description of nu-
clear collective motions. In its original version (IBM-
1), only one kind of boson is considered, correspond-
ing to fully proton neutron symmetric states. The
neutron—proton extension of the model (IBM-2), pre-
dicts a new class of states[*] having mixed symmetry in
the proton and neutron degrees of freedom, and it has
been successfully observed in various experiments.[5~7]
The interacting boson model has been successful in
describing various properties of medium and heavy
nuclei.8—11]

In lighter nuclei, the valence protons and neutrons
fill the same major shell and isospin should be taken
into account. In order to include the isospin, IBM

has been extended to the interacting boson model

with isospin (IBM-3).!2] Tn IBM-3 three types of
bosons are included: proton—proton (7), neutron—
neutron (v) and proton—neutron (4), which forms the
isospin T' = 1 multiplet. The v, § and 7 bosons have
the isospin projections My = —1, 0 and 1, respec-
tively. The wavefunctions can be classified by the
U.(3) D SU(2)r group,['?] where SU(2)r is the usual
isospin group. Dynamical symmetries of the IBM3
have been studied in Refs.[13-18]. The U,4(6) of IBM-
1 goes to the U(18) group for IBM-3 as its dynami-
cal symmetry group. The natural chains below U(18)
start with Usq(6) x U.(3), and they must contain O(3)
and SUr(2) as subgroups because the angular mo-
mentum and the isospin are good quantum numbers.
The U,(3) charge symmetry was described in detail in
Ref.[19]. The chains beginning with Ug4(6)xU,(3) and

satisfying the above requirement are the following:[]

U(18) S (Ua(3) D SU(2)) % (Usa(6) D Ua(5) > 0a(5) > 0a(3)),
U(18) D (Uc(3) D SUT(2)) x (Usa(6) D Os4(6) D Og(5) D O4(3)), 1)
U(8) 5 (Uu(3) 5 SUR(2)) x (Usa(6) > SUsa(3) 5 Oa(3)).
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The subgroups Ug(5), Osq(6) and SUs(3) de-
scribe vibrational, - unstable and rotational nuclei,
respectively.?®! The existence of the isospin excita-
tions in light nuclei has aroused interest in the last few

years.[21=25] Such renewed interest was sparked by dis-

covery of states with isospin 7' > T, (T, =| Z—N | /2).
The Cr isotopes have been the subject of many the-
oretical and experimental investigations. On the ex-

perimental side, large - ray detector arrays are now
available, and they have increased the detection sen-
Meanwhile, shell

model calculations in the full fp shell can now be per-

sitivity by orders of magnitude.

formed. Detailed description of the yrast band struc-
ture in the full fp space has been reported in 44Crl26]
and ®°Cr.[2"l Experimentally, the positive parity yrast
band was extended up to the band termination and
turned out to be in good agreement with the shell
model prediction.[?®291 A detailed analysis of back-
bending mechanism of “8Cr has been performed using
the projected shell model.* In 59Cr the first back-
bending at J* = 10" and second backbending at
J™ = 18" have been observed experimentally.3!] The
high spin states and electromagnetic transitions have
been investigated and compared with the shell model
results.[32] Recently, microscopic three-cluster model
calculations were also performed in an attempt to ex-
plain the band structure properties.3] A systematic
of “8Cr in the framework of the IBM-3 has
been performed in Ref.[19].

analysis
However, a comprehen-
sive analysis of the low-lying levels in these nuclei is
still missing. It is the purpose of this paper to study
the low-lying levels in the IBM-3, in particular to in-
vestigate the isospin and F-spin contents of the levels.
This paper is arranged as follows. In Sec.2, we briefly
discuss the interacting boson model with isospin. In
Sec.3, we present the results of our calculation for the
energy levels and compared with available data, and
analyse the isospin and F-spin structure of the results.
A discussion of electromagnetic transitions follows in

Sec.4. Finally, in Sec.5 we summarize our results.

2.The IBM-3 Hamiltonian

The most general IBM-3 Hamiltonian can be writ-

ten as

H = e,ng + €gng + Hg, (2)

where
1 .
=3 3 Oy ((ataty " (dd)")
LoTs
1 —~
5 22 B (161)(55)"™)
+ ZA2T (s'd")*™.(d5)*™2)
ZD2T TdT 2T (dd)2T2)
+ = ZGOT (sTst)0T> (dd)OTZ) (3)
and

(b)) 22T (bba) F2 T
=(—1)E=24T2) /(2L, +1)(2T5 + 1)
x [(b1b1) 2™ x (b3by)"2"2]% (4)

is the dot product in both angular momentum and

isospin. The tilted quantity is defined as

= (—1)Wmttdm)y, (5)

blm,mz

The symbols T5 and L represent the two-boson sys-
tem isospin and angular momentum. The parame-
ters A, B, C, D and G are related to the two-body
matrix elements by A, = (sd20 | Hy | sd20), with
T, = 0,1,2, By, = (s°0T» | Hy | $*0Ts), Gr, =
(s?0Ty | Hy | d*0Ty), Dr, = (sd2Ty | Hy | d*2T)
and Cr,1, = (d?LyTy | Hy | d?LyTy), with Ty = 0,2
and Ly = 0,2,4 and by Cr,; = (d*Lo1 | Hy | d®Lo1)
with Ly = 1,3. The parameters A;, Ci; and Cs
are similar to the Majorana interactions in the IBM-2
which and will be referred to also as Majorana inter-
actions. These interactions are important to shift the
states with mixed symmetry with respect to the to-
tal symmetric ones. Since only a little experimental
information is known about such states in the nuclei
under study, we attempt to vary the parameters ap-
pearing in these terms to fit the energy of available
experimental data on 11 and other states which are
sensitive to these parameters.

Microscopic studies on the IBM-3 param-
etersl34:35] shows that the IBM-3 Hamiltonian not only
depends on the boson number, but also depends on
isospin value. The dependence on isospin is more dra-
matic than on the boson number. The best fit to the
whole spectrum can be found. The normal product
form of the Hamiltonian 1 and the Casimir operators

of IBM-3 limits are related. They can be given, after
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some tedious algebra. We have rewritten the Hamilto-
nian in terms of linear combination of Casimir opera-
tors which is convenient for analysis of the dynamical
symmetry. The expressions of the Casimir operators
can be found in Ref.[13]. In Casimir operator form,

the Hamiltonians are

H48 :ACQUSJ(G) + 1460T(T + 1) + 003001Ud(5)
—0.091C5sy, ,(3) + 0.025C5y,(5)
+0.173C30,(s) + 0.01C0,(3), (6)

Hx, :ACQUM(G) + 1322T(T + 1) + 0-78001U,1(5)
— 0.119025U3d(3) + 0-03OC2U,1(5)
+0.091C30,(s) + 0.002C0,(3), (7)

for 48:50Cr isotopes, respectively. The corresponding
parameters in the form of Eq.(3) are also given in Ta-
ble 1.
ures of Ref.[35], with consideration of the contribu-
tion of the —xaoN, Ny term with x = (N — T)(N +
T +1)/3N(N — 1) interactions in the Hamiltonian,
we found that our Hamiltonian is consistent with this
The dependence on N and T is

considered in the Hamiltonian parameters.

From comparison of this table with the fig-

microscopic study.

Table 1. Parameters of the IBM-3 hamiltonian used for the
description of the Cr-isotopes.

Nucleus 48Cr 50Cr
€op = €om 1.830 1.274
€dy — €dn 2.737 2.58

A;(i=0,1,2) —6.264,—2.496,2.496
Cio(i = 0,2,4) —7.172,—5.018,—6.152 —5.802,—4.404,—6.042
Ciz(i=0,2,4) 1.588,3.742,2.608

—5.824,—2.108,2.108

2.130,3.528,1.890

Ci1(i=1,3) —2.993,—2.892 —2.370,—2.350
B;(i=0,2) —5.900,2.860 —5.348,2.584
D;(i =0,2) 0.681,0.681 0.890,0.890
Gi(i=0,2) —0.814,—0.814 —1.064,—1.064

The A determines the position of the mixed sym-
metry states. In 50Cr, there is one 11 state at
3.629MeV, and this requires A = —0.03MeV. We then
use the same value for the “8Cr isotope because no
experimental information is available for this isotope.
It can be seen from the Casimir operator form that
the Hamiltonian of “8Cr is more rotational than that
of °°Cr because the coefficient of Cy,5) in 48Cr is
much less than that in 5°Cr. In 50Cr the coefficient
of Ciy,(s) is very large, and this indicates that it is
closer to the U(5) limit and is in transition from U (5)

to SU(3).

3.Isospin and F-spin symmetry

structure

We assume %°Ni as the closed core and the bosons
in the current study corresponding to pairs of hole
fermions. The energy levels are shown in Figs.1 and
2. Good agreement exists in the ground state band
between the calculated and observed spectrum. In
other bands a one-to-one correspondence between cal-
culation and the experiment is established for those
levels that have been experimentally observed. The
energy levels and wavefunctions are obtained using
a computer program written by Van Isacker.36] Tt
is very interesting to see that the sequence of bands
with T =T,, T, + 1 and T, + 2 have been produced,
and they correspond to available experimental data in
48Cr, while in ®°Cr the experimental data are more
densely distributed than the calculation. The - band
with T = T, is the first and second excited band in
48Cr and ®°Cr, respectively. In Fig.1 we also draw the
ground state band of “8Ti where the lowest isospin is
T = 2 which should be close to the isospin analogue
state in “8Cr. It is worth pointing out that the *3Ti
spectrum is calculated with the same Hamiltonian as
that of “8Cr. Here we have assumed that the ground
state energy of *® Ti is equal to that of the IBM-
3 calculated 0}22 state in #8Cr. This is supported
by the following estimate. We estimate the energy of
the isospin analogue state in 8Cr by considering the
binding energy difference of “®Cr and *®Ti and then
subtracting the Coulomb energy difference. This es-
timation is crude because Coulomb energy depends
on the shape of the nucleus sensitively. By using the
tables in Ref.[37] and the following Coulomb energy

formula:

2

ECoulmob = 070A1/3(

1—-0.76272/3),  (8)

we obtained the energy of the T' = 2 isospin analogue
state in “8Cr to be 8.350MeV which is close to the
energy of the 0f_, = 8.760MeV in our IBM-3 calcu-

lation.

From the comparison between the IBM-3 results
and experiment data, the following points merit spe-
cial attention. In #8Cr, the 3] (T = 0) state appears
at 6.188MeV in our calculation, and it is not yet seen
in experiment. In °°Cr the IBM-3 predicts the first 31
at 3.823MeV and the second 3* at 5.921MeV. These
states are both from the [N — 1,1] U(6) irreducible
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representation. Here we have the U(6) labelling as it  state in 5°Cr are mixed symmetry states. In both nu-
is a good quantum number approximately. The first  clei the first J = 5% state is a solely mixed symmetry
and second J = 4% in 43°0Cr are in good agreement state.

with experimental data, and 4§L state in “8Cr and 4;
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Fig.1. Comparison between lowest excitation energy bands (T =T,,T.+1and T, + 2) of
the IBM-3 calculation and experimental excitation energies of 8Cr. The experimental data
are taken from Ref.[45].
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Fig.2. Comparison between lowest excitation energy bands (T =T,,T.+1and T, + 2) of
the IBM-3 calculation and experimental excitation energies of 5°Cr. The experimental data
are taken from Ref.[45].

To identify the mixed symmetry states, one can  state and first 2% state respectively.’® The mixed
make use of their electromagnetic transition proper-  symmetry J = 2% state in light nuclei has been iden-
ties: weakly E2 and strongly M1 decay to ground  tified in 5436Cr, 56:58F¢ [39] 56Rel4041] 5pd 64-68Ge,
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60-667n 142] The mixed symmetry structure of wave-
functions can be seen by calculating the (J | Coy (g |
J) value. The calculated 24 and 24 in *Cr and °°Cr
exhibit [N —1,1] U(6) partition, indicating that those
states are the lowest mixed symmetry states in 48:59Cr,
respectively. For 4Cr(T, = 0), the lowest mixed sym-
metry state comes from [N — 2,2] because [N — 1,1]
does not contain T' = 0, while for °°Cr it comes from
[N —1,1]. From Figs.1 and 2 one can see this fact and
therefore the lowest mixed symmetry state in **Cr has
high energy.

The TBM-3 analysis gives a 17 level at 6.218MeV
with partition [N — 1,1], and it is higher than the
lowest mixed symmetry 27 state. No experimental
evidence for this level is available. The energy of
the first 1T in 59Cr is equal to 3.613MeV, and it is
quite close to the experimental one. A possible can-
didate for 1§ mixed symmetry has also been iden-
tified at 7.876MeV; it is close to the observed state
J = (1,2) at 7.646MeV. The energy of these observed
states are well reproduced by the calculation. We have
varied each of the Majorana parameters around the
best-value while keeping all other parameters at their
best-fit values; the variations of the energy of these
states with the parameters are shown in Figs.3-6. In
48Cr the mixed symmetry component of the lowest
mixed symmetry band belongs predominantly to the
partition [N — 2,2] with T = T,. The second mixed
symmetry state 27 has the partition [N — 1,1] with
T =T,+1 =1 with energy 6.110MeV; it is very close
to experimental level at 6.100MeV (T = 1).%! Start-
ing with this mixed state, a whole band of mixed states
is predicted by this IBM-3 calculation. At the same
time the lowest mixed symmetry bands in 3°Cr have
the partition [N — 1,1] with T =T,,T, + 1 as shown
in Fig.2. Because IBM-3 has three charge states, it is
possible to construct U(6) partitions into three rows,
namely the [N1, No, N3] states which are characteris-
tic of IBM-3. We found that such state comes high in
energy, upwards at about 8.5MeV, the lowest example
being a scissor mode state in 8Cr at 8.599MeV which
is predominantly the [2,1,1] partition with T' = 1.
The present calculation predicts that it decays to 2;’
by strong M1 transition with B(M1) = 0.24u% and
weak E2 transition with B(E2) = 0.0013¢%p%. Tt
would be very significant if these properties are ob-

served in experiment.
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Fig.3. Variation in level energy of *8Cr as a function

of C11; all other parameters were kept at their best-fit
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Fig.4. Variation in level energy of *8Cr as a function
of Cs1; all the other parameters were kept at their
best-fit values.

7.0
50
17°Cr  best fit
6.5 ' 4;
6.0 § 1t
i 1 +
% 5.5 t 2
2 50 : rd
B - ; / +
s , 2
g 4.5 1 : B 3
= ' 4+

4.0 r - 2
+
: 3]

3.5 !
: ot
30{ — A4 —— %

Fig.5. Variation in level energy of 5°Cr as a function

of C11, all other parameters being kept at their best-fit
values.
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"0 o0, best it " 4. Electromagnetic transition
6.5 / *3
6.0 e The E2 transition is described by the follow-
N / 3I ing isoscalar and isovector one-boson FE2 operators
‘R 2 = Q0 1+ Qt:[42]
§ 5.0- ; - @=0"+0Q
80 1 . - + R
5 | % Q° =aoV3[(sd)* + (d78)]
) ] i . —af 5
0 17 + oV3[(d* ), ©)
3.5 7/// _ 5 .
3.0- 5 2} Q' =a1V2[(s*d)*! + (d75)*"]
. T T T i T T T T T + ﬂl ﬁ[(d+d)]21 . (10)
-30 -25 -20 -15 -1.0 -05 0.0
Ca1 The M1 transition is also a one-boson operator

Fig.6. Variation in level energy of 50Cr has a func-
tion of C31, all the other parameters being kept at
their best-fit values.

‘We now compare the present results with those by
Garcia-Ramos and Tsacker,['?] which have been one of
the most successful IBM-3 calculations in this region.
Low-lying levels in *Cr nucleus are determined by
using a simplified Hamiltonian. Up to E,=4MeV the
two results are similar except for the O;’ state, where
our result is close to the experiment one at 3.42MeV.
The Garcia-Ramos and Isacker result did not pro-
duce the 2% (T'=1) state, which has been observed at
6.1MeV (see Fig.4 of Ref.[19]). At the same time the
energies of 1T states are in good agreement with the
result of Abdelaziz et all*®! (see Table 5 of Ref.[43]). It
is demonstrated that the T =T,,T, + 1,T, + 2 states

are well reproduced.

with an isoscalar part and an isovector part M =
MO+ M1 [42]

M° =gov/3(d*d)*° = goL/+/10,
Ml :gl\/i(d+(i)11:

(11)
(12)

where g; and go are the isovector and isoscalar g-
factors, respectively, and L is the angular momentum
operator.

Having obtained the wavefunction for states, we
can calculate the electromagnetic transition rate be-
tween states using the subroutine (BEM3TR). In or-
der to link it with energy code, we have made some
modification. The parameters in the F2 operator are
adjusted to fit the experimental data of B(E2; 2]L —
07), where ag = By = 0.1 and 0.13 for “8Cr and *°Cr,
respectively and a; = #; = 0.1 for both isotopes. The

results are summarized in Tables 2 and 3.

Table 2. Experimentall32:45] and calculated B(E2) (e2 B2),
calculated B(M1) (u%;) and mixing ratio for 48Cr isotope.

B(E2) B(M1) 5
JF - Jf+ Exp. Calc. Calc. Calc.
21 — of 0.0320(41) 0.0309
25 —of 0.0067
25 —2f 0.0007 0.0000
25 — 0F 0.0101
17 —of 0.6437
1} —of 0.2362
1§ —2f 0.0077 0.3923 0.3141
17 —2f 0.0091 0.2103 —0.1434
17 —2f 0.0016 0.1365 —0.0517
2F —af 0.0166
af —2f 0.0329(110) 0.0383
4 —2f 0.0012
67 — 4f 0.0301(78) 0.0345
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Table 3. Experimentall32:44:45] and calculated B(E2) (in unit e2b?), B(M1) (in unit K3

and mixing ratio for 3¢Cr isotope.

B(E?2) B(M1) 5
Ji+ — J}" Exp. Calc. Exp. Calc. Exp. Calc.
2F —of 0.0217(25) 0.0247
2 - 2f 0.0072 0.3938(716) 0.6319 0.03190¢ 0.1383
25 - of 0.0023(8) 0.0062
of —2f 0.0385
2§ —of 0.0109
2f —2f 0.0209 0.0000
2 —2F 0.0013 0.0238 0.1291
1§ —of 0.3300(400) 0.2778
1§ —of 0.378
17 —2f 0.0072 0.2225 0.2113
17 —2f 0.0318 0.0013 —1.2259
17— 2f 0.0086 0.6559 —0.0447
1§ —2f 0.0002 0.0026 - 0.2118
15 —»2f 0.0048 0.0012 —4.0168
3F —2f 0.0177 0.1421 —0.4452
3F —4f 0.0031 0.4741 —0.0636
4f —2f 0.0204(25) 0.0256
af —af 0.0110 0.1325(375) 0.4885 —0.02%3-18 — 0.1281
57 — 37 0.0031
57 - 4t 0.0001 0.0108 0.0671 —0.47(16) —0.5005
67 — af 0.0235(47) 0.0165

The B(FE2) values between the yrast states are
well reproduced. The calculated B(E?2;4] — 2{) and
B(E2;6] — 47) are quite close to the experimental
values, at the same time the calculated B(E2; 2;{ —
Of) in ®0Cr is larger than the experimental by about
0.004€%b?.

transitions between states with the same partition are

From these tables one can see that the

larger than transition between states with different

U(6) labels.

The isovector part M1 of the transition from
1t and higher energy 27 mixed symmetry states to
ground state and first 27 state respectively is anal-
ysed. The result is consistent with the identification
of the 1* and the lowest 2, | in the these two nuclei.
From the M1 operator, the isoscalar part is simply
the angular momentum; M1 transition is determined
by g1 part only. For a good reproduction of calcu-
lated M1 transition we used the g; = —2.8upn for the
48Cr and °°Cr. They lead to pure isovecter M1 transi-
tions. In °°Cr isotope the calculated B(M1;1] — 07)
and B(M1;4] — 41) values are in good agreement
with the experimental data. We obtain B(M1; 2;’ —
2?):0.6319 w% which compares well with the 0.3938

w3 value observed experimentally. The 2;’ — 21" de-
cay with its £2/M1 mixing ratio of §=0.03 found ex-
perimentally is nearly pure M1 transition.

In ®°Cr the calculated 1% state at 8.901MeV de-
cays to ground state with reduced M1 transition 0.100
u% and is in good agreement with the experimental
data of 0.0823(89)u%; reported in Ref.[45] The relative
B(E?2) transitions between the states J = 0%,1" and
2% having different isospin values are calculated and

summarized in Figs.7 and 8, respectively.
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9 P = S |= 3 8 |5
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Fig.7. Energy levels and relative B(E2) for 48Cr
isotope.
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Fig.8. Energy levels and relative B(E2) for 50Cr isotope.

We have also calculated the magnetic dipole mo-
ments for the ground state band in *°Cr. The pa-
rameters used in the calculation are go=1.0 uny and
g1 = —2.8un. To show the sensitivity of the mag-
netic dipole moments to the gg parameter, we fixed g;
which is determined by the M1 transition and varied
go- The result is shown in Fig.9 where the best fit
appears at go=1.0upn.

5.0
] -6t
12 4.5 P 1
E 4.0 e
2 3.5
g 30 - 4
g 2.5 // _—
o 2.0/ _—
g 15 //// : .
g 10] — ////
s o
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-0.2 0.0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0
JoH N

Fig.9. Magnetic momentum of 5°Cr as a function of
go, g1 being kept at best-fit values =—2.8. The exper-
imental data (denoted by e) are taken from Ref.[45].

5. Conclusion

Summarizing our results we may conclude that
the IBM-3 description of the low-lying levels in the
48Cr and %°Cr nuclei is satisfactory. We have shown,
on the basis of energy levels and electromagnetic prop-
erties, the presence of mixed symmetry states near 5
and 3MeV in *®Cr and %°Cr, respectively. In “3Cr
the 2; state at 5.069MeV decays predominantly to
the ZIL state via a pure M1 transition, while in 3°Cr
the 227L state decays strongly through M1 and weakly
through F?2 transition decay to 2IL. Theses states are
the candidates of the lowest mixed symmetry states
in 4850Cr, respectively. In our calculation the scissor
mode 17 states in these nuclei lie higher than the low-
est mixed symmetry 2% states, which were observed
at 3.629MeV in °°Cr. No mixed symmetry state la-
belled with [N — 1,1] and T = 0 exists in “8Cr, and
this is a natural result of group reduction. As a result,
the scissor state in 8Cr nucleus is higher than that in
50Cr.

The calculated results are in good agreement with
available experimental data, but more experiment
data for those nuclei are needed to validate this pre-
dicted nuclear structure. In particular, the present
calculations suggest a combined isospin and mixed
symmetry excitation in the low-lying levels of these
nuclei. The present calculation also predicts the ex-
istence of row-rowed partition state at about 9Mev,
and this type of state is typical of IBM-3, not present
in IBM-1 and IBM-2. It will be highly desirable to

substantiate these predictions in future experiment.
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