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Abstract. A semiclassical (SC) approach is proposed to calculate the B(M1) transition rates in the band-crossing
region of two magnetic rotational (MR) bands. In the present work, a geometry is suggested for the shear blades
to govern its behaviour during the band-crossing. In the crossing region, gradual alignment of two nucleons is
responsible for the crossing behaviour and it must give a quantised resultant angular momentum. As an example,
it is successfully implemented for the MR bands in the mass A = 110 and A = 200 regions. A good agreement of
the present semiclassical calculations with the experimental values is presented and furthermore, it is seen that the
present proposal is also helpful to see the core contribution in the MR phenomenon.
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1. Introduction
In nuclear landscape, many dipole (I = 1) bands have
been reported which are known as magnetic rotational
(MR) bands and Frauendörf [1] already established that
these bands occur due to the highly asymmetric nuclear
current distribution. Most of these bands have a regular
sequence of state of fixed parity I π , I π + 1, I π + 2,
…, connected by strong I = 1, M1 transitions and
relatively weak crossover E2 transitions. The B(M1)
transition rate is large and decreases with increasing
angular momentum [2–4]. An excellent data compilation on these bands is available in [5] and more than
190 such bands have been found in about 80 nuclides.
In some of the nuclei, their magnetic rotational character is also retained after the band-crossing. In such
situations, the MR character is found in both the bands
and this phenomenon is known as MR band-crossing.
At the band head, the proton and the neutron angular
momentum blades (Jπ and Jν ) are nearly perpendicular
to each other and the total angular momentum, J , lies
between these with some tilted angle, υ, with respect to
the nuclear symmetry axis. The higher angular momentum states are generated by gradual closing of the two
blades step by step towards J . The MR band-crossing
occurs due to the alignment of a pair of valence nucle-

ons and the shear blades reopen to build a new shear
band [6–8]. The observed transition rates B(M1) of
these bands have been well described in the framework
of the tilted axis cranking (TAC) model by Frauendörf
[1,6] and semiclassical geometrical model by Clark and
Macchiavelli [7,9,10]. However, these models could not
reproduce the B(M1) value of the states in the crossing region. Semiclassical models [11] have also been
successfully used to study the signature splitting phenomenon in normal deformed bands [12], and to study
the properties of superdeformed bands [13,14].
In the present paper, an extension of the semiclassical
(SC) approach of Macchiavelli [10] has been proposed
to explain the MR band-crossing. This model is used to
calculate the B(M1) value in the crossing region (§2).
The results and discussion are given in §3 with examples
in mass A = 110 and A = 200 regions. Finally, we
conclude the present work in §4.

2. Semiclassical model for MR band-crossing
The present geometrical approach is that, in the MR
band-crossing, a nucleon pair which is responsible for
the band-crossing is coupled to zero angular momentum
before the crossing and the alignment of the nucleon pair
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changes the structure of the band after the crossing. In
the crossing region, there will be some states in which
the two aligning valence nucleons are only partially
aligned. The resultant angular momentum should be
quantised. Therefore, at these intermediate states, only
those angles that quantise the resultant angular momentum, are possible between the aligning pair. Using the
above interpretation of MR band-crossing, the B(M1)
value can be calculated when the band changes its structure during the crossing. From the geometry of the MR
band given in ref. [10], the B(M1) value is proportional
to the square of the perpendicular component of the magnetic moment (μ⊥ ) and it shows decreasing behaviour
with the spin. B(M1) is given in terms of proton angle
θπ and geff = gν − gπ as
B(M1) =

3 1 2
3 2 21 2
μ
⊥ =
g j sin θπ [μ2N ].
4π 2
4π eff π 2

(1)

The shear angle θνπ is given as
cos θνπ =

J (J + 1) − Jν (Jν + 1) − Jπ (Jπ + 1)
. (2)
√
2 Jν (Jν + 1)Jπ (Jπ + 1)

This expression has been extended in terms of the shear
angle in ref. [15] as
B(M1) =

3 (2Jν + 1)2 (2Jπ + 1)2
4π
16J (2J + 1)
×(gν − gπ )2 sin2 θνπ [μ2N ].

Jν12

In band-crossing, the band changes its structure by the
gradual alignment of Jν1 and Jν2 . Figure 1 shows the
classical picture of the nucleon alignment in the MR
band-crossing. If gν is the neutron g-factor before crossing, then, the effective neutron g-factor in the crossing
region is
gνeff = gν + gν12 ,

where gν12 can be calculated from the g-factors of the
aligning pair gν1 and gν2 as [16]
1
gν12 = (gν1 + gν2 )
2
J 1 (J 1 + 1) − J 2 (J 2 + 1) 1
+ ν ν 12 12 ν ν
(gν − gν2 ).
2Jν (Jν + 1)

(5)

(6)

From the semiclassical expression, eq. (3), B(M1) and
the shear angle θνπ of the states in the crossing region
can be expressed as

(3)

(4)

(b)

Figure 1. Classical picture of nucleon alignment and angular
momentum coupling of the MR band-crossing. (a) The aligning nucleon pair is antiparallel before the band-crossing and
are coupled to zero angular momentum. (b) In band-crossing,
the nucleon pair starts aligning with an angle φ between them
and their resultant angular momentum vector contributes in
forming the shears blade.

B(M1) =

Assume that a shear band is built by recoupling two
long angular momenta Jπ and Jν , which are formed by
coupling one or more protons and neutrons, respectively.
This band is crossed by another band that arises due to
the alignment of a pair of neutron (Jν1 and Jν2 ) along Jν ,
coupled to form Jν . The shears will re-open with the two
shear blades formed by Jπ and Jν . In the crossing region,
Jν1 and Jν2 are partially aligned with an angle φ between
them and the effective neutron angular momentum, Jνeff ,
is formed by the coupling of Jν and Jν12 where

= (Jν1 )2 + (Jν2 )2 + 2(Jν1 )(Jν2 ) cos φ,

(a)

cos θνπ =

3 (2Jνeff + 1)2 (2Jπ + 1)2
4π
16J (2J + 1)
eff
×(gν − gπ )2 sin2 θνπ [μ2N ],

(7)

J (J + 1) − Jνeff (Jνeff + 1) − Jπ (Jπ + 1)

.
2 Jνeff (Jνeff + 1)Jπ (Jπ + 1)
(8)

Same approach can be used if the aligning pair is a proton
pair.
3. Results and discussion
It has been observed in shear bands that the B(M1)
value decreases with increasing spin and after bandcrossing, the B(M1) value jumps to a higher value and
then again follows the same decreasing trend. A deeper
understanding of MR band-crossing can be done by calculating J eff and g eff for possible angle φ between the
aligning pair and observing the B(M1) behaviour. In
the crossing region, the B(M1) value should be of some
intermediate value so that it changes from a lower value
before crossing to a higher value above crossing by a
step by step increment. To test the validity of the proposed geometrical picture, B(M1) values of the states
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Table 1. Calculated Jνeff , gνeff and B(M1) values of the states in the crossing region for the possible angle
φ between the aligning pair. The bands are numbered according to refs [5,18].
Bands

J (h̄)

φ◦

Jνeff (h̄)

gνeff

B(M1) [μ2N ]

108 Cd-Band

1
−3
BC − π [g9/2
g7/2 ] ⊗ ν[h 11/2 (g7/2 /d5/2 )1 ]
−3
g7/2 ] ⊗ ν[h 311/2 (g7/2 /d5/2 )1 ]
AC − π [g9/2

16.5
17.0
17.5

164
146
130

12.5
13.5
14.5

−0.203
−0.255
−0.271

0.54
1.23
1.82

196 Pb-Band

21.0
22.0
23.0
24.0
39/2
41/2
43/2
45/2
39/2
41/2
43/2
45/2

159
134
107
74
155
130
104
72
160
134
107
74

11.0
13.0
15.0
17.0
8.5
10.0
11.5
13.0
8.5
10.5
12.5
14.5

−0.192
−0.219
−0.226
−0.228
−0.413
−0.448
−0.458
−0.462
−0.366
−0.396
−0.402
−0.405

3.02
5.36
7.85
10.41
1.15
2.71
4.35
6.17
1.09
3.89
6.93
10.20

3
−1
BC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
( p3/2 / f 5/2 )1 ]
−3
( p3/2 / f 5/2 )1 ]
AC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
197 Pb-Band

1
−1
BC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
]
−3
]
AC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
199 Pb-Band

1
−1
BC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
]
−3
]
AC − π [h 9/2 i 13/2 ] K =11− ⊗ ν[i 13/2
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Figure 2. Plot of alignment, i x , as a function of angular frequency, h̄ω, along with the gain in angular momentum, i x , after
the band-crossing. The solid lines are to guide the experimental points.

in crossing region have been calculated for some of the
MR bands in A ∼ 110 and A ∼ 200 mass regions. The
possible angle φ between the aligning pair was set to
get quantised Jνeff that can couple with Jπ to give total
angular momentum J of the state. The single-particle gfactors were calculated from the Nilsson orbitals of the
bands using the relations gπ = ( π + gsπ π )/| π |
and gν = gsν ν /| ν | [17]. A quenching factor of 0.6
free
was considered in the calculations, i.e. gsσ = 0.6× gsσ
free = 5.587 and gfree = −3.826. The
(σ = π or ν), gsπ
sν
total g-factor is given by

 i i
g
gσ = i sσ i σ .
i | σ|
The results of the calculations using the suggested configuration for before crossing (BC) and after crossing
(AC) of the bands are listed in table 1 for 108 Cd-band
1 [18,19], 196 Pb-band 3 [20,21], 197 Pb-band 1 [22,23]
and 199 Pb-band 1 [24,25]. The experimental alignment
and gain in alignment i x , after the band-crossing were
also calculated and is shown in figure 2. The observed
values of i x were in agreement with the values of jν
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Figure 3. Plot of B(M1) [μ2N ] as a function of spin J (h̄) for (a) 108 Cd-band 1, (b) 196 Pb-band 3, (c) 197 Pb-band 1 and
(d) 199 Pb-band 1. Solid circles are experimental points taken from refs [5,18]. The dashed lines and dash–dotted lines are
the theoretical curves calculated using Macchiavelli formalism [10] of MR bands for the given configuration of BC and AC,
respectively. Solid lines are SC calculations of the proposed model for the crossing region joining BC and AC theoretical
curves. In (c) and (d), the dash–double dotted lines are for the case when the core contribution is not considered.

Figure 4. Classical picture of neutron alignment in the MR band-crossing of 197 Pb-band 1. The neutron pair is antialigned
with φ = 180◦ before the band-crossing. In band-crossing, the neutron pair starts aligning in steps, their resultant angular
momentum vector contributes in the angular momentum blades, and becomes fully aligned with φ = 0◦ after the band-crossing.

and jπ considered in the present calculations. In the case
of 108 Cd, a core contribution to the total spin is considered in the calculations for BC and AC, following ref.
[18]. For 197,199 Pb, calculations for both the cases of
with and without core contribution were performed and
are shown in figures 3c and 3d, respectively. With core
contribution, the total spin of the state is given by [9,18]
R
(I − Ib ), (9)
I
where Ib is the band head spin of the band.
The possible angle φ between the aligning pair was
considered in such a manner that jνeff (or jπeff , if the aligning pair is a proton pair ) is quantised and the resultant
angular momentum of the aligning pair gives regular
increment in the angular momentum blade in each step
to achieve total i x in the band-crossing. For example,
in the case of 197 Pb, the band-crossing is brought by the
Itotal = Ishear + Icore ,

Icore = I −

alignment of a neutron pair from i 13/2 and the neutron
blade changes from jν = 6.5h̄ (BC) to jν = 14.5h̄ (AC)
in the band-crossing. The neutron pair starts aligning
and made a gain of 2.0h̄ in the first step, with an angle
φ = 155◦ , giving jνeff = 8.5h̄. Subsequently, it made
a gain of 1.5h̄ in each step to achieve a total alignment
gain of 8h̄ in the band-crossing. A pictorial representation of such step by step alignment of the neutron pair
is shown in figure 4.
4. Conclusion
We present a geometrical picture of MR band-crossing
and developed a semiclassical approach to calculate the
B(M1) values in the crossing region. The present SC
calculation shows good agreement with the experimental observations in 108 Cd and 196,197,199 Pb. In 197,199 Pb,
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consideration of the core contribution in the total angular
momentum gives better agreement with the experimental values. However, lack of enough experimental
B(M1) values for the crossing regions is a draw-back to
test its implementation in general for the band-crossing
phenomenon in MR bands. Such a geometrical picture
will help in a better perception of shear bands and their
crossing. It will propel the theoretical efforts in understanding the structure of these bands.
Acknowledgements
This work was done in Department of Physics and
Astrophysics, University of Delhi, India. One of the
authors, K Rojeeta Devi, would like to acknowledge the
financial assistance from the University Grants Commission (UGC), India in the form of research fellowship
at University of Delhi. The authors would also like to
acknowledge the Indo-US fellowship from the Department of Science and Technology (DST), India.
References
[1] S Frauendörf, Nucl. Phys. A 557, 259 (1993)
[2] H Hübel, Prog. Part. Nucl. Phys. 54, 1 (2005)
[3] S C Pancholi, Exotic nuclear excitations (Springer, New
York, 2011)
[4] A K Jain and Deepika Choudhury, Pramana – J. Phys.
75, 51 (2010)

Page 5 of 5

8

[5] Amita, A K Jain and B Singh, At. Data Nucl. Data Tables
74, 283 (2000); revised edition at http://www.nndc.bnl.
gov/publication/preprints/mag-dip-rot-bands.pdf
[6] S Frauendörf, Rev. Mod. Phys. 73, 463 (2001)
[7] R M Clark and A O Macchiavelli, Annu. Rev. Nucl. Part.
Sci. 50, 1 (2000)
[8] R M Clark et al, Phys. Rev. Lett. 78, 1868 (1997)
[9] R M Clark et al, Phys. Rev. Lett. 82, 3220 (1999)
[10] A O Macchiavelli et al, Phys. Rev. C 57, R1073 (1998)
[11] Alpana Goel and A K Jain, Phys. Rev. C 45, 221 (1992)
[12] Amita, Ashok K Jain, Alpana Goel and Balraj Singh,
Pramana – J. Phys. 53, 463 (1999)
[13] Suresh Kumar, Pramana – J. Phys. 82, 931 (2014)
[14] V S Uma, Alpana Goel, Archana Yadav and A K Jain,
Pramana – J. Phys. 86, 185 (2016)
[15] P Van Isacker and A O Macchiavelli, Phys. Rev. C 87,
061301(R) (2013)
[16] A de-Shalit and I Talmi, Nuclear shell theory, in: Pure
and applied physics edited by H S W Mossey and Keith
A Brueckner (Academic Press, New York and London,
1963) Vol. 14, p. 56
[17] H Mach, F K Wohn, M Moszyǹski, R L Gill and R F
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