NUCLEAR THEORY, Vol. 30 (2011)
eds. A. Georgieva, N. Minkov, Heron Press, Sofia

Energies and Transition Probabilities in
Nuclear Alternating-Parity Spectra

N. Minkov!, S. Drenska', M. Strecker?, W. Scheid?

nstitute of Nuclear Research and Nuclear Energy, Bulgarian Academy of
Sciences, Tzarigrad Road 72, BG-1784 Sofia, Bulgaria

%Institut fiir Theoretische Physik der Justus-Liebig-Universitiit,
Heinrich-Buft-Ring 16, D-35392 Giessen, Germany

Abstract.

An extension of the model of Coherent Quadrupole-Octupole Motion (CQOM)
is presented which describes energies and transition rates in the yrast and non-
yrast alternating-parity spectra of even-even nuclei. Generalized electric transi-
tion operators reflecting the complex shape properties associated with the quadru-
pole-octupole vibration modes are introduced. Model expressions for the B(E1),
B(E2) and B(E3) reduced transition probabilities within and between the differ-
ent energy sequences are derived. It is shown that the model successfully repro-
duces the yrast and non-yrast alternating-parity levels together with the related
B(E1)-B(E3) transition rates in the nuclei *2Sm, '5*Gd and 23°U.

1 Introduction

The appearance of alternating-parity bands in even-even atomic nuclei, as a re-
sult of the presence of quadrupole-octupole deformations, is usually attended by
enhanced electric E1 and E3 transitions between levels with opposite parity [1].
The B(E1) and B(E3) reduced transition probabilities are known to provide a
sensitive test for the structure of the alternating-parity sequences. Therefore,
their description together with the energy levels is of special importance for the
explanation of the complex quadrupole-octupole motions of nuclei.

The purpose of the present work is to implement a consistent description
of energies and transition probabilities in the yrast and non-yrast alternating-
parity bands of even-even nuclei within the model of Coherent Quadrupole-
Octupole Motion (CQOM) [2]. In the originally proposed model scheme the
yrast alternating-parity band is composed as usual by the members of the ground-
state band and the lowest negative-parity levels with odd angular momenta [2].
Recently it was suggested that the model scheme can be extended by assuming
that the excited (3-bands are connected to higher negative-parity sequences with
odd angular momenta [3]. It was shown that the extended CQOM scheme is ca-
pable to reproduce the yrast and non-yrast alternating parity levels in rare-earth
and actinide nuclei. In the present work the model scheme is further extended to
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describe electric transition probabilities by taking into account the properties of
the complex quadrupole-octupole motion of the system. The extended model is
applied for the simultaneous description of energies and E1, E2 and E3 transition
rates in the alternating-parity spectrum.

In Sec. 2 the CQOM model and its extended formalism for the description
of B(E1)-B(E3) transition probabilities are shown. In Sec. 3 numerical results
and discussion on the application of the model to the nuclei '°>Sm, '°*Gd and
2361 are presented. In Sec. 4 concluding remarks are given.

2 Model of Coherent Quadrupole—Octupole Motion

2.1 Hamiltonian and Wave Functions

The general Hamiltonian of the model is [2]

n* 92 n* 92
H o — = - U » M3, I ) 1
where 32 and 33 are axial quadrupole and octupole variables, respectively, and

X(I)
da2f33 + d3f33

with X (I) = [do + I(I + 1)]/2. Here Bz (Bs), C2 (C3) and dy (d3) are
quadrupole (octupole) mass, stiffness and inertia parameters, respectively, while
dy determines the potential core at / = 0. Under the assumption of coherent
quadrupole-octupole oscillations with a frequency w = \/ Cy/By = \/ C3/Bs =
+/C/ B, and after introducing ellipsoidal coordinates

1 1
U(B2,0s,1) = §O2ﬁ22 + 503532 + )

B2 = pncos ¢, B3 = qnsin ¢, 3

with p = \/d/d2, ¢ = \/d/d3 and d = (dz + d3)/2, the collective energy of
the system is obtained in the form [2]

Eni(l) = hw [Qn F1+VE2 1 bX(I)] n=0,1,2,.: k=1,2,3, ..., (4)

where b = 2B/(h%d). The quadrupole-octupole vibration wave function is

net (1, 0) = Y (MeT (@), )
where the “radial” part
20(n+1) __2
I — 2N T ) o=t/ 2( 02 S 125 (o2 6
n,k(n) F(n—i— 2s + 1)6 (077 ) n (077 ) ( )
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involves generalized Laguerre polynomials in the variable  with ¢ = vV BC/h

and s = (1/2)y/k? + bX (I). The “angular” part in the variable ¢ appears with
a positive or negative parity as follows

o (@) = /2/m cos(kg) , k=1,3,5,.., (7
v (0) = v2/msin(ke) , k=2,4,6,.... ®)
The total wave function has the form
21 +1
Vo ao(n, @) = \ Tgn2 Dl o0l (n)e™(4) . 9

The energy spectrum is determined in (4) by the quantum numbers n and k.
An alternating-parity band is determined by given n and a pair of odd and even
k-values, k‘,(f) and k;gf), corresponding to the positive and negative parity se-
quence, respectively. As suggested in [3] the sets of levels labeled by n = 0, 1
and 2 involve the ground-state band, first and second 3-bands, respectively.

2.2 Transition Probabilities
The B(E)) transition probabilities between model states (9) are determined by

1 . _ 2
YA > ‘<‘I’n;kf1foo(77a¢)’MM(E)‘)“I’n:ki1iM,;o(77a¢)>‘ - (10)
v iMpp

The operators for electric E1, E2 and E3 transitions are defined as

220 +1

Mu(BA) = Am(4—3551)

QroDy,, A=1,2,3, p=0,%1,.., £\ (11)

The vibration parts of these operators can be determined as

Q10 = M 233 = Mipgn? cos ¢sin ¢ (12)
Q20 = Maf3y = Mapn cos ¢ (13)
Q30 = M35 = Msqnsin o, (14

with ¢ = p/+/2p? — 1. The electric charge factors M), are taken as [4]

My = #Zd{é, =23, (15)
2A+ )m
94Ze* (1 15
M, = ), 16
' 56357 <J 8QAé) (16)
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where Ry = roAl/ 3 rg ~ 1.2 fm, Z is the proton number, and e is the elemen-
tary electric charge. Since there is not a unique approach to estimate the factor
M in the present work an effective charge el; is used in (16) instead of e. The
quantities J = 35 MeV and Q = 45 MeV are taken with fixed values in all
considered nuclei.

The definitions of operators (12)—(14) originally correspond to a situation
in which the nuclear shape is characterized by fixed values of the deformation
parameters 32 and (3. In this case the density distribution of the collective state
is characterized by a single maximum in the space of 32 and 35. In the case of the
model potential (2) taken with an elliptic bottom the density distribution can be
characterized by more than one maximum. This is illustrated in Figure 1, where
the density distribution |®7, (82, 33)|* of the state (5) is plotted for different
k-values at n = 0 after transforming to (32,03) variables.

To describe the transition between the states with different numbers of max-
ima the angular parts in (12)—(14) are generalized through the replacements

cos — Asg(9) =Y cos(kg) _ f%[m +1In(l —cos¢)]  (17)

sing — Ago(d) = > sin(kg) _ y + mFloor <%) (18)
k=

k
1
cospsin g — Arg(¢) = Z Z %Singﬂﬁ). (19)
m=1n=1

Here expansion (19) is reasonably convergent. The expressions (17) and (18)
represent even and odd Fourier expansion series, respectively. The first terms
in (17) and (19) represent the original angular (¢-) parts in operators (12)—(14).
Now these operators are redefined as

Q1o(n, ¢) = Mipgn? Aro() (20)
Q20(n, ¢) = MapnAz (o) Q1)
Q30(n, 9) = MzqnAso(9). (22)

After carrying out the integration over the rotation part in (10) one obtains

B(EX;nik;I; — npkely) =

20+ 1 2 2
47r(4—35/\,1)< 50" B skl @)
with
Ra(mikili = npkyls) = (@07, 1 (,0)|Qxo| @0k, (1,0)) . @4
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Figure 1. Schematic 3D and 2D contour plots of the density distribution |®7, (32, 83)|?
for k = 1, I = 2 (up/mid left) and k = 2, I = 1 (up/mid right), & = 3, I = 2 (down
left) and k£ = 4, I = 1 (down right) at n = 0. The ellipsoidal curves outline the potential
bottom. The model space corresponds to the 32 > 0 half-plane.

By further separating the integrations over the “radial” variable n and the “an-
gular” variable ¢ in (24) according to (5) one obtains

Rl(nikilz‘ — nfkflf) = MlpqSQ(ni,Ii;nf,If)Ifi’ﬂf(ki,kf) (25)
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Ro(nik;I; — ngkely) = MapSi(ng, Liyny, If)I;r"’Wf (ki Ky) (26)

Rs(nik;I; — ngksly) = M3qSi(ng, Iisng, If)I;”’ﬂf (ki ky), 27
where

Sl(niaIi;nfaIf) = /OOO dnwrlf}(n)nz 711(77) (28)

So(ni, I;ng, Iy) = /O N dn; ()P ek (), (29)

and

o 2 (% T
L (kiskp) =~ Axo(@)eyp (D)er (9)dd, A =1.2,3. (30)

us
2

The integrals over 7, (28) and (29), involve the “radial” wave functions (6) and
can be expressed in the following analytic form

1
Si(ng, Isng, Iy) = —

[ I(ny+1)T(n; + 1) }%
21T (ny 4+ 2sp + 1)I'(n; + 2s; + 1)
Dng+2s;+1)T(ni+s; —sp —1/2)T(si +sp+1/2+1)
I'(1+ 2sy) I'(si—sf—1) n;!ng!

l l l
X 3F2(_nf75i+8f+§+1,8f—8i+§ + 1;23f+1,3f—3i—|—§+1—ni; 1),

1=1,2, (31)

where 3F5 denotes the generalized hypergeometric function [5]. The integrals
over ¢ (30) involve the “angular” wave functions (7) and (8) and also can be
expressed in explicit forms by using integration of products of trigonometric
functions.

3 Numerical Results and Discussion

The extended CQOM formalism is applied to the nuclei °2Sm, 1°#Gd and 236U.
The model energy levels are determined by Eq. (4) as EN‘mk.(I ) = E, k(1) —
E07 kG (0). The parameters w, b, do, ¢, p and e;; are adjusted by simultaneously
taking into account experimental data on the energy bands [6] and the available
B(E1)-B(E3) transition probabilities [7], [8]. For each nucleus the calculations
are performed in a net over the values of k:r(f) and kgf) providing the sets of
k-values for the best description. The theoretical and experimental energy levels
and transition probabilities for the three nuclei are compared in Figures 2—4. The
obtained parameter values and k-numbers are also given there. It is seen that the
model correctly reproduces the structure of the yrast and non-yrast alternating-
parity bands. Note that in 15#Gd three alternating-parity bands are described in
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Figure 3. Theoretical and experimental alternating-parity levels and transition probabilities for 1>*Gd. Data for energy levels from [6]. B(E1) and

B(E2) data from [7] and B(E3) data from [8]. Parameter values: w = 0.306 MeV/h, b = 2.948 h2% do = 114.7 k%, ¢ = 113.4, p = 0.777,
1

e = 1.048 e.
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total. In the three nuclei the B(E1) transition probabilities between the ground-
state band (gsb) and the first negative-parity band are described quite well. The
value of the interband B(E1) probability B(E1;1; — 27) in '*2Sm is overes-
timated by one order while the B(E1;1] — 03) and B(E1;1] — 27) values
in '°*Gd are well described. The B(E2) intraband probabilities within the gsb
of 12Sm and '5*Gd are well described, while in 236U the description is good
as overall up to a quite high I = 26. The E2 interband transitions between
members of the first 3-band and gsb in '52Sm and 5*Gd are also well described
with a few exceptions. The B(E3;3; — 0;) values in *2Sm and '°*Gd are
exactly reproduced. In 236U this probability is a bit underestimated but, the
B(E3;1] — 47) value is exactly reproduced.

4 Conclusion

In conclusion, the present work provides an extended scheme of the collec-
tive model of Coherent Quadrupole and Octupole Motion (CQOM) capable of
describing the yrast and non-yrast alternating parity spectra and the attendant
B(E1), B(E2) and B(E3) transition probabilities in even-even nuclei. The the-
oretical formalism and the obtained model descriptions for the nuclei 152Gy,
154Gd and 226U outline a possible way for the development of nuclear alternating-
parity spectra towards the highly non-yrast region of collective excitations. The
results suggest that a similar extension of the model can be reasonable for the
non-yrast spectra of odd-mass nuclei with quadrupole-octupole deformations.
This is the subject of further work.
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