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Abstract. Variation after projection (VAP) calculations in conjunc-
tion with Hartree–Bogoliubov (HB) ansatz have been carried out for
134–152Sm mass chain. In this framework, the yrast spectra, B(E2)
transition probabilities and occupation numbers for various shell model
orbits have been obtained. The observed shape transition encountered
in going from 150Sm to 152Sm is seen to arise due to enhanced occupa-
tion of low k-components of (h11/2)π orbit, increased polarization of
(d5/2)π orbit and increase in the occupation of (i13/2)ν and (h11/2)ν

orbits. The unusual increase in deformation observed in 134Sm is found
to be due to the filling of (d3/2)ν and (h11/2)ν orbits to half their ca-
pacity.

PACS number: 21.60.–n, 27.60.+j, 21.60.Jz

1. Introduction

The study of properties of even-even Samarium (Sm) isotopes has been the
focal point of large number of experimental studies in the past [1–22]. Exper-
imental data on the excitation energy spectra, interstate transition probabilities
and quadrupole deformation parameters, are now available for many isotopes
in the isotopic mass chain of Sm nuclei. From the systematics of the observed
data, it is found that there is a systematic variation of low lying yrast states
with mass number A. For A < 144, part of the Sm isotopic mass chain, the
energy values of low lying states increase as one moves towards 144Sm. After
144Sm, their values systematically decrease and at A = 152, a very distinct
deformed ground state band is observed to emerge. The deformed band is also
seen to emerge in 134Sm. In brief, a striking feature exhibited by the isotopic
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mass chain of the Sm isotopes is the occurrence of two shape transitions. It
is found that 144Sm is a spherical nucleus with E+

4 /E
+
2 = 1.32. One shape

transition is observed to occur in the N > 82 part of the isotopic mass chain
at N = 90. The Sm isotope with N = 90 is nearly a rotational nucleus hav-
ing E+

4 /E
+
2 = 3.01 which is quite near to the value of 3.33 exhibited by a

rigid rotator. It has a large B(E2; 0+ → 2+) transition probability value of
3.22e2b2. In the same isotopic mass chain another spherical to deformed shape
transition is observed to occur at 134Sm. This nucleus is observed to be a very
deformed nucleus having quadrupole deformation as 0.3, E+

4 /E
+
2 value of 2.94

and B(E2; 0+ → 2+) value of 4.2(6)e2b2.
It would be very interesting to understand the causes responsible for the

systematic variation of low lying yrast states with A between 134Sm and 152Sm
and also the mechanism behind the manner, in which transition from sphericity
to deformation occurs between 134Sm and 152Sm.
There have been many theoretical attempts made in the past to understand

the systematics of the low lying yrast states in small parts of Sm isotopic mass
chain [1, 16, 17, 23–38]. In particular a lot of work has been carried out
within the context of the interacting boson model (IBM). Scholten et al [23]
carried out a calculation of energies, electromagnetic transitions and nuclear
radii for A > 144 part of the Sm isotopic mass chain in s–d level, IBM
framework and presented a phenomenological analysis of the transition from
the vibrational SU(5), to the rotational SU(3) limit. It has been pointed out by
them that the questions why and where the various symmetry characters make
their appearance can be answered by looking at the microscopic description of
bosons and in terms of shell model states.
Otsuka and Sugita [24] analysed the energies and E2 properties of the 0+

1 , 2
+
1 ,

and 4+
1 levels of the Sm isotopes in the s–d–g framework employing variation

after projection (VAP) method. They demonstrated that the observed deformed
shape transition in these isotopes depends on the boson number. Devi and Kota
[25] have studied the 0+

1 , 2
+
1 and 4+

1 levels in
146–152Sm in s–d–g IBM frame-

work. Sometime back, Lister et al [1] have predicted the lightest 134–138Sm
isotopes to be axially symmetric rotors. Takada et al [26] studied the shape
transition from spherical to deformed shape in the Sm isotopes and suggested
that there is a clear shape transition between the 148,150Sm and 152Sm. The
148,150Sm show a vibrational character and 152Sm a rotational character. They
predicted that the coupling between the collective and non-collective degrees
of freedom plays an essential role in the shape transition from spherical to
deformed nuclei. Gupta [27] studied the shape transition of light Sm isotopes
in the IBM model and reproduced the spectra of 134–140Sm. Paul et al [16,
17] studied the 136,138Sm in terms of total routhian surface and cranked Woods
Saxon calculations and predicted that 136Sm is truly a transitional g-soft nucleus
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between prolate 134Sm and triaxial 138Sm nuclei. Dinh et al [29] investigated
the low-lying excited states in 146Sm using the quasiparticle-phonon model
(QPM). They found that the interaction between collective and non collective
modes leads to a complex structure for the second and third 2+ states. While
the first 2+ state is an isoscalar one, the second and third 2+ states have a
large isovector component. The spherical nucleus 144Sm is extensively studied
in QPM [30–32]. Grinberg and Stoyanov [30] obtained the results for level
energies and reduced transition rates relevant to the members of quadrupole-
octupole and octupole-octupole two phonon multiplets and these results are in
reasonable agreement with the experimental investigations. They have shown
that the 1− state is member of the two phonon quadrupole-octupole multiplet.
These states are isoscalar in origin and the corresponding B(E1) values should
be the result of a delicate interplay between isoscalar and isovector modes in
the structure of the low-lying excited states. The low energy E1 transitions in
144Sm between the ground and excited states and between excited states are
studied by Ponomarev et al [31, 32]. The transitions are allowed by spin and
parity but forbidden in the ideal boson picture. It is shown that the transitions
can be quantitatively described making use of the internal fermion structure
of phonon. They have taken giant dipole resonance (GDR) core polarization
into account in their model and calculated its influence on microscopic foot-
ing. It is shown that transition probabilities of an order of 10−3 W.u. observed
experimentally are well described by this model. The GDR core polarization
plays an important role for E1-transitions between two excited states with main
one-phonon configurations.
In recent work [33, 34] rather startling properties of 152Sm have led to new

theoretical interpretations, both of this nucleus [35] and of the way in which
deformation evolves in some nuclear transitional regions [38]. These interpre-
tations were motivated by the fact that a number of B(E2) values for 152Sm in
the literature were incorrect and which provided new measurements of them.
Zhang et al [37] showed that data on E2 transition rates in 152Sm can be repro-
duced in Geometric Collective Model and the co-existence interpretation of this
pivotal nucleus. Zamfir et al [34] have recently performed IBA calculations
with two parameters and reproduced the deformed yrast states in 152Sm. They
emphasize the point that the coexistence picture for 152Sm is strongly supported
only for lowest levels built on the 0+

2 states. Klug et al [2] have measured the
value of B(E2; 4+

2 → 2+
2 ) in 152Sm to 204 W.u. which is much smaller than

the literature value. This removes an anomaly among collective transitions
and a serious discrepancy with existing calculations. Although there have been
many theoretical attempts made at understanding the low lying systematics in
the Sm isotopes, but these have not been applied uniformly to the complete
isotopic mass chain of Sm isotopes: Sm isotopes with A > 144 and A < 144.
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Any theoretical framework applied to a few isotopes can in general yield good
agreement with experiments. To check their reliability, it is important to see,
whether the same model produces good agreement for the rest of the members
of the isotopic mass chain. It would therefore be interesting to study these
nuclei in a single microscopic framework. The present paper embodies an
attempt in this direction, wherein attempt has been made to carry out a micro-
scopic study of the yrast states and B(E2) transition probabilities in the nuclei
134–152Sm, by employing the variation after projection (VAP) [39] formalism in
conjunction with the HB [40] ansatz for the axially symmetric wave functions.
For the calculation of the yrast levels, the pairing plus quadrupole-quadrupole
plus octupole-octupole plus hexadecapole-hexadecapole (PQOH) model of ef-
fective interaction operating in a valance space spanned by 3s1/2, 2d3/2, 2d5/2,
2f7/2, 1g7/2, 1h9/2, 1h11/2 and 1i13/2 orbits for protons as well as neutrons is
employed. The 100Sn is considered as core.

2. Calculational Details

2.1. The One and Two Body Parts of the Hamiltonian

The spherical single-particle energies (S.P.E.’s) that we have employed are (in
MeV): (2d5/2) = 0.0, (3s1/2) = 1.4, (2d3/2) = 2.0, (1g7/2) = 4.0, (1h11/2) =
6.5, (2f7/2) = 14.0, (1h9/2) = 14.5 and (1i13/2) = 15.5. The S.P.E.’s of 2d5/2,
3s1/2, 2d3/2, 1g7/2 and 1h11/2 are nearly the same as that employed by Vergados
and Kuo [41] as well as Federman and Pittel [42] The S.P.E.’s of 2f7/2, 1h9/2

and 1i13/2 orbits are taken from Nilsson diagrams, published in the book [43]
with small variations so as to reproduce shell closures for N = 82 for 144Sm.
The two body effective interaction that has been employed is of PQOH type

[44, 45]. The pairing part can be written as

VP = −G

4

∑
αβ

SαSβa
†
αa

†
ᾱaβ̄aβ (1)

where α denotes the quantum numbers (nljm). The state ᾱ is the same as α,
but with the sign of ‘m’ reversed. Here Sα is the phase factor (−1)j−m. The
quadrupole-quadrupole (q–q) part of the interaction is given by

Vq.q =
χ

2

∑
αβγδ

∑
μ

〈α|q2
μ|γ〉〈β|q2

−μ|δ〉(−1)μa†αa
†
βaδaγ (2)

where the operator q2
μ is given by

q2
μ =

√
16π
5
r2Y 2

μ (θ, φ) . (3)
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The strengths for the like particle neutron-neutron (n–n), proton-proton (p–p)
and neutron-proton (n–p) components of the quadrupole-quadrupole (q–q) in-
teraction were taken as

χnn(= χpp) = −0.0102MeVb−4 and χnp = −0.0204MeVb−4

Here b =
√

�

mω
is the oscillator parameter.

These values for the strengths of the q–q interactions compare favorably
with the ones employed by Devi et al [46]. The strength for the pairing inter-
action was fixed through the approximate relation G = (18–21)/A. The rela-
tive magnitudes of the parameters of the octupole-octupole and hexadecapole-
hexadecapole parts of the two body interaction were calculated from a relation
suggested by Bohr and Mottelson [45]. The values of these parameters for
octupole-octupole interaction work out to be

χpp3(= χnn3) = −0.00366MeV b−6 and χpn3 = −0.00690MeV b−6

whereas their values for hexadecapole-hexadecapole part of the two body in-
teraction turn out to be

χpp4(= χnn4) = −0.00033MeV b−8 and χpn4 = −0.00066MeV b−8

2.2. Projection of the States of Good Angular Momentum from Axially
Symmetric HB Intrinsic States

The procedure for obtaining the axially symmetric HB intrinsic states has been
discussed in Ref. [47].

2.3. The Variation-after-angular Momentum Projection (VAP) Method

The VAP calculations has been carried out as follows. We first generated the
self-consistent HB solutions Φ(β), by carrying out the HB calculations with
the Hamiltonian (H − βQ2

0), where β is a parameter. The selection of the
optimum intrinsic states Φopt(βJ ), is then made by finding out the minimum of
the projected energy

EJ(β) =
〈Φ0(β)|HP J

00|Φ0(β)〉
〈Φ0(β)|P J

00|Φ0(β)〉 (4)

as a function of β. In other words, the optimum intrinsic state for each yrast
J satisfies the conditions

∂

∂β

[
〈Φ0(β)|HP J

00|Φ0(β)〉
〈Φ0(β)|P J

00|Φ0(β)〉

]
β=βJ

= 0 . (5)
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3. Deformation Systematics of Sm Isotopes

From the observed systematics of the E+
2 and E+

4 /E
+
2 values, the isotopic

mass chain of the Sm isotopes can be divided into two groups with 144Sm as
a spherical nucleus. The Sm isotopes with A > 144, constitutes one of the
groups, whereas the other group is made by the Sm isotopes having A < 144.
If one looks at the Sm isotopes with A < 144, one observes a large decrease in
the value of E+

2 energy and sharp increase in the E
+
4 /E

+
2 value, in the transition

from 144Sm to 138Sm. Thereafter, the change in E+
2 and E

+
4 /E

+
2 value becomes

gradual during the change over from 138Sm to 136Sm. A very sharp decrease
in the E+

2 energy and a sharp increase in the E+
4 /E

+
2 value is seen while

shifting from 136Sm to 134Sm. This means that a spherical to deformed shape
transition commences as one moves from 144Sm to 142Sm. The increase in
the deformation is very sudden. The deformation in the isotopes continues to
increase though gradually, till 136Sm is attained. Thereafter a sharp and large
one step increase in collectivity is observed to occur, in the change over from
136Sm to134Sm. The sharp increase in collectivity from 136Sm to 134Sm is also
supported by the large increase in the B(E2; 0+ → 2+) transition probability
value shown in Table 4. The B(E2; 0+ → 2+) transition probability value for
136Sm is 1.84(15)e2b2 whereas its value for 134Sm is 4.2(6)e2b2.
Next, let us focus our attention on the part of Sm isotopic mass chain with

A > 144. There is a sharp decrease in the E+
2 energy and a sharp increase

in the E+
4 /E

+
2 value, as the analysis moves from 144Sm to 150Sm. During

the switchover from 150Sm to 152Sm, there is a very sharp decrease in the E+
2

energy and a sharp increase in the E+
4 /E

+
2 values. For this part of the isotopic

mass chain also, one finds again the occurrence of spherical to deformed shape
transition with a sharp increase in deformation from 150Sm to 152Sm.
Within the framework of the hydrodynamic model, Bohr and Mottelson [48]

have derived a simple expression for the B(E2) values in terms of the transition
energy of E+

2 state. If one analyses the systematics of the E+
2 energy values

and E+
4 /E

+
2 values in the light of this relation, that may be interpreted to imply

that the E+
2 systematics bear an inverse correlation to the observed quadrupole

moment (Q+
2 ) systematics. Since the Q

+
2 of a nucleus is directly related to

its intrinsic quadrupole moment, the observed systematics of the E+
2 with A

should produce a corresponding inverse systematics of intrinsic quadrupole
moments of the Sm isotopes with increasing A. Based upon the above logic,
the calculated values of intrinsic quadrupole moments should exhibit an inverse
systematics of the E+

2 state. Thus, for the part of the isotopic mass chain with
A < 144, there should be a sharp increase in the intrinsic quadrupole moments
as one moves from 144Sm to 138Sm, the increase in intrinsic quadrupole moment
should become gradual from 138Sm to 136Sm, thereafter the increase in intrinsic
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quadrupole moment should register a large one step increase. In the case of the
Sm isotopes with N > 82, a sharp increase in the intrinsic quadrupole moments
should occur from 144Sm to 150Sm and then there should again be a large one
step increase in the intrinsic quadrupole moment as one goes from 150Sm to
152Sm. In Table 1 the results of HB calculations are presented. It may be noted
that for the 144Sm, the intrinsic quadrupole moment is 12.47b2, where b is a
harmonic oscillator parameter. This value is the smallest, meaning thereby that
this nucleus should be nearly spherical that is what is observed experimentally.
For part of the isotopic mass chain with A < 144, one observes sharp steps of
increase in intrinsic quadrupole moments as A changes from 144 to 138. The
change in intrinsic quadrupole moments is from 12.47 to 87.66b2 . From 138Sm
to 136Sm, the step of increase in the intrinsic quadrupole moments is very slow
meaning thereby that there is a slow increase in the degree of deformation from
138Sm to 136Sm. Thereafter, no doubt, one observes a large one step increase in
the intrinsic quadrupole moment from 136Sm to 134Sm. The trend exhibited by
the intrinsic quadrupole moments is therefore seen to be in synchrony with the
observed deformation systematics of the part of the isotopic mass chain with
A < 144. Now, coming to the analysis of the intrinsic quadrupole moments for
the part of the isotopic mass chain with A > 144, one observes once again, a
sharp stepwise increase in intrinsic quadrupole moments, from 144Sm to 150Sm.
From 150Sm to 152Sm, one observes again a relatively sharper increase in the
intrinsic quadrupole moment of about 35.23b2. Thus, the calculation is seen to
reproduce the deformation systematics in the case of 134–152Sm.

Table 1. The experimental values of excitation energy of the E+
2 state, E+

4 /E
+
2 ratio

and intrinsic quadrupole moments of the HB states in 134–152Sm isotopes

Nucleus E+
2 E+

4 /E+
2 〈Q2

0〉HB 〈Q2
0〉π 〈Q2

0〉ν
134Sm 0.16 2.94 104.27 52.02 52.25
136Sm 0.25 2.69 95.43 51.39 44.04
138Sm 0.34 2.57 87.66 50.58 37.08
140Sm 0.53 2.35 50.23 25.12 25.12
142Sm 0.76 2.33 43.23 24.01 19.22
144Sm 1.66 1.32 12.47 8.80 3.67
146Sm 0.74 1.85 24.96 14.97 10.03
148Sm 0.55 2.15 38.13 20.43 17.70
150Sm 0.33 2.32 70.35 39.56 30.79
152Sm 0.12 3.01 105.58 52.91 52.68

Here 〈Q2
0〉π (〈Q2

0〉ν ) gives the contribution of the protons (neutrons) to the total intrinsic
quadrupole moments. The quadrupole moments have been computed in units of b2, where
b =

√
�/mω is the oscillator parameter.

Attention is next focussed on the factors that are responsible for making the
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Sm isotopes exhibit such features. In this regard, it is important to discuss
and highlight some of the well accepted factors responsible for bringing in
sizeable collectivity in the nuclei in general. It is well known that if the down
slopping components of a high-j valence orbit starts filling up, it has the effect
of bringing in sharp increase in collectivity. Besides this, we know that a closed
shell or a sub-shell makes zero contribution to the intrinsic quadrupole moment.
Therefore, if a sub-shell gets polarized and still has occupation probability
greater than the mid sub-shell occupation, then it will again have the effect of
introducing some degree of deformation in the nucleus. In addition, the role
of n–p interaction in the SOP orbits in the context of the general development
of collective features was also suggested by Federman et al [42, 49] and by
Casten et al [50]. Their calculation provided evidence suggesting the neutron-
proton interaction between the valence nucleons in the SOP orbits (the orbits
(g9/2)π and (g7/2)ν in the Zr and Mo region may be instrumental vis-à-vis), the
observed onset of deformation in the Mo isotopes with A > 100. The subscript
π stands for proton and ν stands for neutron. It may also be pointed out that the
role of the n–p interaction operating between the SOP orbits depends critically
on the relative occupation numbers less than the mid shell occupation values.
In the light of above effects, we now try to find out the causes responsible for
the observed systematics of the Sm isotopes. In Tables 2 and 3, the results of
occupation probabilities of various proton and neutron sub-shells for the ground
state, calculated from HB wave function generated for 134Sm to 152Sm isotopes
are presented. It may be noted from the table that for 144Sm, the neutron sub-
shells 3s1/2, 2d3/2, 2d5/2, 1g7/2 are nearly full and the 1h11/2 neutrons orbit has
11.93 neutrons. Besides this, the 2d5/2 proton orbit is nearly full and (d3/2)π

orbit is more than half full. Because of the closure of most of the neutron sub-
shells in the valence space and the 2d5/2 proton sub-shell being nearly full,
the quadrupole moment of the 144Sm is very small as compared to other Sm
isotopes. In the movement away from A = 144 it is observed that the (1g7/2)π

occupation increases as we move from 144Sm to 140Sm or from 144Sm to 150Sm.
Besides this, the (2d5/2)π orbit gets polarized and the occupation of (2d3/2)π

orbit decrease from more than half value to less than half. Because of these
changes in proton occupation probabilities with A, a significant increase in
protonic contribution to intrinsic quadrupole moments around 144Sm is seen to
occur as one moves from 144Sm to 140Sm or to 150Sm. Further from Table 3, it is
noted that (h11/2)ν and (g7/2)ν occupation decrease from their full shell values
for 144Sm to 6.01 and 5.32 for 134Sm. Besides this the (f7/2)ν occupations
increase from 0.06 to 1.11. These systematic changes in the occupations of
(h11/2)ν , (g7/2)ν and (f7/2)ν are responsible for the increase of 〈Q2

0〉ν as we
move from 144Sm to 134Sm. In the case of 144–150Sm the increase in 〈Q2

0〉ν is
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linked with the systematic increase in the occupation probabilities of (h9/2)ν

and (f7/2)ν orbits. From what has been said, the overall observed deformation
systematics in 134–152Sm can be understood in terms of the systematic changes
in the occupation probabilities of the various valence orbits as explained above.

Table 2. The sub shell occupation numbers (protons) in the nuclei 134–152Sm

Subshell occupation number
Nucleus 3s1/2 2d3/2 2d5/2 2f7/2 1g7/2 1h9/2 1h11/2 1i13/2

134Sm 0.63 1.65 3.27 0.81 2.42 0.01 3.28 0.10
136Sm 0.59 1.59 3.30 0.75 2.40 0.02 3.22 0.10
138Sm 0.59 1.57 4.36 0.68 2.42 0.02 2.26 0.10
140Sm 1.23 2.22 5.07 0.0 3.42 0.0 0.0 0.05
142Sm 1.30 2.30 5.23 0.0 3.12 0.0 0.0 0.05
144Sm 1.87 3.41 5.91 0.0 0.84 0.0 0.05 0.00
146Sm 1.74 2.73 5.86 0.01 1.61 0.0 0.01 0.00
148Sm 1.54 2.23 5.84 0.0 2.39 0.0 0.0 0.00
150Sm 1.49 1.91 4.72 0.02 2.88 0.0 0.76 0.00
152Sm 0.52 1.36 3.20 0.90 2.51 0.06 3.30 0.11

Table 3. The sub shell occupation numbers (neutrons) in the nuclei 134–152Sm

Subshell occupation number
Nucleus 3s1/2 2d3/2 2d5/2 2f7/2 1g7/2 1h9/2 1h11/2 1i13/2

134Sm 1.57 1.95 5.80 1.11 5.32 0.11 6.01 0.10
136Sm 1.87 2.67 5.80 1.02 5.66 0.11 6.85 0.01
138Sm 1.98 3.95 5.94 0.96 6.03 0.14 6.92 0.08
140Sm 1.99 3.93 5.92 0.42 7.03 0.04 9.65 0.01
142Sm 2.00 4.00 5.95 0.36 7.99 0.03 9.60 0.06
144Sm 2.00 4.00 5.99 0.06 8.00 0.01 11.93 0.01
146Sm 1.99 3.99 5.99 0.95 7.99 0.83 11.52 0.43
148Sm 2.00 4.00 6.00 2.15 8.00 2.02 11.83 0.00
150Sm 2.00 4.00 6.00 0.76 8.00 3.91 11.33 2.00
152Sm 1.99 3.99 5.97 2.03 7.66 4.00 9.00 5.01

Now let us focus attention on the observed shape transition around 150Sm.
Note that (h11/2)π occupation increases from a value of 0.76 for 150Sm to 3.30
for 152Sm and there is increased polarization of (d5/2)π orbit. In addition one
observes a sharp increase in the occupation of down slopping k, components of
(i13/2)ν and (h9/2)ν orbits. Besides this, there is also an increased opportunity
for the n–p interaction between the SOP-orbits, the (h11/2)π and (h9/2)ν orbits,
to operate effectively. All these effects reinforce each other and bring in large
collectivity for 152Sm. These factors are therefore responsible for the existence
of the deformed yrast band in 152Sm. Last but not the least, we now look at
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the observed increase in deformation, as we move from 136Sm to 134Sm. The
Table 3 on neutron occupation numbers shows that (d3/2)ν and (h11/2)ν orbits
are nearly half full for 134Sm as compared to 136Sm. This factor is responsible
for increasing the neutron component of the intrinsic quadrupole moment.

4. Yrast Spectra

In Figures 1a and b, the low-lying yrast spectra of 134-142,150,152Sm isotopes
is displayed. The energy gaps (E+

2 − E+
0 ) and (E

+
4 − E+

0 ) are seen to be
reproduced with acceptable discrepancy. We have examined the reliability and
goodness of the HB wave functions by calculating the B(E2; 0+ → 2+) values.
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Fig. 1. Experimental and theoretical low-lying yrast spectra (data taken from Refs [1,
3, 4, 7–9]). (a) for the 134–140Sm nuclei and (b) for the 142,150,152Sm nuclei
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Sometime back Bhatt et al [51] have developed a formula for the calculation of
B(E2; 0+

1 → 2+
1 ) transition probabilities from the values of intrinsic quadrupole

moments of protons and neutrons in the mass region of rare-earth and actinide
nuclei. It has been justified by them that B(E2; 0+

1 → 2+
1 ) in units of e2b2 are

given by

B(E2; 0+
1 → 2+

1 ) = (1.02×10−5)A2/3C2
model

[
eπ〈Q2

0〉π + eν〈Q2
0〉ν

]2
(6)

where 〈Q2
0〉π (or 〈Q2

0〉ν) are the intrinsic quadrupole moments of valence protons
(neutrons) and the proton (neutron) effective charges eπ (eν ) are

eπ = (1 + Z/A)e and eν = ε(Z/A)e .

They have recommended the use of ε = 2.1 and Cmodel = 0.80 ± 0.07 in the
rare-earth and actinide regions. We have used this formula for the calculation
of B(E2) values for the entire isotopic mass chain of Samarium isotopes.

Table 4. Comparison of the calculated and experimental B(E2; 0+
1 → 2+

1 ) and defor-
mation parameter β2 values in 134–142,146–152Sm isotopes

Nucleus
B(E2; 0+

1 → 2+
1 ) β2

theory experiment theory experiment

134Sm 3.15 4.2(6) 0.318 0.366(26)
136Sm 1.95 1.84(15) 0.248 0.293(15)
138Sm 1.65 1.73(37) 0.226 0.208(17)
140Sm 0.73 1.00 0.148 —
142Sm 0.40 — 0.10 —
146Sm 0.20 0.23 0.081 —
148Sm 0.43 0.63(5) 0.11 0.1423(30)
150Sm 1.47 1.47(9) 0.202 0.1931(21)
152Sm 3.16 3.22 0.293 0.3064(27)

The B(E2) values are in units of e2b2. Data taken from Refs [6, 18, 27, 34, 52].

In columns second and third of Table 4, we present a comparison of the observed
B(E2; 0+

1 → 2+
1 ) experimental data, taken from Refs [6, 18, 27, 34, 52], with

the values calculated by substituting in relation (6), the values of 〈Q2
0〉π and

〈Q2
0〉ν for 134–152Sm given in Table 1. It is satisfying to note that the calculated

B(E2) value estimates, are in satisfactory agreement with the experimental
values for the 0+

1 → 2+
1 transition. In the last two columns of the same table, the

calculated values for deformation parameter β2 have also been presented. We
have calculated the deformation parameter β2 by using the formula suggested
by Raman et al [53].

β2 =
4π

3ZR2
0

√
B(E2)↑/e2
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where R0 is usually taken to be 1.2A1/3fm and B(E2)↑ is in units of e2b2.
From the last two columns of Table 4, it is noted that the calculated β2 values

are in good agreement with the values adopted by Raman et al [18].

5. Conclusions

Based upon the results of the present calculations, the following broad conclu-
sions can be drawn.
1. The spherical nature of 144Sm arises due to the sub-shell closure of 3s1/2,

2d3/2, 1g7/2 and 1h11/2 neutron orbits. Besides this, the (2d5/2)π orbit is
also nearly full.

2. The onset of collectivity as one moves away from 144Sm, is seen to be
dependent sensitively on the increase in the occupation of (1g7/2)π orbit and
the polarization of (2d5/2)π orbit. Besides this, it is found that (1h11/2)ν and
(1g7/2)ν occupations decrease from their full shell values for 144Sm resulting
in the increase of intrinsic quadrupole moment as one moves away from
144Sm. The systematic changes in the occupations of (1h11/2)ν , (1g7/2)ν

and (2f7/2)ν are responsible for the increase of 〈Q2
0〉ν as we move from

144Sm to 134Sm.
3. In the case of 144−150Sm, the increase in 〈Q2

0〉ν is linked with the systematic
increase in the occupation probabilities of (1h9/2)ν and (2f7/2)ν orbits.

4. The observed shape transition in A > 144 Sm mass chain as one moves
from 150Sm to 152Sm is seen to arise due to the enhanced occupation of low
k-components of (1h11/2)π orbit, increased polarization of (2d5/2)π orbit
and increase in the occupation of down slopping k-components of (1i13/2)ν

and (1h11/2)ν orbits. In addition, it is also found that there is an increased
opportunity for the n–p interaction between the SOP orbits, the (1h11/2)π

and (h9/2)ν orbits to operate effectively.
5. The shape transition encountered as we move from 136Sm to 134Sm is due
the occupation of (2d3/2)ν and (1h11/2)ν orbits to half of their full capacity.
In 136Sm they are more than half full.

6. The observed low-lying yrast spectra is seen to get reproduced within rea-
sonable discrepancy by including octupole and hexadecapole interaction
terms in the two body interaction.
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