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Phonon mechanisms of mixing collective and quasiparticle excitations
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A phonon approach with subsequent mapping onto bosons is developed for describing transitional nuclei
spectra including the first backbending energy region. Quasiparticle random-phase approximation and its
modification with minimum ground state correlations are employed to findBJ phonons~spin J>4) and most
collective quadrupoleD phonons, respectively. Phonon functions and matrix elements ofB-D interaction are
calculated with factorized quasiparticle forces. Besides the interaction mechanisms known in the interacting
boson fermion model~IBFM! a new one is introduced that leads to three into one boson transformation. After
mapping ontos-, d-, andbJ-boson space a boson Hamiltonian comprises IBM1 Hamiltonian, whose parameters
depend on the presence or absence ofbJ bosons and are determined phenomenologically, andbJ-d interaction
with constants calculated microscopically inside phonon space. This approach applied to energy spectra and
B(E2) values in126,128Ba and130Ce gives reasonable agreement with experiment.@S0556-2813~99!05806-9#

PACS number~s!: 21.60.Ev, 21.10.2k, 23.20.2g
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I. INTRODUCTION

In experimental and theoretical explorations of the l
decades it has been established that low energy spect
nonmagic even-even nuclei are predominantly caused by
quadrupole collectivity leading either to rotational bands
deformed nuclei or to vibrational states in nuclei not so
from magic ones, or to complicated superpositions of ro
tional and vibrational movements in transitional nucl
However at energies close to the doubled pairing gap we
collective two-quasiparticle states come into play and a p
ticular role belongs to quasiparticle pairs on intruder lev
of the shell model (g9/2, h11/2, i13/2). The maximum spin
of such pairs can be high and frequently, when an intru
level is near the chemical potential, the quasirotational sp
trum based on these high spin pairs gets yrast as its ene
are less than those of purely collective states with the s
spin. In deformed nuclei this band crossing, which manife
itself in backbending, is investigated theoretically within t
cranking model. In transitional nuclei this phenomenon h
become the subject of the interacting boson fermion mo
~IBFM! @1#.

This model involving collective and quasiparticle excit
tions is a proper tool for theoretical investigation of quasi
tational structures in nuclei up to rather high spins, and
extensions for describing quasirotational bands in even-e
nuclei were successfully applied to transitional and deform
nuclei @2–7#, allowing one to reasonably explain gener
trends and peculiarities caused by the influence of two-
four-quasiparticle high spin states.

One of the characteristic features of rotational or quas
tational yrast bands is the irregular behavior ofE2-transition
probabilities that reveal a small decrease in the first ba
bending region. HoweverB(E2) values calculated by em
ploying IBFM are sometimes considerably less than emp
cal ones@2–4#. A possible reason for such a discrepancy m
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consist in a weak coupling between collective and tw
quasiparticle high spin states predicted by the existing v
sion of the IBFM Hamiltonian adapted to even-even nucl

The interaction of quasiparticles with collective excit
tions is governed by two mechanisms@8#. One of them,
which we will call the direct mechanism, consists in the qu
siparticle scattering by the collective quadrupole mome
The second mechanism includes the quasiparticle excha
in which one quasiparticle enters into the collective fermi
pair, D phonon~its boson image isd boson!, and the other is
either present in the system under consideration or create
the course of the interaction. This mechanism in particu
accounts for the well-known ‘‘(j 21)-anomaly’’ @8#. Both
mechanisms are taken into account in IBFM for odd nuc

Several ways can be considered to employ these me
nisms to even-even nuclei. Yoshidaet al. @2# made use, prac-
tically, of only the direct mechanism that led to a rather we
coupling of two-quasiparticle and collectived-s excitations.
This way was also applied by Hsiehet al. @3#. To take into
account the exchange mechanism the explicit presenc
quasiparticles is required. It can therefore straightforwar
be switched on for the process when ad boson and a quasi
particle pair convert into themselves with increasing the q
siparticle pair spin by two or four units. However the qua
particle structure of theD phonon should be explicitly
represented to start up this mechanism for coupling pu
collective configurations and those involving a quasiparti
pair. For this purpose Vretenaret al. @6# introduce a specia
term (Vmix) to the boson-fermion Hamiltonian, which tran
forms ad boson into a superposition of quadrupole quasip
ticle pairs, and then make use of the usual exchange inte
tion of IBFM.

A more natural way to include both coupling mechanis
into the boson description is the consideration of their act
on quasiparticleD phonons and weakly collective pairs an
the consequent mapping of the fermion processes onto t
in boson space. Owing to the interaction of fermion pa
with the same spin,J>4, it is more realistic to consider thei
superpositions and treat them as phonons that in turn ca
3153 ©1999 The American Physical Society
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3154 PRC 59A. D. EFIMOV AND V. M. MIKHAJLOV
regarded as fermion counterparts of bosons. Thereby,
ceeding from quasiparticle structure of diverse phonons
have to show up mechanisms of their interaction and t
them into account in describing excited states in the bo
framework. Such an approach, the development of whic
our goal in this paper, differs evidently from IBFM for eve
nuclei since instead of bosons and quasiparticles of IBFM
consider only bosons. However we believe that the phys
origins of these approaches are identical because both f
efforts on the important role of the interaction of the colle
tive quadrupole modes and high spin two-quasiparticle e
tations.

As the number of high spin phonons under considera
is great and they all interact to some extent with collect
phonons and between themselves, the boson Hamilto
cannot comprise a small quantity of parameters. There
we are forced to exploit a microscopic scheme for their
termination. However at this stage of investigation we do
try to calculate all parameters and employ the phenome
logical approach to the IBM Hamiltonian andE2 operator.

Our paper is organized as follows. In Sec. II we discu
the coupling mechanisms, introduce additional terms to
exchange boson interaction and give a microscopical me
for estimations of parameters. Section III describes calc
tions of energy spectra andB(E2) values in 126Ba and
130Ce. Section IV contains our conclusions.

II. DIRECT AND EXCHANGE MECHANISMS
FOR THE INTERACTION OF COLLECTIVE

AND TWO-QUASIPARTICLE PHONONS

As our objective is describing properties of transition
nuclei with developed superfluidity~or superconductivity!
we make use of the quasiparticle approach, which from
very beginning takes into account pairing effects and p
vides the clear hierarchy of states in quasiparticle numb
that is practically equivalent to the seniority scheme. A q
siparticle Hamiltonian involves a single quasiparticle fie
and quasiparticle interactions:

H5(
s

esas
1as1H int , ~1!

a1,a being quasiparticle operators. This form arises a
minimizing the ground-state energy and for the const
pairing force quasiparticle energies are equal to

es5A~«s2l!21D2, ~2!

«, l, D are, respectively, a particle mean field energy,
chemical potential, and pairing gap.H int does not conserve
the quasiparticle numberNq and comprises three terms, tw
of which changeNq by two (H13131) and four (H40104)
units

H int5 (
1234

@H22~1234!a1
1a2

1a3a4

1H31113~1234!~a1
1a2

1a3
1a41H.c.!

1H40104~1234!~a1
1a2

1a3
1a4

11H.c.!#. ~3!
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Matrix elements,H22 and others, are determined by effectiv
forces in the particle-hole (ph) and particle-particle (pp)
channels.

The first traditional mechanism of the boson-fermion co
pling taken into account in the original work of Yoshid
et al. @2# corresponds to scattering a quasiparticle with c
ating ~or annihilating! the collective quadrupole phononD as
indicated in Fig. 1~a!. In the Bogolubov quasiparticle de
scription this process is governed by the componentH31113
@Eq. ~3!# of the Hamiltonian. In even-even nuclei this mech
nism gives rise to the transformation of twoD phonons into
a hexadecapoleB4 phonon, thenD andB4 phonons turn into
a B6 phonon and so on@Figs. 1~b!–1~d!#. We use henceforth
D,BJ for pair quasiparticle phonons (J is the angular mo-
mentum! while we used,bJ for their boson counterparts
Thus, in perturbation terminology,B8 appears in third order
andB10 in fourth one. That can result in a rather weak co
pling of the collective space composed ofD phonons and the
space including a high spin quasiparticle phonon (B8 or
B10), especially when a quasiparticle transition@Fig. 1~a!#
proceeds between levels ‘‘1’’ and ‘‘2’’ near the Fermi lev
(F) ~states ‘‘1’’ and ‘‘2’’ can coincide!. In fact, each matrix
element in the transformation chain in Fig. 1, for examp
^DDuH31113uB4

1&, contains a factoru1u22v1v2 (u,v are
Bogolubov parameters! which is small sinceu'v'1/A2 for
‘‘1,’’ ‘‘2’’ ;F. However this reduction can be not so pr
nounced if phononBJ is distributed over many two-
quasiparticle states. Certainly, there may be a singular r
nance event of coinciding energies when mixing
maximum~50%! and independent of the interaction streng

In IBFM the direct mechanism includes also the proce
with D-phonon scattering@the corresponding diagram can b
obtained from Fig. 1~a! if we continue the upperD line to the
right from the interaction dashed line#. We omit it as its
matrix element in nuclei under consideration is much le
than that for Fig. 1~a!.

The second mechanism of theB- andD-phonon coupling
originates from the well-known exchange quasipartic
phonon interaction, which can be accompanied not only
D-phonon scattering@Fig. 2~a!# but also by twoD-phonon
annihilation@Fig. 2~b!#. Therefore the first stage of the se
ond chain of transformations@Figs. 2~c!, 2~d!#, which was
pointed out in our work@5#, consists in the conversion of tw
D phonons intoD and BJ phonons withJ50 –6. Besides,
the simultaneous annihilation of threeD phonons and cre-
ation of BJ is possible as well@Fig. 2~d!#. HereJ can take
any value accessible for three quadrupole phonons~or
bosons!, i.e., 0, 2, 3, 4, 6. However for coupling collectiv

FIG. 1. Diagrammatic representation of the interactionV1 ~1!.
Wavy and solid lines denote phonons and quasiparticles, res
tively. Vertical dashed lines imply an effective internucleon inte
action.
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and high spin statesB4 andB6 are most important. Starting
with the processes in Figs. 2~c! and 2~d! further changes can
flow either along the chain in Figs. 1~c! and 1~d! or the chain
in Figs. 2~e!–2~i!. The second chain may be shorter than
first one because here a phononB10, for example, is reached
already on the second stage. On the first stage we h
(D2)L54→(DB6)L54 or (D3)L56→B6, and then
(DB6)L58→(DB10)L58 or (D2B6)L510→B10. Processes in
Figs. 2~a!, 2~c!, 2~e!, 2~g!, and 2~h! are caused by the com
ponentH22 @Eq. ~3!# of the quasiparticleH whereas transfor-
mations in Figs. 2~b!, 2~d!, 2~f!, and 2~i! proceed under the
action ofH40104 @Eq. ~3!#. Ensuing matrix elements of spi
independent forces are proportional to a factoru1v21u2v1
which is;1 if single-particle states ‘‘1,’’‘‘2’’ are close toF.

The transformations conditioned by the processes in F
2~c! and 2~e! can be reproduced by the exchange interact
of IBFM whereas the processes in Figs. 2~d! and 2~f! are not
considered in the model. Besides, we allow for the proces
in Figs. 2~g!, 2~h!, and 2~i!, which proceed under the impac
of the forces with multipolarity equaled to the spin of th
created or annihilatedB phonon. These processes are outs
the existing version of IBFM.

The pair-quasiparticle structure ofD andB phonons being
determined with some effective forces, matrix elements c
responding to diagrams of Figs. 1 and 2 could be straight
wardly computed in the fermion space. However such
purely fermion approach is pertinent only for low ener
simple configurations comprising not more than threeD
phonons. To pretend to describe the backbending region,
consideration has to involve many phonon excitations,
treatment of which at the fermion level is not practica
feasible. The known way to simplify the many fermion pro

FIG. 2. Diagrammatic representation of the interactionV2 ~2!
andV3 ~3!.
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lem consists in its transformation into a boson space. A
well known the simplification is attained by means of a
proximate mappings because the exact boson mappin
completely equivalent to the original fermion problem.

The main trouble of diverse boson mappings is the c
vergence of the boson series taking account of the Pauli p
ciple for fermion operators. A way to restrict such series
developed in the interacting boson model~IBM ! showing
itself to advantage in many applications. Therefore we rev
to a version of the model, IBM1@1#, where neutron and
proton bosons are not distinguished. In the framework
such an approach the vacuum ofD andB phonons is mapped
onto the normalized state ofV scalar (s) bosons, whereV is
the total boson number. Other fermion states created by
action ofD1- andB1-phonon operators on the vacuum a
mapped by means ofd1s- and b1s-boson operators acting
on the pures-boson state. Such a way provides the cons
vation of V and answers approximately the requirement
the exclusion principle. That is more obvious in the gener
ized Primakoff-Holstein mapping used by Janssenet al. @9#

where D1→d1A12n̂d /V, but both representations (s
bosons or square roots! are unitary equivalent and so, for th
sake of simplicity, we shall make use of the Arima-Jache
representation.

The correspondence of basic fermion and boson st
being obtained, the construction of the boson effective in
action related with Figs. 1 and 2 is implemented so t
matrix elements calculated with such functions in the f
mion and boson spaces coincide. Thus, we employ the M
mori approach, which generally gives rise to infinite series
bosons. However, following the IBM practice we keep term
with minimum numbers ofd ands bosons. Such approxima
tion enables us to represent the fermion processes show
Figs. 1 and 2 by means of boson interaction operatorsV1 ,
V2, andV3, respectively:

V15
1

AV21
(
aJ

F 1

A2
paJbaJ

1 s1~dd!(J)

1 (
a8J8

paJa8J8~baJ
1 d1!(J8)~ba8J8s!(J8)G1H.c., ~4!

V25(
aJ

F 1

A2
(
L

qaJ
(L)~baJ

1 d1!(L)~dd!(L)

1 (
a8J8 l

qaJa8J8
( l )

~d1d!( l )~baJ
1 ba8J8!

( l )G1H.c., ~5!

V35
1

A~V21!~V22!
(
aJ

F 1

NJ
r aJbaJ

1 s1s1~ddd!(J)

1
1

A2
(

a8J8 l

r aJa8J8
( l )

~d1d1!( l )~baJ
1 ba8J8!

( l )ssG1H.c.,

~6!

NJ
25^~ddd!(J)~d1d1d1!(J)&,
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a in Eqs.~4!–~6! distinguishes bosons with the sameJ. Op-
eratorV3 is a three-boson interaction. However it does n
imply that V3 corresponds to a three-particle force. Figur
2~d!, 2~f!, and 2~i! indicate that its origin is a two-particle
interaction whose boson representation may contain m
boson components.

The possibility of the conversion of threeD phonon into
one B phonon is not a specific feature of the quasiparti
description. In Fig. 3 a diagram of the (D)3→BSSprocesses
is presented whereS is one of the Cooper pairs forming th
ground state in the number conserving treatment.

Processes represented in Figs. 1 and 2 are specially pi
out among all others since they are enhanced by
D-phonon creation or annihilation and play therefore the
cisive role in coupling collective and quasiparticle states.
V2 and V3 we exclude the terms withl 50 ~in the second
parts ofV2 andV3) as they renormalize parameters«d and
k1 of H IBM1 in the presence of aB phonon. The influence o
B phonons on the collective properties of the nucleus is ta
into account by introducing several components in the bo
Hamiltonian: HC(V) for description of states withoutB
phonons andHC

(t)(V21) for all states containing aB pho-
non independently of its spin and other quantum numbers
the same time we assume that parameters of proton (t5p)
and neutron (t5n) Hamiltonians can differ. The choice be
tweenp andn is determined by the microscopical structu
of B phonons, e.g., if protons inB are predominant its boso
counterpart is regarded as a proton one:

H5HC~V!~12n̂b!1(
t

HC
(t)~V21!n̂b

(t)1Hb1V, ~7!

n̂b5(
t

n̂b
(t) , n̂b

(t)5(
B

~bB
1bB!(t),

Hb5(
B

«BbB
1bB , V5V11V21V3 .

B as index denotes allb-boson quantum numbers. Our co
figuration space includes functions comprising not more t
onebJ boson (J54,6, . . . ).Thereforen̂b and (12n̂b) play
the role of the projection operators.

Both HC(V) andHC
(t)(V21) are the usual Hamiltonian

H IBM1 and distinguished by parameters:

H IBM15«dn̂d1~k1d1
•d1ss1k2@d1d1# (2)

•ds1H.c.!

1
1

2 (
L

CL@d1d1# (L)
•@dd# (L). ~8!

Each of the collective Hamiltonians of Eq.~7! could com-
prise its own additional constant depending on boson n

FIG. 3. An example of the threeD-phonon conversion into aBJ

phonon and twoS phonons.
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ber. We assume that they can be omitted and whenV50 the
energy gap between unperturbed states, such as the colle
ground state withV s and d bosons and any one-b-boson
state including also (V21) s andd bosons, is formed by one
boson energy«B and by the difference of the correlatio
energies determined byHC(V) andHC

(t)(V21). Parameters
entering into boson Hamiltonians@HC,HC

(t)(V21)# are fit-
ted phenomenologically whereas matrix elements (p,q,r ) in
Eqs. ~4!–~6! andb-boson energies«B are calculated micro-
scopically.

The processes in Figs. 1 and 2 proceed so that at e
stage creation or annihilation of theD phonon is caused by
the action of the quadrupole component of the quasipart
forces. The same force together with a single-quasipart
field leads to formingD phonons that we consider in th
framework of the modified random phase approximat
~MRPA! @10#, which replaces the usual linearization

@H,B1#5vB1 ~9!

by the modified equation forD-phonons

@H,Dm
1#5«dDm

112k1VD m̄ , ~10!

Dm
15

1

A2
(

1,2;t5p,n
$@c12a1

1a2
11w12a2̄a1̄#

3~ j 1 j 2m1m2u2m!%t . ~11!

The explicit form of Eq.~10! is a system forD-phonon
amplitudes:

(
3,4;t85p,n

H (12)t,(34)t8
(h) Z(34)t8

(h)
5@«d1~21!12h2k1V#Z(12)t

(12h) ,

~12!

Z(12)t
(h) 5@c121~21!hw12#t , h50;1. ~13!

H (12)t,(34)t8
(h)

5$~e11e2!d1,3d2,4

1G12,34M12
(12h)M34

(12h)%tdt,t8

1V (12)t,(34)t8
(h)

~L12
(12h)!t~L34

(12h)!t8 , ~14!

M12
(12h)5u1u21~21!hv1v2 ,

L12
(12h)5u1v21~21!12hu2v1 .

G andV (h) are matrices of the quadrupolepp andph forces,
respectively. We take for them the usual factorized forms

G12,34→2G(2)
1

5
^ j 1uur 2Y2uu j 2&^ j 3uur 2Y2uu j 4&,

V (12)t,(34)t8
(h) →

11~21!12h

2
@2kdt,t82kpn~12dt,t8!#

3
1

5
^ j 1uur 2Y2uu j 2&t^ j 3uur 2Y2uu j 4&t8 . ~15!

One can see that Eq.~12! determines only the combinatio
«d

224k1
2V2, which may be positive, equal to zero, or eve
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TABLE I. Strengths of the quasiparticle interactions andD-phonon energy parameters for126Ba and130Ce (Dt ,«d ,2k1V are in MeV,
other values are dimensionless!, j25(k1kpn

(2))/2k0(BM), jl5kl /k0
(l)(BM), k0

(l)(BM) is given by Eq.~19!.

Dp Dn G2 /k0(BM) j2 «d 2k1V R j4 j6 j8 j10

126Ba 1.32 1.43 1.32 1.10 20.08 0.49 0.065 0.942 0.926 0.82 0.35
130Ce 1.32 1.34 1.41 1.11 20.004 0.46 0.067 0.880 0.840 0.70 0.26
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negative. That renders MRPA applicable to cases w
strength constants are equal to or even more than the cr
ones. The relationship of«d andk1 in Eq. ~12! influences the
ground-state correlations and can be taken such to minim
them

R5(
12,t

w12,t
2 Y (

34,t
c34,t

2 5min. ~16!

The absence of the critical strength constants and att
ated ground state correlations make MRPA similar to
Tamm-Dankov approximation~TDA!. The difference con-
sists in the commutator with Hamiltonian. In TDA this com
mutator comprises an infinite set of TDA phonons:

@H,B0
1~TD!#201025«0B0

1~TD!1 (
n50

k̃nBn~TD!,

@Bn(TD) are TDA phonons,B0(TD) has the lowest energ
«0#, while for D phonon of MRPA such expansion consis
of only two terms given by Eq.~10!.

The substitution of«d and k1, found from phenomeno
logical calculations of low-lying collective states, into Eq
~10! and~12! gives rise to two conditions for three constan
(k,kp,n ,G(2)). Our calculations of 21 state energies o
semimagic nuclei show thatk can be taken ask0(BM)/4.
k0(BM)5120A25/3 MeV is the isoscalarph quadrupole
strength estimated by Bohr and Mottelson@8#. Fixing the
value of k we obtainkpn and G(2). Our calculations ofD
phonon are performed in a wide single particle space invo
ing the valence shell and two shells above and below it. T
pairing gaps required for this purpose are equated to pai
energies@11#. The analogous method for determination
the strengths was applied in the TDA in our work@12#.

The isoscalar quadrupole strengthsk05(k1kpn)/2 ob-
tained in that way for126Ba and 130Ce and given in Table I
are close to the Bohr-Mottelson estimations. We believe
such a choice is reasonable bearing in mind that we u
simplified form for the interaction matrices and do not ta
into account higher order processes renormalizing th
strengths. We would like to note that we have obtained
proximately the same relation betweenpp andph strengths
as in the works of Tamuraet al. @13#, who studied a micro-
scopical version of the boson expansion technique~BET!
with factorized forces.

The D-phonon amplitudes found with Eq.~12! can be
applied to calculate IBM1 effective chargese* determining
the E2 transition probabilities in IBM1

e* 5
1

AV
^0uT̂mD m̄

1u0&. ~17!
n
al

ze

u-
e

-
e
g

f

at
a

se
-

T̂m is theE2-transition operator in the fermion space

T̂m5(
i 51

A H eS 1

2
2 t̂ Z1d D r 2Y2m~u,w!J

i

, ~18!

e is the proton charge,tZ511/2, 21/2 for neutrons and
protons, respectively,d is a polarization correction to the
charge. WithD-phonon amplitudes and empirical values
e* the quantity ofd is found to be equal to 0.25 for th
standard IBM operator ofE2 transition. That can be re
garded as a satisfactory result indicating that the collectiv
of the D-phonon operator is sufficiently high.

To calculate parameters in operatorsV1 , V2, andV3 @Eqs.
~4!–~6!# one needs the quasiparticle amplitude ofD and B
phonons. The former is found by means of Eq.~12! for D
phonons, the latter together withB-phonon energies («B) is
determined by the quasiparticle random-phase approxima
~RPA! ~9!. We solve this equation withph isoscalar factor-
ized forces. Their strengths are fitted and given in Table
units of the isoscalar oscillator Bohr-Mottelson strengths@8#:

k0
(l)~BM!5

4p

3

41

~1.2!2(l21)

1

A(l13)/3
MeV. ~19!

Table I indicates that multipole strengths decrease stron
with l thank0

(l)(BM). This result is in agreement with ou
estimations ofk0

(l) , which were performed by comparison o
matrix elements of factorized forces with those for Gau
forces@14#.

A quasiparticle composition of hexadecapole phonons
cludes several two-quasiparticle pairs. With growth of t
phonon momenta the quasiparticle structure becomes po
and phonons withJ58 and 10 practically consist of on
two-quasiparticle component corresponding to the intru
level. Other components are small (ucu,0.1), nevertheless
they influence interaction parameters. The quasiparticle c
position @amplitudesc in Eqs. ~11!,~20!# of lowest energy
phonons for126Ba is presented in Table II:

BJm
1 5

1

A2
(

1,2;t5p,n
$@c12

(J)a1
1a2

11w12
(J)a2̄a1̄#

3~ j 1 j 2m1m2uJm!%t . ~20!

After fixing parameters in the quasiparticle Hamiltonia
and computing phonon energies and amplitudes we are
to calculate matrix elements of the Hamiltonian betwe
phonon states and thereby, following the Marumori pro
dure, to find constants in the boson interaction, Eqs.~4!, ~5!,
and ~6!,

paJ5^uBaJH~D1D1!(J)u&N1 , ~21!
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paJa8J85^u~DBaJ!
(J8)HBa8J8u&N2 . ~22!

Hereafter factorsNi provide the normalization of initial and
final phonon states. Matrix elements in Eqs.~21! and~22! are
determined by the quasiparticle interactionH31113, Eq. ~3!,
whereas constants inV2 and V3 are caused byH22 and
H40104:

qaJ
(L)5^u~DB̃aJ!

(L)~H2E0!~D1D1!(L)u&N3 . ~23!

L is the two-phonon angular moment,E0 is the energy of the
phonon vacuumu&,

Du&5Bu&50.

The tilde above the left side of Eq.~22! means the orthogo
nalization:

^u~DB̃!(L)~D1D1!(L)u&50, ~24!

~B1D1̃!(L)u&5~B1D1!(L)u&

2~D1D1!(L)u&^u~DD !(L)~B1D1!(L)u&

3~^u~DD !(L)~D1D1!(L)u&!21.

Equation~23! includes a commutator@H,BaJ
1 # in which

we retain three components

@H,BaJ
1 #5«BBaJ

1 12k̃1BaJdB,D1@H,BaJ
1 #31113. ~25!

The second term withdB,D takes place if phononB coincides
with D, k̃15k1V enters into Eq.~12!. With Eqs.~24! and
~25! we can write down Eq.~23! as follows:

TABLE II. Phonon energies«B and main two-quasiparticle am
plitudesc (ucu>0.10) ofBJ-phonon wave functions in126Ba. n,p
denote neutron and proton configurations.

Jp 21 41 61 81 101

«B ~MeV! 1.776 2.094 2.551 2.806

nd5/2
2 0.11

ng7/2
2 0.22 20.13

nh11/2
2 20.54 0.64 20.63 0.98 1.00

ns1/2d5/2 20.16
ns1/2g7/2 20.18
nd3/2d5/2 0.17
nd3/2g7/2 20.19 0.14
nd3/2s1/2 0.14
nd3/2

2 0.13
n f 7/2h11/2 0.15 20.10
pd5/2

2 0.32 20.42
pg7/2d5/2 20.249 0.50
pg7/2

2 0.29 20.23 0.17
ph11/2

2 20.21 0.12
ps1/2d5/2 20.15
pd3/2d5/2 0.13
pd3/2g7/2 20.11
qaJ
(L)/N35$«B2«D2^u~D@D !(L),H#31113~D1D1!(L)u&

3~^u~DD !(L)~D1D1!(L)u&!21%

3^u~DBaJ!
(L)~D1D1!(L)u&

2^u~D@BaJ!
(L),H#31113~D1D1!(L)u&, ~26!

«B , «D being RPA and MRPA eigenvalues forB and D
phonons. The index ‘‘31113’’ points out that we take into
consideration those parts of commutators that comp
a1a1a1a anda1aaa quasiparticle operators.

A very interesting circumstance, which is displayed
calculations of the matrix elements in Eq.~26!, consists in
that they are reduced to the same matrixH entering into the
RPA equation, Eq.~14!, if we keep only terms linear in
amplitudesw, Eqs.~11! and~20!. We would like to give this
result in a general form for any phonons:

^uBa@Bb ,H#31113Bc
1Bd

1u&

522( $H 12,34
(d) z12~d!c56~c!1H 12,34

(c) z12~c!c56~d!%

3c35~b!c46~a!. ~27!

In this equation the upper indexd or c in the matrix has to be
understood ashd or hc @h50 or 1, Eq.~13!#. Now employ-
ing the RPA or MRPA equation one can express Eq.~27!
through the phonon and quasiparticle energies:

^uBa@Bb ,H#31113Bc
1Bd

1u&

5~«c1«d!^uBa@Bb ,Bc
1#11Bd

1u&

2 K UBaBbF( esas
1as ,Bc

1Bd
1GU L . ~28!

~Here we have assumed that^uas
1atu&50.! Thus, the residual

forces do not manifest themselves explicitly in matrix e
ments of Eq.~26! and reveal their role only in energies an
amplitudes of phonons:

qaJ
(L)/N35H «B1«D2F2«d^u~D@D !(L),~D1#11D

1!(L)u&

2K US D@D !(L),F(s
esas

1as ,~D1#G
(11)

D1D (L)U L
3~^u~DD !(L)~D1D1!(L)u&!21J
3^u~DB!(L)~D1D1!(L)u&

2K U~DB!(L)F(
s

esas
1as ,~D1D1!(L)GU L . ~29!

As before, symbol (•••)(L) means the angular momentu
coupling of phonon operators.

Matrix elements for the processes in Fig. 2 (BJD
→BJ8D) are calculated analogously by using Eq.~27!,

qaJ,a8J8
( l ) ;^u~DBaJ!

(L)~H2E0!~Ba8J8
1 D1!(L)u&N4 .
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TABLE III. Wave functions for 126Ba. (I i) means a purely collectived, s boson state with a spinI i , (JqI i) corresponds to a
configuration with abJ boson under a collective state with spinI i . Absolute values of amplitudes presented are more than 0.1.

State Main components of wave functions

01
1 0.99(01) 20.11(6q61)

21
1 0.99(21) 20.12(6q41)

22
1 0.98(22) 10.13(4q21) 20.11(6q61)

41
1 0.97(41) 20.17(6q21)

42
1 0.96(42) 10.15(4q01) 10.11(4q21)

61
1 0.92(61) 20.25(6q01) 10.15(6q21) 20.12(6q22)

62
1 0.18(61) 10.79(62) 10.38(4q21) 10.32(6q01) 20.19(6q21) 20.13(6q22)

81
1 0.86(81) 20.41(6q21) 10.10(6q22) 20.16(6q41) 20.10(6q42)

82
1 0.26(81) 10.54(82) 10.55(4q41) 10.50(6q21) 20.11(6q22) 20.16(6q41)

101
1 0.74(101) 20.57(6q41) 10.14(6q42) 10.16(6q61) 20.18(8q21)

102
1 0.34(101) 10.35(102) 10.62(4q61) 10.50(6q41) 20.10(6q42) 20.17(10q01)

121
1 0.27(121) 20.42(6q61) 20.15(8q41) 10.20(8q61) 10.81(10q21)

122
1 0.45(121) 10.15(4q81) 20.45(6q61) 20.54(8q41) 20.49(10q21)

123
1 20.19(122) 20.53(4q81) 20.55(6q61) 10.18(6q81) 10.50(8q41) 20.19(10q21)

141
1 20.14(6q81) 10.17(8q81) 10.97(10q41)

142
1 20.23(141) 20.13(4q101) 10.40(6q81) 10.86(8q61)

143
1 20.14(141) 10.40(4q101) 10.77(6q81) 20.18(6q101) 20.35(8q61) 10.13(10q41)

161
1 0.13(8q101) 10.98(10q61)
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The calculation of matrix elements for processes in Fig. 2~d!
(D3→BJ) is also closely connected to the MRPA equatio
Eq. ~30!,

r aJ /N552k̃1^uDāBaJDb
1Dc

1u&

1^uBaJ@H,Da
1#31113Db

1Dc
1u&. ~30!

The replacement of aBb operator in Eq.~27! by Da
1 gives

rise to an additional factor (21)ha. The summing of the
RPA matrixH (ha) with this factor reduces Eq.~30! to prod-
ucts of the parameterk̃1 and overlap integrals:

r aJ /N552k̃1$^uDāBJDb
1Dc

1u&1^uDb̄BJDa
1Dc

1u&

1^uDc̄BJDa
1Db

1u&%. ~31!

The analogous method is applied to calculate matrix e
ments for (D2BJ→BJ8) processes, i.e., forr aJ,a8J8

( l ) con-
stants.

Thus Eqs.~28! and ~31! indicate that our modification o
RPA gains one more useful feature because it gives not
two parameters of the collective Hamiltonian («d ,k1) but
also simplifies calculations of interaction parameters.

III. RESULTS OF CALCULATIONS

Among barium and cerium isotopes126Ba and 130Ce
stand out owing to the fact that quasirotational bands
E2-transition probabilities in these isotopes are investiga
experimentally in detail in the region of the first band cro
ing. Thereby these nuclei are the most interesting subj
for applying our approach. The character of their spec
testifies that they can be attributed to transitional or wea
deformed nuclei. Such interpretation is confirmed by
IBM analysis performed earlier@15# where low lying states
,

-

ly

d
d
-
ts
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e

of these nuclei were approximately described in theO6 limit
of IBM1.

These results are incorporated in the phenomenolog
description of the collective states on the basis of the IB
HamiltoniansHc in Eq. ~7!. Initial values of parameters in
Hc(V) are fitted so as to reproduce energies of low lyi
states with even spinsI<8 without b-boson mixture. Then,
after switching on theb-d boson interaction@Eqs.~4!–~6!#,
in these states appear smallb-boson components~their am-
plitudes are given in Tables III, IV!. Therefore a ‘‘fine tune’’
of the parameters inHc(V) is needed that is achieved in th
course of diagonalization. The final values of the parame
are given in Table V. The extent of the closeness of thes-,
d-boson wave functions found with such Hamiltonian to t
O6 limit of IBM1 can be characterized by the overlap int
grals

InI5^c I uc I~O6!&,

wherec I andc I(O6) are eigenfunctions ofHc(V) and the
O6 Hamiltonian, respectively. For yrast states of126Ba the
values of InI are In050.91; In250.85; In450.85; In6
50.86; In850.87; In1050.88.

In calculations of wave functions and matrix elements
keep twobJ bosons with the same spin (bJ1 ,bJ2). However
components withbJ2 are so small that their contributions t
wave function normalizations for states under considera
are not more than one percent. That is a consequence o
RPA diagonalization in two-quasiparticle space, which lea
to BJ phonons.

In Sec. II we postulated that parameters ofHc
(t)(V21),

i.e., in the presence of ab boson, have to differ from those o
Hc(V) governing purely collectived, s states. The first
manifestation of this alteration in the collective properti
caused by theB-phonon blocking is revealed in the calcul
tion of the B-phonon energies. The RPA equation with t
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TABLE IV. Wave functions for 130Ce. Designations are the same as in Table III. The structure of those non-yrast
(22 ,42 ,62 ,82 ,104 ,125 ,144) are presented which are connected by enhancedE2-transitions.

State Main components of wave functions

01
1 0.99(01)

21
1 0.99(21) 20.11(6q41)

22
1 0.98(22) 20.10(6q61)

41
1 0.98(41) 20.16(6q21)

42
1 0.97(42) 10.12(4q01)

61
1 0.93(61) 20.24(6q01) 10.15(6q21) 20.12(6q22)

62
1 0.13(61) 10.86(62) 10.24(4q21) 10.28(6q01) 20.17(6q22)

81
1 0.83(81) 20.13(82) 20.46(6q21) 10.16(6q41)

82
1 0.32(81) 10.59(82) 10.45(4q41) 10.11(4q42) 10.45(6q21)

101
1 20.38(101) 10.40(6q41) 20.69(10q01) 20.40(10q22)

104
1 0.27(101) 10.16(102) 10.32(4q61) 10.18(6q41) 20.30(8q21) 20.25(8q41)

20.32(10q01) 10.53(10q21) 20.27(10q22) 10.32(10q41)
121

1 20.16(8q41) 10.15(8q61) 10.85(10q21) 10.35(10q22) 10.29(10q41)
125

1 20.15(121) 10.20(6q61) 10.33(8q41) 10.23(8q42) 10.24(8q61)
10.43(10q21) 20.48(10q22) 20.25(10q61)

141
1 0.17(8q61) 20.13(8q81) 20.90(10q41) 20.32(10q42) 20.21(10q61)

144
1 0.28(6q81) 20.24(8q61) 20.15(8q62) 20.33(10q41) 10.44(10q42)

10.67(10q61) 10.22(10q81)
161

1 0.15(8q81) 20.11(8q101) 20.93(10q61) 20.27(10q62) 20.16(10q81)
181

1 0.13(8q101) 20.95(10q81) 20.23(10q82) 20.13(10q101)
201

1 0.11(8q121) 20.97(10q101) 20.19(10q102) 20.10(10q121)
221

1 0.98(10q121) 10.15(10q122)
241

1 1(10q141)
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standard mean field and pairing and with strengths prese
in Table I gives theB-phonon energies to be about 0.5 Me
less than needed for the description of the quasirotatio
bands. This discrepancy according to our assumption@the
text just below Eq.~8!# can be removed if we allow for the
difference between the ground-state correlation energies
termined byHc(V) andHc

(t)(V21), i.e., in the absence an
presence of aB phonon. Thus, with the appearance of aB
phonon the collectivity has to be reduced and the co
sponding ground state must lie higher. Therefore an ini
set of parameters inHc

(t)(V21) can be taken from the IBM1
analysis of adjacent nuclei where the collectivity is less a
in particulard-boson energy«d is higher than in the nucleu
under consideration. For example, in126Ba we start with
parameters of128Ba for Hc

(n)(V21) and with 124Xe for
Hc

(p)(V21). In 130Ce we use the same set of the parame
for the neutron and proton HamiltoniansHc

(t)(V21). The
ed

al

e-

-
l

d

s

final values shown in Table V are established by fitting e
ergies in the yrast band after bandcrossing.

Such choice of parameters provides a good descriptio
the yrast bands: in126Ba the difference (DE) between the
theory and experiment forI 520 is ;0.15 MeV, for lower
spinsDE<0.15 MeV ~Fig. 4!, in 130Ce for I 520–26DE
<0.18 MeV and forI ,20 DE<0.1 MeV ~Fig. 5!. How-
ever in 126Ba even forI ,20 the energies of the neighbo
bands are described worse, which one can see in Fig. 4
reason for this may consist in the assumption thatHc

(t)(V
21) does not depend on the kind ofB phonon that blocks
the collectivity. While the yrast band after bandcrossing co
tains practically only oneb boson with the maximum spin
~wave functions are written out in Tables III, IV!, in other
bands the important role is played by bosons with low
spins. Therefore the marked discrepancies in energies
indicate that the above-mentioned assumption strongly s
TABLE V. Parameters of the IBM1 Hamiltonions~MeV!. HC(V), HC
(n)(V21), andHC

(p)(V21) are
determined by Eqs.~7! and ~8!, V is boson number.

V «d k1 k2 Co C2 C4

126Ba
HC(V) 9 20.040 20.0565 0.0257 0.1955 0.017 0.2018
HC

(n)(V21) 20.038 20.0499 0.0120 0.0747 0.3049 0.2382
HC

(p)(V21) 0.138 20.0539 0.0143 0.2364 0.0254 0.1312
130Ce

HC(V) 9 20.004 20.0508 0.0249 0.1425 0.0008 0.2042
HC

(n)(V21) 0.003 20.0557 0.0146 0.1927 0.0761 0.1749
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plifies the situations and a real improvement in describ
energy levels could be attained by the microscopical con
eration of blocking effect of eachB phonon. Another pos-
sible way to give a more exact treatment of high ene
levels is the extension of our configuration space by invo
ing states with twobJ bosons especially when they are of t
proton and neutron types. The importance of similar confi
rations ~two proton and two neutron quasiparticles! for
IBFM was pointed out by Vretenaret al. @7#.

Another set of parameters@constants of the direct (V1)
and exchange (V21V2) b2d interaction# are calculated mi-
croscopically by means of the method expounded in Sec
The values of some constant are listed in Table VI. All co
stants are calculated withB phonon functions determined i
Sec. II. The employment of functions of two quasipartic
on the intruder level leads to considerable changes of
constants. For example, in126Ba, where the intruder 1h11/2
level energy practically coincides with the chemical pote
tial, the calculations with the quasiparticle functions wou
give zero values forp constants of the direct mechanis
(V1). Though the phonon calculations remove this res

FIG. 4. Experimental@17# and theoretical level scheme of126Ba.
g
d-

y
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-

II.
-

e

-

t,

nevertheless a sign of such level arrangement can be dis
ered in p constants since the first five of them involvin
phononsB4 andB6 are clearly more in the average~we mean
absolute values! than the rest of them. That is a consequen
of the wider spread of these phonons over two-quasipart
states in comparison with phononsB8 andB10. The p con-
stants are subjected to an impact of the processes determ
by forces with multipolarity more than 2@Fig. 1~d!#. In par-
ticular allowing for such force along with small componen
of phononsB8 andD gives a marked value ofp8,8 in 126Ba.
For example, the small componentsc2 f 5/2,1h11/2(B8)50.05,
and c2 f 7/2,1h11/2(D)50.15 are connected with main phono
components by the multipole force withl58, moreover the
smallness of amplitudes is compensated by (u1u22v1v2)
factors that are>0.6 in these cases. (p10,10constant in130Ce
stands out against others because of a geometric factor.!

One more detail of Table VI draws attention:q6
(4) con-

stant, corresponding to the process (dd)(4)→(db6)(4), domi-
nates over othersq in V2 @Eq. ~5!#. That results in a substan
tial contribution ofb6 boson to wave functions~Tables III,
IV !.

FIG. 5. Experimental@18# and theoretical level scheme of130Ce.
In the figure those states are presented the structure of which
given in Table IV.
ses
TABLE VI. Constants of the direct and exchangeb-d boson interaction for126Ba and 130Ce. Constants are presented for proces
involving lowest energyB phonons only.V2 andV3 interactions@Eqs.~5!,~6!# include a great number of constants, of which are givenqJ

(L)

for V2 @Fig. 2~c!# and r J @Fig. 2~d!# and r J,J8
( l ) , J82J52 and 4,J>6 @Fig. 2~f!#.

V1

p4 p44 p46 p64 p66 p68 p86 p88 p8,10 p10,10

126Ba 20.29 0.29 20.32 20.28 0.37 20.15 20.12 0.11 20.04 20.06
130Ce 20.13 0.23 20.12 20.08 0.14 0.02 0.03 20.06 0.07 20.28

V2 andV3

q4
(2) q4

(4) q6
(4) r 4 r 6 r 68

(2) r 8,10
(2) r 68

(4) r 6,10
(4) r 8,10

(4)

126Ba 20.195 20.10 0.254 20.004 0.08 20.011 20.004 20.13 0.08 20.25
130Ce 20.145 20.09 0.206 20.0006 0.067 20.008 0.019 20.11 0.06 20.22
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The role of the direct and exchange interactions in en
gies andE2 probabilities can be revealed by comparing t
results of the calculations with the complete interaction (V1
1V21V3), Eqs.~4!–~6!, and with its separate parts~Tables
VII, VIII !. In these calculations we keep unchanged the
rameters of the collective Hamiltonians~Table V! and the
interaction constants forV1 ,V2 ,V3 ~Table VI!.

As Table VII shows the energies of the yrast states n
the bandcrossing region can be practically reproduced by
glecting both components of the exchange interactionV2
5V350). Thereby it becomes clear why energy spec
were reasonably described only with the direct mechan
@2,3#. Since omitting V3 gives also minor energy shift

TABLE VII. The energy shiftsdE determined by the interaction
mechanisms in the bandcrossing region for126Ba. E is the theoret-
ical energy calculated taking into account the direct and excha
mechanisms (V11V21V3). dE is the difference between energie
calculated omitting one (V350), two (V25V350), or three (V1

5V25V350) mechanisms andE.

E(keV) dE(keV)

I i
p (V11V21V3) V25V350 V350 V15V25V350

81 2074 -6 83 406
101 2968 282 95 693
121 3852 256 83 118
141 4450 106 160 91
82 2590 122 2136 668

102 3345 99 2121 236
122 3967 19 84 319
142 4865 271 16 170
r-

a-

ar
e-

a
m

(;100 keV) with opposite signs the energy spectrum c
culations do not enable us to reveal the role ofV3.

The structure of the states undergoes more drastic cha
when any of the interaction mechanisms is switched off.
expected the action ofV1, as the onlyb-d interaction (V2

5V350), leads to a considerable contribution of mixtur
with b4 boson while (V21V3) intensifies the role ofb6 bo-
son. The comparison of the wave functions created by
direct or exchange mechanisms or by the complete setV1

1V21V3) indicates that the role of (V21V3) is essential
since the functions of (V11V21V3) in many details are like
the functions of (V21V3) ~Table VIII!. One can note tha
this mechanism gives rise to a rather rapid change in
structure of the states under consideration: the state withI p

5101 is collective on the whole whereas the main comp
nent of state 121 includes the high spin quasiparticle sta
Jq510. On the contrary, with the direct mechanism (V1) the
functions of states 101,121 are distributed over many con
figurations so that the transition from collective (81) to qua-
siparticle (141) structure is realized through rather wash
out states (101,121), the composition of which does no
practically includeb10 boson prevailing in state 141. There-
fore, when either the direct mechanism (V1) or the exchange
one (V21V3) act separately, respectively,B(E2;14→12) or
B(E2;12→10) is suppressed~Table IX!. However the com-
bination of both mechanisms (V11V21V3) smoothes out
the difference between collective and quasiparticle state
the bandcrossing region that results inB(E2;12→10),
which is about three times more thanB(E2) for the pure
exchange mechanism. ColumnsV350 in Tables VIII and IX
give convincing examples of the essential influence of
new three-boson exchange interactionV3 on the wave func-

ge
action
f

TABLE VIII. The wave functions of the yrast states near bandcrossing produced by the direct inter
mechanism (V21V350), the exchange one (V150), and by both (V11V21V3). ~The absolute values o
the amplitudes presented are more than 0.1.!

State V11V21V3 V150 V25V350 V350

81
1 0.86(81) 0.89(81) 0.76(81) 0.85(81)

20.41(6q21) 20.37(6q21) 10.49(4q41) 20.42(6q21)
20.16(6q41) 20.11(6q42) 10.31(6q21) 10.18(6q41)

20.11(6q42)
101

1 0.74(101) 0.81(101) 0.58(101) 20.53(101)
20.57(6q41) 20.53(6q41) 10.56(4q61) 0.17(4q61)
10.16(6q61) 20.15(6q61) 10.69(6q41)

10.17(8q21) 20.17(6q42)
20.23(6q61)
10.26(8q21)

121
1 0.27(121) 0.14(121) 0.37(121) 20.13(121)

20.42(6q61) 20.22(6q61) 10.51(4q81) 10.29(4q81)
10.20(8q61) 10.20(8q61) 20.14(6q81) 10.67(6q61)
10.81(10q21) 10.94(10q21) 10.38(8q41) 20.12(6q62)

10.12(10q21) 20.16(6q81)
10.53(8q41)
10.29(10q21)

141
1 20.14(6q81) 20.12(6q81) 0.19(8q41) 0.19(8q61)

10.17(8q81) 10.16(8q81) 10.97(10q41) 10.98(10q41)
10.97(10q41) 10.98(10q41)
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tion structure andE2-transition probabilities. One can se
that excludingV3 (V350) changes the composition of th
transitional states especially those with spins 101 and 121,
which considerably redistributesE2-transition probabilities.

The effects of each mechanism are markedly pronoun
in B(E2) ratios ~Table X for 126Ba). Only one or two of
them lead to values deviating considerably from the exp
mental ratios satisfactorily explained withV11V21V3.
Thus, our calculations of these ratios stress once more
all mechanisms have to be taken into account simultaneo
and the new exchange mechanismV3 plays here not the leas
role.

All calculations ofE2 probabilities, presented in Table
IX and X as well as in Table XI embracing transitions in t
yrast bands of126Ba and130Ce, are performed with a collec
tive E2 operator constructed in the same manner as the
lective Hamiltonian@Eq. ~7!#:

Tm~E2!5Tm~E2!C~12n̂b!1(
t

Tm~E2!C
(t)n̂b . ~32!

Introducing in Eq.~32! projection operators (12n̂b) and n̂b
assumes that parameters in the operators ofE2 transitions
between purelyd-s states and those containing ab boson can
differ. T(E2)C and T(E2)C

(t) are standardE2 operators of
IBM1 complicated by adding a term proportional to th
d-boson numbern̂d

Tm~E2!C5e* @dm
1s1s1dm̄1x~d1d!m

(2)

1j~dm
1n̂ds1s1n̂ddm̄!#. ~33!

TABLE IX. TheoreticalB(E2) values caused by the differen
interaction mechanisms in126Ba.

(V11V21V3) V150 V25V350 V350

101→81 7510 8020 6980 5280
121→101 2300 671 6650 4190
141→121 3770 4430 425 1020
d

i-

at
ly

l-

The values ofe* , x, andj are fitted so as to attain overa
agreement with empiricalB(E2) values in the yrast bands
These parameters are given in Table XII.

Analyzing the quasiparticle-boson interaction Vreten
et al. @7# also suggested to extend the standard boson q
rupole operator by adding a higher order term. In our c
however the need of introducing the term with parameterj is
dictated by an unusual growth ofE2-reduced probabilities
with spin up toI 58 in 126Ba and 130Ce. By using the op-
erator withj50 we can render only~0.6–0.7! of the empiri-
cal B(E2;8→6). An attempt to increase this value by e
larging the total boson number (V) gives not more than 10
percent even for too largeV. One more possibility to influ-
enceB(E2) consists in the consideration of corrections co
nected withE2 transitions betweenb bosons and with simul-
taneous transformations of two bosons into a gamma qu
and a boson. However these corrections are of the sin
particle order and can be neglected. The adopted t
(;j) facilitates describing the trends inE2 probabilities up

TABLE X. B(E2) ratios in 126Ba.

Exp. @17# Theory

V11V21V3 V150 V25V350 V350

121→102

121→101
0.13~4! 0.11 4.1 0.03 0.20

102→81

102→82
0.014~6! 0.056 85 0.25 0.50

123→101

123→102
0.040~12! 0.042 57 0.25 0.20

143→121

143→123
0.12~4! 0.08 0.18 0.29 0.37

141→122

141→121
0.14~3! 0.19 0.01 9.3 3.3

142→121

142→122
0.13~4! 0.20 331024 20 4.8
TABLE XI. B(E2) (e2 fm4) along the yrast band in126Ba and130Ce. B(E2) values in columns Th. I
and Th. II are calculated withE2 parameters of Table XII.

126Ba 130Ce

I i
1→I f

1 Exp. @19# Th. I Th. II Exp. @20# Exp. @21# Th. I Th. II

21
1→01

1 3400(100) 3370 3420 3980305
360 3960 3990

41
1→21

1 4830(100) 4750 5570 6500470
900 5690 6660

61
1→41

1 6620(300) 4930 6820 7430551
646 6020 8290

81
1→61

1 8040550
640 4790 7660 11 6002640

4840 5780 9060
101

1→81
1 7300800

1000 4250 7510 54001070
1760 1800 3020

121
1→101

1 4100380
460 1290 2300 6120352

397 2200 2410
141

1→121
1 5980400

450 2900 3770 9150484
541 4810 6160

161
1→141

1 44701000
1800 3850 5970 12702540

4240 10 3001850
3000 5470 8630

181
1→161

1 3790 7400 68901300
2100 5450 10700

201
1→181

1 4080680
1020 4980 12200

221
1→201

1 5490860
1250 4160 12600

241
1→221

1 5180860
1300 3010 11200
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to spin;16, however it overestimatesB(E2)’s for high spin
states in130Ce ~Table XI!.

Although we could point out several sources of the orig
of this term, nevertheless we believe that the discussion
these speculations is untimely now. On the one hand in e
experiments@16# B(E2) values of the bandcrossing region
these nuclei were found to be smaller. On the other han
such adjacent nucleus as128Ba so largeB(E2) values as in
126Ba and 130Ce are not observed and our approach qu
satisfactorily reproduces energies andB(E2)’s with the stan-
dardE2 operator atj50; these data are given in Table XII

IV. SUMMARY

In this paper we consider the interaction of the collect
quadrupole excitations with pair fermion modes of high
multipolarities among which there are practically pure qu
siparticle pairs occupying the intruder shell model level.

In the fermion space all these modes are treated
phonons; the most collective of them areD phonons. The
two-quasiparticle composition of the phonons has been
culated with the help of RPA or its modified version forD
phonons to attenuate ground-state RPA correlations.
have found that the interaction is realized through th
mechanisms. Two of them~the scattering by the collectiv
quadrupole moment and the exchange interaction with c
servation of quasiparticle or phonon number! are employed
in IBFM, the third mechanism transforming three phono
into one~and vice versa! has not been considered earlier
such problems.

With the same quasiparticle interaction, which is e
ployed to find the structure and energies of the phonons
have calculated parameters of the phonon interaction. T
in the spirit of IBM the fermion picture has been mapp
onto the boson space where we deal withs, d bosons of IBM
and additionally withbJ bosons,J>4, the boson images o
BJ phonons~IBFM considers fermion pairs instead ofbJ
bosons!.

Along with microscopical calculations our approach i
cludes phenomenological description of energies by me

TABLE XII. Parameters ofE2 transition operators, Eqs.~32!,
~33!. For 130Ce TC

(n)(V21)5TC
(p)(V21). e* is in e fm2, x andj

are dimensionless.V is the boson number.

Th. I Th. II

V e* x j e* x j

126Ba
TC(V) 9 11.53 20.81 0 5.87 21.20 0.4
TC

(n)(V21) 12.08 20.14 0 7.01 0.39 0.4
TC

(p)(V21) 10.12 20.045 0 6.06 0.16 0.4
130Ce

TC(V) 9 12.39 20.89 0 6.35 21.32 0.4
TC

(n)(V21) 14.34 20.31 0 8.11 20.34 0.4
of
ly

in

e

r
-
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l-
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e
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s

-
e
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ns

of fitting the parameters of the IBM1 operators. We assu
that B phonons exert a blocking impact on collective pro
erties. Therefore we consider three sets of the IBM1 para
eters for purelyd-s collective states and for states with ne
tron and protonbJ bosons. Such phenomenology enables
yield of a reasonable agreement with experiment for the
ergies of thebJ-boson states calculated with strength co
stants close to the Bohr-Mottelson estimates.

Our approach has been applied to analysis of the ener
and E2-transition probabilities in126Ba and 130Ce. Special
attention has been paid to the role of each interaction me
nism. We have found that energy spectra are weakly se
tive to the choice of the mechanism. However, theB(E2)
values and particularly their ratios point out unambiguou
that all three types of the interaction have to be allowed
simultaneously. If each of them taken separately give
sharp transition from a purely collectived-s boson state to
that containing a high spin boson, their unified acti
smooths out this sharpness and leads to a relatively s
decrease ofB(E2) in the bandcrossing region and correc
reproducedB(E2) ratios. In all these processes the ne
three-boson exchange interaction plays the important rol

To reproduce a rather strong growth ofE2 probabilities
before decreasing in the backbending region in126Ba and
130Ce we have added to the standardE2 operator of IBM1 a
term proportional to thed-boson number. Nevertheless w
are not sure of its necessity asE2 data in an adjacent nucleu
128Ba at the same spins and energies can be satisfact
described without this term.

The authors wish to express their gratitude to I. Kh. Le
berg and V. G. Kiptily for discussions on various aspects
this study. The help given by D. N. Dojnikov and Yu. N
Lobach is gratefully acknowledged.

TABLE XIII. Energies of excited states~MeV! and B(E2)
(e2 fm4) in 128Ba.

I i Ei I f B(E2;I i→I f)

Exp. @22# Theor. Exp.@22# Exp. @23# Theor.

21 0.284 0.293 01 2930~160! 2760~180! 2920
41 0.763 0.776 21 4370~360! 3940~150! 4100
61 1.407 1.397 41 5700~1300! 4080~450! 4430
81 2.189 2.171 61 4700~1600! 3490~870! 4330
101 3.082 3.074 81 2400~800! 2380~1580! 4010
22 0.885 0.886 01 120~50! 200

21 1300~500! 2150
42 1.372 1.467 21 55~16! 30~10! 26

41 ,1300 ,810 1340
22 4000~1200! 1920~640! 2450

62 1.939 2.058 41 52~8! 50~10! 0
42 5300~800! 5660~1150! 1900

82 2.601 2.597 61 37~10! 70~40! 1.4
62 4700~1200! 8520~4480! 2540
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