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Abstract. The model of coherent quadrupole and octupole motion (CQOM)
is combined with the reflection-asymmetric deformed shell model (DSM) in
a way allowing fully microscopic description of the Coriolis decoupling and
K-mixing effects in the quasi parity-doublet spectra of odd-mass nuclei. In
this approach the even-even core is considered within the CQOM model, while
the odd nucleon is described within DSM with pairing interaction. The Corio-
lis decoupling/mixing factors are calculated through a parity-projection of the
single-particle wave function. Expressions for the Coriolis mixed quasi parity-
doublet levels are obtained in the second order of perturbation theory, while the
K-mixed core plus particle wave function is obtained in the first order. Expres-
sions for the B(E1), B(E2) and B(E3) reduced probabilities for transitions within
and between different quasi-doublets are obtained by using the total K-mixed
wave function. The model scheme is elaborated in a form capable of describing
the yrast and non-yrast quasi parity-doublet spectra in odd-mass nuclei.

1 Introduction

The presence of qudrupole-octupole degrees of freedom in the odd-mass nuclei
and the coupling between the even-even core and the odd nucleon lead to the
appearance of a quasi parity-doublet structure of the spectrum [1, 2]. It is con-
sidered that the mutual disposition of the parity-doublet counterparts (states with
the same angular momentum and opposite parity) depends on the qudrupole-
octupole motion of the core. At the same time the rotation behaviour of the
energy levels with increasing angular momentum is influenced by the Coriolis
interaction between the core and the single particle (s.p.).

Some years ago a collective model assuming coherent quadrupole-octupole
motion (CQOM) was developed and applied to the yrast alternating-parity bands
in even-even nuclei and quasi parity-doublet spectra in odd-mass nuclei [3, 4].
Recently the model scheme was extended to non-yrast quadrupole-octupole spec-
tra in even-even [5] and odd-mass [6, 7] nuclei. Regarding the odd-mass nuclei,
the further development of this model approach needs to take into account the
complicated character of the interaction between the collective modes and the
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s.p. motion in the case of quadrupole-octupole deformation which so far was
considered on a phenomenological level.

The purpose of this work is to extend the model scheme in microscopic di-
rection by coupling the collective CQOM vibration-rotation modes in the core
to the one-quasiparticle (q.p.) states corresponding to the odd-nucleon motion
and described within the reflection-asymmetric deformed shell model (DSM) [8]
with pairing interaction of BCS type. In this framework the collective CQOM
formalism and the intrinsic DSM+BCS approach are combined in conjunction
providing a possibility to describe the yrast and non-yrast quasi parity-doublet
sequences in odd-mass nuclei on a deeper microscopic level. The proposed
model mechanism suggests a strong coupling between the coherent quadrupole-
octupole vibrations and the intrinsic q.p. states in the formation of excited quasi-
doublet spectra. It is considered that the core induces a reflection-asymmetric
deformation in the s.p. potential which leads to the appearance of parity-mixed
s.p. states, while the total core plus particle wave function has a good parity.
In [9] it was shown that the model wave function can be taken in a way that the
mixed parity of the s.p./q.p state is projected on the fixed parity of the collective
state providing a good parity for the total model state. On this basis a preliminary
work on the connecting of the CQOM model to the DSM+BCS approach was re-
cently done in [10]. In the present work this unified model scheme is completed
in a form providing a fully microscopic description of the Coriolis decoupling
and K mixing effects in the energy levels and B(E1), B(E2) and B(E3) reduced
transition probabilities in the quasi parity-doublet spectra.

The paper is organized as follows. In Sec. 2 the structure of the total model
Hamiltonian based on CQOM and DSM with pairing and Coriolis interaction
is presented. The separate solutions of the collective and s.p./q.p. parts of the
model are given also there. In Sec. 3 the core plus particle coupling scheme
is described. The unified model solution for quasi parity-doublet spectra with
microscopic Coriolis interaction is also given there. In Sec. 4 expressions for
the model energies and B(E1)–B(E3) transition probabilities between K-mixed
doublet states are presented. Also, the possibilities for future applications of the
model scheme are discussed. In Sec. 5 concluding remarks are given.

2 Model Hamiltonian

The Hamiltonian of quadrupole-octupole vibrations and rotations coupled to the
s.p. motion with Coriolis interaction and pairing correlations can be written in
the form

H = Hs.p. +Hpair +Hqo +HCoriol. (1)

Here Hs.p. is the s.p. Hamiltonin with the Woods-Saxon potential for axial
quadrupole, octupole and higher multipolarity deformations [8], while Hpair

is the standard BCS pairing Hamiltonian [11]. Hqo represents oscillations of
the even–even core with respect to the quadrupole (β2) and octupole (β3) axial
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deformation variables mixed through a centrifugal (rotation-vibration) interac-
tion [4]

Hqo = − �
2

2B2

∂2

∂β2
2

− �
2

2B3

∂2

∂β2
3

+ U(β2, β3, I) , (2)

where

U(β2, β3, I) =
1
2
C2β2

2 +
1
2
C3β3

2 +
d0 + Î2 − Îz

2

2(d2β2
2 + d3β2

3)
, (3)

and Î and Îz are the operators of the total angular momentum and its third pro-
jection, respectively. Here B2 (B3), C2 (C3) and d2 (d3) are quadrupole (oc-
tupole) mass, stiffness and inertia parameters, respectively, while d0 determines
the potential core at zero angular momentum. The last term in (1) represents the
Coriolis interaction

HCoriol = − (Î+ĵ− + Î−ĵ+)
2(d2β2

2 + d3β2
3)
, (4)

where Î± = Îx ± iÎy and ĵ± = ĵx ± iĵy are the spherical components of the
total nuclear and s.p. angular momenta, respectively. The quantity J (β2, β3) =
(d2β

2
2+d3β

2
3) can be associated to the moment of inertia of an axially symmetric

quadrupole-octupole deformed shape.
The s.p. Hamiltonian is diagonalized in the axially deformed harmonic os-

cillator (ADHO) basis |NnzΛΩ〉 and the wave function for the odd particle is
obtained as [8]

FΩ =
∑

NnzΛ

CΩ
NnzΛ|NnzΛΩ〉, (5)

where Ω is equal to the z-projection K of the total angular momentum I . The
obtained s.p. state is with mixed-parity and the wave functionFK can be divided
up [9]

FK =
∑

πsp=±1

F (πsp)

K = F (+)
K + F (−)

K , (6)

where F (+)
K contains the positive-parity components, while F (−)

K contains the

negative-parity ones with π̂spF (±)
K = ±F (±)

K . (Here π̂sp is the s.p. parity opera-
tor.)

The pairing effect is taken into account through a BCS procedure for Hpair

[11] with constant pairing interaction applied to the DSM s.p. levels. The pairing
constants Gn/p for neutrons(n)/protons(p) are taken in the form [13] (see page
311):

Gn/p =
(
g0 ∓ g1

N − Z

A

)
/A , (7)
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where the parameters g0 = 17.8 MeV and g1 = 7.4 MeV are taken as in [12].
The BCS procedure is applied, as suggested in [13], within energy windows in-
cluding (15N)1/2 orbitals for neutrons and (15Z)1/2 orbitals for protons below
and above the Fermi surface. The phenomenological value Δ = 12 ·A−1/2 and
the energy of the last occupied orbital are used for the pairing gap and the chem-
ical potential λ, respectively, at the starting point in the numerical solution of the
gap equation. In this procedure the orbital occupied by the single particle should
be blocked. The one-q.p. energy is obtained through the s.p. energyEK

sp as

εKqp =
√

(EK
sp − λ)2 + Δ2 . (8)

The q.p. energies εKqp are eigenvalues of the Hamiltonian Hqp = Hs.p. + Hpair.
Then the s.p. wave functions FK , (5), transform to the wave functions of the
BCS q.p. states. The matrix elements of s.p. operators (such as ĵ±) between two
one-q.p. BCS-states are related to the matrix elements between the correspond-
ing s.p. states by factors involving the BCS occupation amplitudes (see below).
Then one can write

H = Hqp +Hqo +HCoriol. (9)

The core HamiltonianHqo is diagonal in the collective rotation space and the
potential (3) can be taken as [3]

U(β2, β3, I) =
1
2
C2β2

2 +
1
2
C3β3

2 +
X(I)

d2β2
2 + d3β2

3

, (10)

with X(I) = [d0 + I(I + 1)]/2 and K = 0. After introducing ellipsoidal
coordinates β2 = pη cosφ and β3 = qη sinφ, with p =

√
d/d2, q =

√
d/d3,

d = (d2 + d3)/2 and by assuming coherent quadrupole-octupole oscillations
with a frequency ω =

√
C2/B2 =

√
C3/B3 ≡ √

C/B, the spectrum of Hqo is
obtained in the form [3]

Enk(I) = �ω
[
2n+ 1 +

√
k2 + bX(I)

]
, (11)

where n = 0, 1, 2, ..., k = 1, 2, 3, ... and b = 2B/(�2d). The quadrupole-
octupole vibration wave function is

Φπ
nkI(η, φ) = ψI

nk(η)ϕπc
k (φ), (12)

where the radial part

ψI
nk(η) =

√
2cΓ(n+ 1)

Γ(n+ 2s+ 1)
e−cη2/2(cη2)sL2s

n (cη2) (13)

involves generalized Laguerre polynomials in the variable η with c =
√
BC/�

and s = (1/2)
√
k2 + bX(I). The angular part in the variable φ appears with a

25



N. Minkov, S. Drenska, M. Strecker

positive or negative parity, πc = (±), of the even-even core as follows

ϕ
πc=(+)
k (φ) =

√
2/π cos(kφ) , k = 1, 3, 5, ... , (14)

ϕ
πc=(−)
k (φ) =

√
2/π sin(kφ) , k = 2, 4, 6, ... . (15)

In [4] the Coriolis term (4) was incorporated into the potential (10) by extending
X(I) for the case of odd nuclei with K = 1/2 as

X(I,K) =
1
2

[
d0 + I(I + 1) −K2 + πaδK, 1

2
(−1)I+1/2

(
I +

1
2

)]
. (16)

Also, in the odd-mass nuclei the total angular momentum I includes the odd-
nucleon momentum and therefore takes half-integer values. In [4] the decou-
pling factor a was taken as a fitting parameter. Below the microscopic contents
of the Coriolis interaction will be completely taken into account.

3 Core Plus Particle Coupling Scheme

The eigenfunction corresponding to the Hamiltonian partHqp+Hqo can be taken
in the form [9]

Ψπ
nkIMK(η, φ)=

1
2NK

√
2I+1
16π2

(1+R1)DI
M K(θ)(1+πP̂ )Φπc

nkI(η, φ)FK , (17)

where NK is a normalization factor determined below and DI
M K(θ) is the

Wigner rotation function. The core function Φπc

nkI(η, φ) is given by (12). P̂ =
π̂c · π̂sp is the operator of the total parity with eigenvalue π (π = πc · πsp). The
operator R1 represents a rotation by an angle π about an axis perpendicular to
the intrinsic z-axis. The actions of R1 and π̂sp on the respective parts of the
wave function are

R1D
I
M K = (−1)I+KDI

M −K , R1Φπc

nkI = πcΦπc

nkI (18)

R1FK = F−K , π̂spFK = F (+)
K −F (−)

K . (19)

The core parity πc is fixed so as πc = (+) for the doublet counterparts with
ϕ+(φ) [Eq. (14)] containing the ground or bandhead state (states shifted down),
and πc = (−) for the counterparts with ϕ−(φ) [Eq. (15)] which are shifted
up. The operator (1 + πP̂ ) in (17) projects out the component F (+)

K or F (−)
K

from FK , providing a good total parity of the states in the split parity-doublet
spectrum. Thus, if the lowest (ground or bandhead) state of the doublet has a
positive total parity, π = πb = πsp = (+), the projected component is F (+)

K ,
while for a negative-parity π = πb = πsp = (−), the projected component is

F (−)
K . Therefore, the wave function (17) can be characterized by the parity π

of the considered doublet state and the experimentally determined parity of the
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bandhead state πb = ± on which the parity doublet is built and with respect
to which the DSM wave function (5) is projected. By taking the action of the
operators in (18), (19) and the condition for a good total parity π = πc · πb (or
πc = π · πb) the function (17) can be written in the following simplified form

Ψπ,πb

nkIMK(η, φ) =
1
NK

√
2I + 1
16π2

Φπ·πb

nkI (η, φ)

×
[
DI

M K(θ)F (πb)
K + π · πb(−1)I+KDI

M −K(θ)F (πb)
−K

]
. (20)

Here the index b labels the ground or the excited bandhead state as a member

of the DSM s.p. (or q.p.) spectrum, while F (πb)
K = F (±)

K are the respectively
projected components of the s.p./q.p. wave function. (In the CQOM notations
the considered bandhead states are labeled by the quantum number n = 0, 1, 2,
i.e. we have a unique correspondence between b and n.) The normalization
factor in (20) is

NK =
[〈

F (πb)
K

∣∣F (πb)
K

〉] 1
2
, (21)

and the orthonormalization property of the wave function (20) reads

〈
Ψπ′,πb′

n′k′I′M ′Kν′

∣∣Ψπ,πb

nkIMKν

〉
= δnn′δkk′δII′δMM ′δKνKν′

1
2
(1 + ππ′πbπb′)

× PKν′Kν

NKν′NKν

〈
FKν′

(πb′ )∣∣FKν

(πb)
〉
. (22)

The quantity PKν′Kν = UKν′UKν + VKν′VKν (with PKνKν = 1) involves the
usual BCS occupation factors coming from the pairing interaction, i.e. after the
q.p. states corresponding to the wave functions (20) are considered (as men-
tioned after Eq. (8)). Hereafter the occupation factor PKν′Kν will be considered
in all matrix elements and/or scalar products involving the functions (20).

It should be noted that in the case of mixed parity (β3 �= 0) the overlap inte-

gral
〈
FKν′

(πb′)∣∣FKν

(πb)
〉

is not zero for different s.p. states (ν′ �= ν) contrary

to the case of a good parity. This is due to the circumstance that the projected
parts of the q.p. wave functions do not contain the complete set of expansion
components appearing in (5). Nevertheless, the orthogonality of the wave func-
tion (20) for the states belonging to different doublets, i.e. states built on differ-
ent s.p./q.p. states is provided by the orthogonality of the collective quadrupole-
octupole part of the wave function through the Kronecker factor δnn′ . Also, the

factor
(
1 + ππ′πbπb′

)
does not contribute to the orthogonality of states having

the parity of the bandheads (one may check different combinations of the pari-
ties in this factor), and again the orthogonality is provided by the factors δnn′δkk′

coming from the collective part of the function.
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In the case of a good s.p. parity (β3 = 0) the total wave function (20)

includes the full s.p./q.p. wave function F (πb)
K = FK . The overlap integral〈

FKν′
(πb′ )∣∣FKν

(πb)
〉

in (22) gives δνν′δbb′ and then one has

〈
Ψπ′,πb′

n′k′I′M ′Kν′

∣∣Ψπ,πb

nkIMKν

〉
=δnn′δkk′δII′δMM ′δKνKν′ δνν′δbb′

1
2
(1+ππ′). (23)

The orthonormality in (23) is provided by the both, collective and s.p. parts of
the wave function.

The Coriolis Hamiltonian (4) can be diagonalized through the contact trans-
formation [14] or treated by the perturbation theory in the basis of the wave
functions (20). The result is obtained up to the second order in the following
form, which is pre-defined for an intrinsic state with a given quantum number
Kb on which the parity doublet is built:

Hc
Kb

=
1

2J (β2, β3)
(−1)I+1/2

(
I +

1
2

)
a1/2δKb, 1

2

− 1
[2J (β2, β3)]2

∑
ν �=b

(Kν=Kb±1, 1
2 )

[
ã
(πb)
KνKb

(I)
]2

εKν − εKb
, (24)

where

ã
(πb)
KνKb

(I) =

⎧⎪⎪⎨⎪⎪⎩
√

(I −Kb)(I +Kb + 1)a(πb)
KνKb

, Kν = Kb + 1√
(I +Kb)(I −Kb + 1)a(πb)

KbKν
, Kν = Kb − 1

π · πb(−1)(I+ 1
2 )a

(πb)
1
2 ,− 1

2
, Kν = Kb = 1

2 ,

(25)

with the Coriolos mixing factors defined as

a
(πb)
Kν′Kν

=
PKν′Kν

NKν′NKν

〈F (πb)
Kν′ |ĵ+|F (πb)

Kν
〉 (26)

=
PKνKν′

NKνNKν′
〈F (πb)

Kν
|ĵ−|F (πb)

Kν′ 〉.

The decoupling factor a1/2 is

a1/2 = ππba
(πb)
1
2− 1

2
, (27)

where πb = ± is the parity of the doublet bandhead (or ground) state and π is the
total parity of the given state with angular momentum I . The sum in (24) runs
over q.p. states with energies εKν above the Fermi level. Since the operators
ĵ± do not change the parity, the K-mixing factors (26) connect the considered

28



A Model for Quasi Parity-Doublet Spectra with Strong Coriolis Mixing

bandhead state with the projected parts of the s.p./q.p. states in the sum of (24)
which have the same parity πb (see below). In the case of a good s.p. parity
(27) and (26) reduce to the standard decoupling factor and K-mixing matrix
elements, respectively.

Now the rotation factor X(I,K), Eq. (16), can be replaced by

X̃(I,Kb) =
1
2

[
d0 + I(I + 1) −K2

b + (−1)I+ 1
2

(
I +

1
2

)
a 1

2
δKb, 1

2

− 1
2J (β2, β3)

∑
ν �=b

(Kν=Kb±1, 12 )

[ã(πb)
KνKb

(I)]2

εKν − εKb

]
. (28)

Then the general Hamiltonian (9) is redefined in a form where the angular mo-
mentum factorX(I) in (10) is replaced by the above microscopically determined
term X̃(I,K). In such a way the solution of the s.p. problem for the odd nucleon
and its influence on the collective motion through the Coriolis interaction is in-
cluded into the centrifugal part of the collective problem for the potential (10).
The solution of this problem is not straightforward due to the deformation depen-
dence of X̃(I,K) through the factor 1/[2J (β2, β3)]. However, we remark that
in (28) this factor is joined, through (26), to the matrix elements 〈F±

K′ |ĵ+|F±
K〉.

The latter depend on β2 and β3, which enter the DSM procedure as parameters.
Then one can suppose that in (28) both, 1/(2J ) and 〈F±

K′ |ĵ+|F±
K〉, depend on

the same fixed set of deformation parameters (β0
2 , β

0
3). In this case the factor

A ≡ 1/[2J (β2, β3)] = 1/[2J (β0
2 , β

0
3)] (29)

is a constant, which in the simplest approach can be treated as an adjustable
parameter. In such a case the explicit deformation dependence of the kinematic
factor (28) is removed.

By solving the problem under the above conditions the eigenfunctions of
the general Hamiltonian (9) corresponding to Coriolis perturbed/mixed parity-
doublet states built on a q.p. state with K = Kb are obtained in the form

Ψ̃π,πb

nkIMKb
=

1

ÑKb

⎡⎢⎢⎣Ψπ,πb

nkIMKb
+

∑
ν �=b

(Kν=Kb±1, 1
2 )

CI
KνKb

Ψπ,πb

nkIMKν

⎤⎥⎥⎦ , (30)

where the expansion coefficients are given by

CI
KνKb

= A
ã
(πb)
KνKb

(I)
εKν − εKb

. (31)
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The normalization factor ÑKb
in the Coriolis perturbed function (30) is given by

Ñ2
Kb

=
〈
Ψ̃π,πb

nkIMKb

∣∣Ψ̃π,πb

nkIMKb

〉
= 1 + 2

∑
ν �=b

(Kν=Kb=
1
2 )

CKνKb
δKνKb

PKνKb

NKνNKb

〈
FKν

(πb)
∣∣FKb

(πb)
〉

+
∑
ν1 �=b

(Kν1=Kb±1, 1
2 )

∑
ν2 �=b

(Kν2=Kb±1, 12 )

CKν1Kb
CKν2Kb

δKν1Kν2

× PKν1Kν2

NKν1
NKν2

〈
FKν1

(πb)
∣∣FKν2

(πb)
〉
. (32)

In the case of good parity (β3 = 0) the overlap integral
〈
FKν

(πb)
∣∣FKb

(πb)
〉

gives δνb which together with the summation condition ν �= b makes the first
term in (32) zero, while the last term is reduced to δν1ν2 which lifts the second
summation and thus one has

Ñ2
Kb

= 1 +
∑
ν �=b

(Kν=Kb±1, 1
2 )

C2
KνKb

. (33)

4 Energies and Transition Probabilities

4.1 Energies

According to the formalism developed in the previous section the unified model
expression for the energy levels of a quasi parity-doublet built on a Coriolis
mixed q.p. state with angular momentum projection Kb has the general form

Enk(I,Kb) = εKb + �ω

[
2n+ 1 +

√
k2 + bX̃(I,Kb)

]
, (34)

where the termX(I) in the CQOM expression (11) is replaced by X̃(I,K) from
(28) and εKb is the q.p. energy obtained by DSM+BCS. The expression (34)
suggests that the quasi parity-doublet bands can be considered as the result of
collective quadrupole-octupole rotations and vibrations superposed on the top
of s.p./q.p. excitations. On the other hand, it can be assumed that the excited
doublet levels have a completely collective rotation-vibration origin described
by CQOM. This means that the εKb energies in (34) can be discarded, while the
collective levels still remain coupled to the q.p. excitations through the Coriolis
mixing factors entering X̃(I,K) in (28). Such an assumption is made in the
preliminary work on this approach done in [10].

In all cases the structure of the model quasi parity-doublet spectrum is ob-
tained by (34) by considering different rotation-vibration modes characterized
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by the “radial” oscillator quantum number n = 0, 1, 2, ..., and pairs of odd and
even values of the “angular” quantum number k, k(+)

n and k(−)
n (k(+)

n < k
(−)
n )

labeling the opposite parity states (with I± =half-integer) within a given dou-
blet. The yrast doublet with n = 0 is coupled to the ground state, while the
non-yrast doublets with n = 1, 2, ... are coupled to higher q.p. states deter-
mined in the DSM+BCS model. For given n the k-values are determined so that
k = k

(+)
n for Iπ=π(n)

and k = k
(−)
n for Iπ=−π(n)

, where π(n) is the experimen-
tally observed parity of the ground state (n = 0) or the excited doublet bandhead
(n > 0). The difference between k(+)

n and k(−)
n generates the splitting of the

parity-doublet. It should be noted that coherent quadrupole-octupole oscillation
modes with n > 0 were used to describe the non-yrast alternating-parity bands
in even-even nuclei [5] and quasi parity-doublets in odd-mass nuclei [6,7].

As mentioned below Eq. (20) the index n also labels the different q.p. states
to which the different doublets are coupled. This imposes the condition that
the signs of the average parity in the ground and excited q.p. states obtained
in DSM correspond to the parities of the respective experimentally observed
states. Another important condition is that the third angular momentum projec-
tionsKb = K(n) (n = 0, 1, 2, ...) obtained in DSM for these states also coincide
with the experimentally estimated ones or with those assumed in the collective
part of the model. These conditions together with the requirement to obtain
appropriate values for the Coriolis decoupling and K-mixing factors entering
X̃(I,K) in (34) impose a number of limitations on the possible quadrupole and
octupole deformation values β2 and β3 which can be used in the DSM+BCS cal-
culation. The choice of these deformation parameters is crucial for the present
approach. One possibility is to obtain the solutions of the DSM+BCS problem
on a net in the (β2, β3)-space and get the deformations which provide the appro-
priate K-values for the ground state and the excited bandhead states and give,
at the same time, the best description of the spectrum including the Coriolis
decoupling and K-mixing effects. A more sophisticated possibility is to deter-
mine β2 = β0

2 and β3 = β0
3 from the collective model before using them in

DSM. For this reason one can try to obtain their average (“dynamical”) values
from the CQOM solution for the even-even core. This is not so straightforward
because of the pronounced softness of the shape in the assumed regime of coher-
ent quadrupole-octupole motion. Beyond the coherent limit of the model, one
can get the values which provide a minimum in the (β2, β3) potential (3) after
numerically solving the two-dimensional quadrupole-octupole problem [15]. In
both cases the use of the so obtained “collective” estimations for the quadrupole-
octupole deformations in the DSM+BCS part of the scheme is a subtle task
which requires a careful determination of the collective model parameters, espe-
cially the parameters of the potential (3), in conjunction with the characteristics
of the odd nucleon motion (K-values, average parity, Coriolis interaction). In
the preliminary work [10] the β2 and β3 deformations for the DSM procedure
are essentially determined by examining the evolution of the s.p. characteristics

31



N. Minkov, S. Drenska, M. Strecker

in the quadrupole-octupole space. This seems to be a reasonable starting point
in the prospective application of the formalism.

4.2 Transition Probabilities

By using the most general Coriolis mixed wave functions (30) one can calculate
B(Eλ) transition probabilities (λ = 1, 2, 3) within the yrast and non-yrast quasi-
doublet bands as well as between the different bands. The relevant formalism
was originally developed in [3, 4] and further extended to the non-yrast states
of even-even nuclei [5]. In this work we use the formalism of [5] and below
develop it in the case of the Coriolis mixed quasi-doublet states (30).

The electric multipole operators are

M̂μ(Eλ)=

√
2λ+1

4π(4 − 3δλ,1)
Q̂λ0

∑
ν

Dλ
μν , λ=1, 2, 3; μ=0,±1, ...,±λ. (35)

The explicit form of the operators Q̂λ0 is given by Eqs. (31)–(33) in [5]. The
matrix elements for the E1, E2 and E3 transitions between the unperturbed
states (20) are obtained in the form

〈|M̂μ(Eλ)|〉 = 〈Ψπf ,πbf

nf kf If Mf Kf
(η, φ)|M̂μ(Eλ)|Ψπi,π

bi

nikiIiMiKi
(η, φ)〉

= R̃λ,μC
If Kf

IiKiλ(Kf−Ki)

PKf Ki〈F (πbf )
Kf

|F (πbi )
Ki

〉
NKf

NKi

× [
1 − πfπ

bfπiπ
bi(−1)λ+Kf+Ki

]
, (36)

where

R̃λ,μ =
1
2

√
2λ+ 1

4π(4 − 3δλ,1)

√
2Ii + 1
2If + 1

C
If Mf

IiMiλμR
πf ,πbf ;πi,π

bi

λ , (37)

with CIf Mf

IiMiλμ being the Clebsch-Cordan coefficient and

R
πf ,πbf ;πi,π

bi

λ =
∫

η

∫
φ

Φπf ·πbf

nf kf If
(η, φ)Qλ0(η, φ)Φπi·πbi

nikiIi
(η, φ)ηdηdφ. (38)

The two-dimensional integral (38) is factorized into radial (η) and angular (φ)
integrals the explicit analytic forms of which are obtained in [5].

In the case of good parity (β3 = 0) the overlap integral in (36) gives δi,f and
the transition matrix element between the unperturbed states becomes (see also
the text above Eq. (23))

〈|M̂μ(Eλ)|〉 = R̃λ,μC
If Kf

IiKiλ(Kf−Ki)
δKi,Kf

δi,f

× [
1 − πfπ

bfπiπ
bi(−1)λ+Kf+Ki

]
. (39)
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The matrix element (39) allows transitions between states only belonging to the
same doublet built on the same s.p./q.p. state. This is the situation considered
in the previous applications of the CQOM approach to odd-mass nuclei [4, 7]
(see Eq. (13) in [7] and the related text). This restriction of the model scheme is
removed below by taking into account the Coriolis K-mixing effect.

The matrix elements of the electric transition operators between the Coriolis
perturbed states (30) with initial quantum numbers n = ni, k = ki, I = Ii,
K = Ki and final quantum number n = nf , k = kf , I = If , K = Kf are
given by

〈Ψ̃πf ,πbf

nf kf If Mf Kf
|M̂μ(Eλ)|Ψ̃πi,π

bi

nikiIiMiKi
〉 =

1

ÑKf
ÑKi

R̃λ,μδπbf πbi

× [
1 + πfπi(−1)λ

] [
δKf KiC

If Kf

IiKiλ0

PKf Ki〈F (πbf )
Kf

|F (πbi )
Ki

〉
NKf

NKi

+ C
If Kf

IiKf λ0

∑
ν �=i

(Kν=Ki±1, 1
2 )

δKf KνC
I
KνKi

PKf Kν 〈F (πbf )
Kf

|F (πbi )
Kν

〉
NKf

NKν

+ C
If Ki

IiKiλ0

∑
ν �=f

(Kν=Kf±1, 1
2 )

δKνKiC
I
KνKf

PKνKi〈F (πbf )
Kν

|F (πbi )
Ki

〉
NKνNKi

+
∑

ν′′ �=f
(Kν′′=Kf±1, 1

2 )

∑
ν′ �=i

(Kν′=Ki±1, 12 )

δKν′′Kν′C
If Kν′′
IiKν′λKν′′−Kν′

× CI
Kν′′Kf

CI
Kν′Ki

PKν′′Kν′ 〈F (πbf )
Kν′′ |F (πbi )

Kν′ 〉
NKν′′NKν′

]
. (40)

The B(Eλ) transition probabilities between initial (i) and final (f) model
states (30) belonging to the same (ni = nf ) or different (ni �= nf ) quasidoublets
are determined by

B(Eλ;πbinikiIiKi → πbfnfkfIfKf) =
1

2Ii + 1

∑
MiMf μ

∣∣∣〈Ψ̃πi,π
bi

nikiIiMiKi
(η, φ)

∣∣Mμ(Eλ)
∣∣Ψ̃πi

nikiIiMi0
(η, φ)

〉∣∣∣2 . (41)

After carrying out the integration over the rotation part in (41) one obtains the
B(Eλ) transition probabilities in the form
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B(Eλ;πbinikiIiKi → πbfnfkfIfKf ) =
1
4

2λ+ 1
4π(4 − 3δλ,1)

×R2
λ(πbinikiIi → πbfnfkfIf )δπbf πbi

[
1 + πfπi(−1)λ

]2
× 1

Ñ2
Kf
Ñ2

Ki

[
δKf KiC

If Kf

IiKiλ0

PKf Ki〈F (πbf )
Kf

|F (πbi )
Ki

〉
NKf

NKi

+ C
If Kf

IiKf λ0

∑
ν �=i

(Kν=Ki±1, 1
2 )

δKf KνC
I
KνKi

PKf Kν 〈F (πbf )
Kf

|F (πbi )
Kν

〉
NKf

NKν

+ C
If Ki

IiKiλ0

∑
ν �=f

(Kν=Kf±1, 1
2 )

δKνKiC
I
KνKf

PKνKi〈F (πbf )
Kν

|F (πbi )
Ki

〉
NKνNKi

+
∑

ν′′ �=f
(Kν′′=Kf±1, 1

2 )

∑
ν′ �=i

(Kν′=Ki±1, 12 )

δKν′′Kν′C
If Kν′′
IiKν′λKν′′−Kν′

× CI
Kν′′Kf

CI
Kν′Ki

PKν′′Kν′ 〈F (πbf )
Kν′′ |F (πbi )

Kν′ 〉
NKν′′NKν′

]2

. (42)

In the good parity case β3 = 0 one has

B(Eλ;πbinikiIiKi → πbfnfkfIfKf ) =
1
4

2λ+ 1
4π(4 − 3δλ,1)

×R2
λ(πbinikiIi → πbfnfkfIf )δπbf πbi

[
1 + πfπi(−1)λ

]2
× 1

Ñ2
Kf
Ñ2

Ki

[
δKf Kiδbf biC

If Kf

IiKiλ0 + C
If Kf

IiKf λ0C
I
Kf Ki

+ C
If Ki

IiKiλ0C
I
KiKf

+
∑

ν �=f,i
(Kν=Kf±1,Ki±1, 12 )

C
If Kν

IiKνλ0C
I
KνKf

CI
KνKi

]2

. (43)

It is seen that the term on the third line of Eq. (42) and the first term in
the third line of (43) correspond to the unperturbed parts of the wave functions.
However, the terms on the fourth and fifth lines of (42) and the second and third
terms on the third line of (43) provide a first order K mixing effect connecting
model states whose doublet bandheads differ by ΔK = |Kf −Ki| = 1. Further,
the last terms in (42) and (43) involve a second order mixing effect connecting
states with ΔK = 2. Therefore, the transition probability expression (42) pro-
vides a possibility for the description of various kinds of transition probabilities
within and between different quasiparity doublets in the spectra of odd-mass
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nuclei. Thus, the formalism developed in the present work provides a com-
plete collective (CQOM) plus microscopic (DSM+BCS) model framework for
description of quadrupole-octupole spectra in odd-mass nuclei with a consistent
and fully microscopic treatment of the Coriolis interaction.

5 Summary

In summary, a quadrupole-octupole core plus particle model scheme is proposed
for description of yrast and non-yrast quasi parity-doublet spectra in odd-mass
nuclei. The even-even core is considered in the CQOM model, while the odd par-
ticle is described within the reflection-asymmetric DSM with pairing. A Cori-
olis mixed particle-core coupling wave function providing a good parity of the
total system is constructed. Within this scheme the yrast and the non-yrast quasi-
doublet states appear as collective quadrupole-octupole rotation-vibration modes
coupled to the ground and some higher quasi-particle states. The approach al-
lows a fully microscopic calculation of the Coriolis decoupling/K-mixing ef-
fects in the quasi parity-doublet spectra and the attendant intra and inter-doublet
transition probabilities. The test calculations and the systematic application of
the approach in different regions of odd-mass nuclei is the subject of further
work.
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