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Variation after Projection (VAP) calculations in conjunction with Hartree Bogoliubov (HB) ansatz have been
carried out for 124~132Ce mass chain. In this framework, the yrast spectra, B(E2) transition probabilities and
occupation numbersfor various shell model orbits have been obtained. The observed decreasein deformationin
going from '**Ceto '**Ce s seen to arise due to aslow decrease in the occupation of 1g;,, proton orbit and a
systematic increase in the occupations of 2ds 2, 1972 and 1hy; /5 neutron orbits. Besidesthis, the experimental
low-lying yrast spectra and B(E2) transition probabilities are reproduced with reasonable accuracy by using

PQOH interaction.

| Introduction

An inspection of the recent experimental data[1-10], for ex-
ample the energy level spacings and the lifetimes of excited
states in the light neutron-deficient Cerium (Ce) nuclel re-
vealsaregion of pronounced collective behavior. The exper-
imental data [1-5] shows that this collective pattern evolves
rapidly in moving from 32Ce to 13°Ce to 128Ce. Some-
time ago, Zhang et a. [11] pointed out that E} /E; ratio is
an important parameter for determining the shape of a nu-
cleus. For arigid rotator its value should be 3.33 while as
its value for spherical nucleus should be around 2. The val-
ues in between these two limits indicate that the nucleus is
quasi-deformed and hasvibrational character. Asone moves
away from 132Ce towards the lower mass side, one observes
a systematic decrease in the energy value of 2+ state and a
systematic increase in the value of the ratio of E; /EJ . For
example, the values of Ef and E;/E] for 132Ce are 0.32
MeV and 2.66 and for the lightest 1?4 Ce isotope these values
are 0.14 MeV and 3.21, respectively. It may be noted from
Table 1 that 124~ 128Ce are reasonably well deformed nuclei.
Sometime back, Lister et al. [9] have predicted lightest Ce
isotopes to be axially symmetric rotors with quadrupole de-
formation 5, =~ 0.3. This work reports major advance in
knowledge of A=130 region of deformation. They have also
said that their work is required to understand the details of
the behavior of these nuclei.

A few theoretical attempts [2,9,12] have been made to
study the neutron-deficient Ce isotopes. Yan et a. [12]
have cal culated only the deformation parameters (3, ) from
the decay properties and the energies by using triaxial rotor
model for the 128-136Ce isotopes. They found that the cal-
culated parameters are in good agreement with one ancther.
Todd et al.[2] have interpreted the experimenta results in
130Ce in terms of the Cranked-shell model by assuming a

prolate deformation with eo ~ 0.25. They interpreted the
reduced frequency of the highest state observed in 13°Ce
(26™) as an effect of hy; /2 heutron alignment process. It
has been found that theoretical attempts have been made by
many authors to study specific nuclei and thereis alack of
microscopic calculation to study the low-lying systematics
of the entire neutron-deficient part of Ceisotopic masschain
in a single framework. It is with this motivation to study
the low-lying systematics of the neutron-deficient isotopes
that we plan to study these nuclei in a suitable cal culational
framework.

In the present paper an attempt has been made to carry
out amicroscopic study of the yrast states and B(E2) transi-
tion probabilitiesin the neutron-deficient 124~ 132Ce, by em-
ploying the VAP [13] formalism in conjunction with the HB
[14] ansatz for the axially symmetric wave functions. For
the calculation of yrast levels, the pairing plus-quadrupole-
quadrupole- plus- octupole-octupole plus- hexadecapole-
hexadecapole (PQOH) model of effective interaction in a
valence space spanned by 3s, /5, 2ds /2, 205 /2, 2f7/2, 197 /2,
1hg /5, 1hyy /5 and liy3,, orbits for protons as well as neu-
tronsis employed. The 1°°Sn is considered as an inert core.

[l Calculational details

[1.1 The one and two body parts of the Hamil-
tonian

The spherical single-particle energies (S.PE.'s) that we
have employed are (in MeV): (2d5 /3) = 0.0, (3s1/2) = 1.4,
(2d3/2) = 2.0, (197/2) = 4.0, (Thyy)2) = 6.5, (2f7/2) =
2d5 /2, 3s /2, 2d3/2, 1972 and 1hy; o are nearly the same
as that employed by Vergados and Kuo[15] as well as
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Table 1. The experimental values of the excitation energy of the E state, E; /E5 ratio and the intrinsic quadrupole moments of the HB
states in 1?4132 Ce isotopes. Here < Q3 >, (< Q3 >.) give the contribution of the protons (neutrons) to the total intrinsic quadrupole
moments. The quadrupole moments have been computed in units of 4%, where b = +/hi/mw isthe oscilattor parameter.

Nucleus FES EF Ef/ES
Exp. Th. Exp.

<Qi>aB <Qi>: <Qi>,

2ice 014 015 321
126Cce 017 016 3.06
128ce 020 0.17 3.00
130ce 025 0.20 2.84
132Cce 032 025 2.66

94.50 40.55 53.95
93.83 40.13 53.70
91.42 40.00 51.42
85.52 39.52 46.00
77.80 39.64 38.16

Federman and Pittel [16]. The S.PE.s of 2f; /5, 1hy/, and
1i;3/, orbits are taken from Nilsson diagrams, published in
the book by Nilsson and Ragnarsson [17] with small varia-
tions so as to reproduce shell closures for N=82 for 140Ce.

The two body effective interaction that has been em-
ployed is of PQOH type. The pairing plus quadrupole-
guadrupole (PQ) interaction is of the type givenin reference
[18]. The pairing part can be written as

Vp = (G/4)25a55a1;a2a3a5, (1)
aB

where o denotes the quantum numbers (nljm). The state &
is the same as «, but with the sign of m reversed. Here S,
is the phase factor (—1)7~™. The quadrupole-quadrupole
(g.q) part of theinteraction is given by

Vag = (x/2) D {algilv) (Bla? ,|6) < (—1)"al alasa,,

aBys p
@)
where the operator qi isgiven by
g = (16m/5)'/*r°Y2(6, ). 3

The strengths for the like particle neutron-neutron (n —
n), proton- proton (p — p) and neutron-proton (n — p) com-
ponentsof the quadrupole-quadrupole(q.¢) interaction were
taken as

Xnn(= Xpp) = —0.0102 MeV b~*

and
Xnp = —0.0204 MeV b~*

Here b(= +/fi/mw) is the oscillator parameter. These
values for the strengths of the ¢.q interactions compare fa-
vorably with the ones employed by Devi et a.[19]. The
strength for the pairing interaction was fixed through the ap-
proximate relation G = (18 — 21)/A. As we have carried
out the calculations by incorporating octupole-octupole and
hexadecapol e-hexadecapol einteraction termsin the PQ two
body interaction. The forms of higher multipole interaction
terms were taken as

Via=(¢/2) 3 > (=1)"{ald)]7) (Bld, |6) afalasa,

afydv=—A
4
where the operator d.) is given by
dy =Y (6, ). (5)
For A = 3 and 4, the octupole-octupole and

hexadecapol e-hexadecapol e interaction terms are obtained.
The relative magnitudes of the parameters of the octupole-
octupole and hexadecapol e-hexadecapole parts of the two
body interaction were calculated from a relation suggested
by Bohr and Mottelson [20]. According to them the approx-
imate magnitude of these constants for isospin T=0 is given

by

4 mws

g iAgoE rA=L23 4. (6)

X

and the parameters for the T=1 case are approximately half
the magnitude of their T=0 counterparts. This relation was
used to calculate the values of x 3 and xppa relativeto x,,
by generating the wave function for 24Ce and then calcu-
|ating the values of (r2*~2) for A = 2,3 and 4.

The values of these parametersfor octupole-octupolein-
teraction work out to be

Xpp3(= Xnn3) = —0.00366 MeV b6

and ,
Xpn3 = —0.00690 MeV b6

whereas their values for hexadecapol e-hexadecapol e part of
the two body interaction turn out to be

Xppa(= Xnna) = —0.00020 MeV b8

and
Xpnd = —0.00041 MeV b_8,
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I1.2 Projection of the statesof good angular mo-
mentum from axially symmetric HB intrinsic
states

The procedure for obtaining the axially symmetric HB
intrinsic states has been discussed in reference [21].
The axialy symmetric HB states can be written as

| >= H ul + v}"bl,b)[0 >, @)
where the creation operator bl can be expressed as
77 I+j—m _m
L’Hl chrzl jrn ’ m = Z(i]) I Cjia'jr'—'rn' (8)

J
Here the creation operators ajm create a particle in the
orbit [nljm > and ¢} are the expansion coefficients. The
index j labelsthe single-particle statesand theindex i isem-
ployed to distinguish between the different deformed single-

particle states with the same < J. >= m.

]
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The states with good angular momenta J projected from
the HB state |® ¢ > can be written as

Pire|®x >
[(2J + 1)/877] /D;@K(Q)R(Q)@K > dQ
©)

|5 >

where R(2) and Dy, - (£2) are the rotation operators of the
rotation matrix, respectively. The energy of the state with
the angular momentum J is given as

£y

< q)()|HP0]O|(I)() > / < (I)()|P0JO|®() >
fo 0)dg,(6)d(cosd)
Jon (G)df{ow)d(COS@) 7

Here the overlap integrals h(6) and n(0) are given by

(10)

h(6) 0) | > e(@paa — (G/4) D Sa [F1+M)T]7D " Sp[(14+ M)~ F]

o aTs BTs

= (1/2) > (1" Xryry Y {alain) 072> (Bla? 1) pg%] (11)
T3T 1 ay Bo
where

n(0) = {det[1 + M(0)]}*/2, (12)
Faﬁ(e) = Z dff(bxaTrb’c! (e)dis@mi( )fjam ,jﬁ"bﬁ/ (13)
fas = > CliC: (:) - (14)
M) =F ()", (15)
pap(0) = {M(0)/[1+ M(0)]}ap = 6ap — {[1+ M ()] }ap- (16)

The yrast energies are calculated as follows. Using the
results for the HB calculations - and these are summarized
in terms of the amplitudes (v}, v™) and the expansion co-
efficients ¢} - we first set up the (50 x 50) f-matrix in the
present configuration space. Then F, M, and (1 + M)~1
are computed for 20 Gaussian quadrature pointsin the range
(0,7/2). Finaly, the projected energies are calculated em-
ploying equations (10)-(16).

]

E;(B)

=< ¢o(B)[H Pyl < ¢0(B) >/ < ¢o(B)|Ppldo(B) >,

[

I1.3 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, ¢(5),
by carrying out the HB calculations with the Hamiltonian
(H — BQ3%), where ‘3’ is a parameter. The selection of the
optimum intrinsic states, ¢opt(5.r), is then made by finding
out the minimum of the projected energy

17

asafunction of 5. In other words, the optimum intrinsic state for each yrast J satisfies the conditions

9/98 [< ¢o(B)HPgpldo(B) > / < ¢o(B)|Pioldo(B) >],3:,31

=0, (18)
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[11  Deformation  systematics  of
124-132Ce jsotopes

If one looks at the observed E5 energy and £ / E values
(seeTable 1), one observesasystematic increasein thevalue
of E; energy and adecrease in the E /E; values as one
movesfrom 124Ceto '32Ce. It may be noted that 124~ 128Ce
are reasonably well deformed nuclei with E;/ES values
> 3.00. Within the framework of hydrodynamic model,
Bohr and Mottelson [22], have derived a simple expression
for the B(E2) values in terms of the transition energy of
E state. If one analyses the systematics of the E; energy
values in the light of this relation, that may be interpreted
to imply that the E; systematics bear an inverse correla-
tion to the observed quadrupole moment (@5 ) systematics.
Since the Q3 of a nucleus is directly related to its intrin-
sic quadrupole moment, the observed systematics of the E;
with A should produce a corresponding inverse systematics
of intrinsic quadrupole moments of the neutron-deficient Ce
isotopeswithincreasing ‘A’ . Based upon the abovelogic, the
calculated values of intrinsic quadrupole moments should
exhibit an inverse systematics of the £ state. Thus, for
the neutron - deficient 124~ 132Ce isotopes, there should be
a systematic decrease in the intrinsic quadrupole moments
as one moves from 1?4Ce to '32Ce. The decrease in the
quadrupole moment for 128Ce to '3°Ce and 13°Ce to !32Ce
should be large as compared to other Ce isotopes. In Table
1, the results of HB calculations are presented. It may be
noted that for the 124Ce, the intrinsic quadrupole moment is
94.50 b2, where b is a harmonic oscillator parameter. This
valueisthelargest, meaning thereby that this nucleus should
be highly deformed that is what is observed experimentally.
For '22Ce to 132Ce, one observes large steps of decrease in
intrinsic quadrupole moments as ‘A’ changes from 128 to
132. The change in intrinsic quadrupole moments is from
91.42to 77.80 b2. For ?4Ceto '22Ce, the steps of decrease
in the intrinsic quadrupole moments are very sow mean-
ing thereby that there is a Slow decrease in the degree of
deformation from 12“Ce to '2Ce. The trend exhibited by
the intrinsic quadrupole moments is therefore seen to be in
synchrony with the observed £ systematics of the neutron-
deficient 124~ 132Ce isotopes.

Attention is next focussed on the factors that are respon-
sible for making the neutron-deficient Ce isotopesto 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 nuclel ingeneral. Itis
well known that if the down slopping components of a high-
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j valence orbit starts filling up, it has the effect of bringing
in sharp increase in collectivity. Further, if the higher com-
ponents of a high-; orbit starts filling up, there would be a
slow decrease in collectivity. Besides this, we know that a
closed shell or a sub-shell makes zero contribution to the in-
trinsic 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 ef-
fect of introducing some degree of deformation in the nu-
cleus. Inthelight of above effects, we now try to find out the
causes responsible for the observed systematics of neutron-
deficient Ceisotopes. In Tables 2 and 3, the results of occu-
pation probabilities of various proton and neutron sub-shells
for the ground state, calculated from HB wave function gen-
erated for 124~132Ce isotopes are presented. It may be noted
from the Table 2 that proton sub-shells 3s, /,, 2ds/2, 2d; /2
and 1h,, ,, have nearly constant value of proton occupation
probabilities with increasing ‘A’. But the occupation prob-
ability of 1g7/, proton sub-shell decreases slowly with an
increasing value of ‘A’ for 124~132Ce isotopes. Because of
the slow decrease in the 1g;,, proton sub-shell occupation
probability with ‘A’, a slow decrease in protonic contribu-
tion to intrinsic quadrupole moments is seen to occur as
one moves from 124Ce to '32Ce. From Table 3, it is ob-
served that the values of occupation probabilities of 2d; /,
and 1g;,, neutron sub-shells are increasing with increasing
mass humber A and is more than half full. As the occupa-
tion probabilities of 2d;/, and 197/, neutron sub-shells are
more than half full and increase with an increase in mass
number A, there is a corresponding decrease in the intrin-
sic quadrupole moments as one goes from 124Ce to 132Ce.
Now, coming to the discussion of hy; /5 neutron orbit oc-
cupation probability, one observes from Nilsson diagrams
that the slope of hy; /5 15,2, Orbit is weakly down slopping.
As seen from Table 3 the occupation probability of 1h;; /;
neutron orbit increases from a value of 4.16 to 5.75 as we
pass from 24Ce to '32Ce. This means that the additional
neutrons are filling the weakly down slopping h;; /2 452,
orbit as one moves from '24Ce to '32Ce. This effect aso
resultsinto avery small change in neutronic contribution to
the intrinsic quadrupole moments. Considering the effect of
al the factors, the net result is that there is a decrease in
the calculated intrinsic quadrupole moments as one moves
from 24Ce to 132Ce. From what has been said, the overall
observed deformation systematics in 24~132Ce can be un-
derstood in terms of the systematic changes in the occupa-
tion probabilities of the various valence orbits as explained
above.

Table 2. The sub-shell occupation numbers (protons) in the nuclei '24~132Ce,

Nucleus Subshell  Occupation  Number
3512 232 25,2 27,9 1972 1hgss  dhiyye Lz
124Ce 056 145 260 048 138 0.00 153 0.00
126ce 058 148 258 048 136  0.00 1.52 0.00
128ce 058 149 262 047 131 000 153 0.00
130ce 059 153 266 041 122  0.00 152 0.07
132ce 053 145 281 040 121  0.00 1.59 0.01
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Table 3. The sub-shell occupation numbers (neutrons) in the nuclei '24~132Ce,

Nucleus Subshell  Occupation  Number
3512 232 2052 27,9 1972 1hge  1hyye  ldiggye
24ce 097 183 443 0091 355 0.06 4.16 0.09
126ce 102 18 504 099 404 001 494 0.08
128ce 114 203 552 098 490 0.09 5.23 0.11
130ce 152 242 574 094 531 010 5.85 0.12
132Ce 196 346 591 0.90 580 0.0 5.75 0.12
“r
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Figure 1. Experimental and theoretical low-lying yrast spectra for the 124~ 132Ce nuclel (data taken from references [1-10]).

IV Yrast spectra

In Fig. 1, the low-lying yrast spectra of 124~132Ce isotopes
is displayed. The experimental yrast energy spectrais seen
to be reproduced up to 10+ with reasonable accuracy. We
have also examined the reliability and goodness of the HB
wave functions by calculating the B(E2; 0" — 27) values.
We have used the rotational model formula[23] for the cal-
culation of B(E2;0" — 27) transition probabilities from
the values of intrinsic quadrupole moments of protons and
neutrons. According to thisformula

B(E2;0" — 21) = (1.02 x 107°)A?B[e, < Q2 >,

+e, < Qf >u)%, (19)

where < Q3 >, (or < Q3 >,) aretheintrinsic quadrupole
moments of valence protons (neutrons) and the proton (neu-
tron) effective chargese (e, ) are

er = (1+ecry) and e, = (ecsr)

Table 4. Comparison of the experimenta and calculated
B(E2;0f — 27) valuesin '2*~132Ceisotopes. The B(E2) va-
ues are in units of e2.b?. Experimental data presented in column
274 jstaken from reference [8].

Nucleus B(E2;0] — 21)e2v?
Experimental Th.
eeff =055  ecrr =0.70
21Cce 3.7(9) 2.17 2.88
126Ce 2.33(14) 2.16 2.87
128Ce 2.16(23) 212 2.81
130Cce 2.00(17) 1.96 2.58
132Ce 1.90(30) 1.79 2.34

We have used this formulafor the calculation of B(E?2)
valuesfor the entireisotopic mass chain of neutron-deficient
Ceisotopes. In Table 4, we present a comparison of the ob-
served B(E2;07 — 27) values with the values cal culated
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by substituting in relation (19), the values of < Q3 >, and
< Q2% >, for 124-132Ce 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
07 — 27 transition.

V Conclusions

Based upon the results of the present calculations, the fol-
lowing broad conclusions can be drawn.

1. The experimental low-lying systematics, yrast spec-
tra and B(E2) transition probabilities of neutron-
deficient 124~132Ce isotopic mass chain are repro-
duced with reasonable accuracy by using PQOH in-
teraction.

2. The decrease in collectivity as one movesfrom '24Ce
to 132Ce is seen to arise due to the slow decrease in
the occupation of 1g;,, proton orbit. Besides this,
itisfound that the 2d; , and 197/, neutron orbits are
morethan half full and their occupationsincrease with
anincrease in ‘A’. This results in the decrease of in-
trinsic quadrupole moments as one moves from 24Ce
to 132Ce.

3. Asthe dope of the 1h,; 5 5/, Orbit is weakly down
slopping and the occupation probability of this neu-
tron orbit increases as we pass from '?4Ce to '32Ce,
theadditional neutronsarefoundto befilling thisorbit
resulting into avery small change in neutronic contri-
bution to the intrinsic quadrupole moments.
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