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1.

Structure of odd-even nuclei
in the interacting boson
fermion model

Shell model — matrix elements of the effective interaction between identical
nucleons are strongly attractive when the two nucleons are in a J = 0 state and
remain attractive when the two nucleons are in a J = 2 state. They become
chulbivc for—f >4

Nucleons tend to form pairs with angular momentum J =0 or J = 2
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Generalized seniority scheme: generalization of the seniority scheme to several
non-degenerate orbits. The number of active nucleons is counted in respect to
the nearest closed shell (valence nucleons). Contributions from orbitals outside
the valence shell can be neglected since they lie at a too high energy.

A collective J = 0 pair is generated by the operator
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State with generalized seniority w = 0 and n = 2N particles

[n, J=0, w=0)=(SHY[0)

An excited 27 state is generated by the operator that creates a collective state
with J =2 and w =2
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D' =D 3851+ (6¢7)
Js’

State with generalized seniority w = 2, J = 2 and n = 2N particles

In, J=2, w=2)=DI(SHV1|0)

The structure coefficients a; and 3 5 can be obtained by diagonalizing the shell
model interaction in the space of all w = 0, 2 states.




Instead of having to use the full shell model space, it is sufficient to consider

the much smaller (S, D) subspace.

Low-lying collective states can be described very well

Non collective states can not be described

The matrix elements of the fermion operators in the (S, D) subspace can
be cumbersome

The space built on S and D fermion pairs is mapped onto a corresponding
space built on s and d boson degrees of freedom

For states containing more than one DD fermion pair we have to map the
component of the state which is orthogonal to all the states containing
fewer D fermion pairs

|SN7 L:0> — |8N7 L= >

DSN L=2 — |ds¥7l, L=2)
|Dm SN—m, L> JT— |dm SN—m, L>

e By equating matrix elements in (S, D) and (s, d) spaces the operators in
the (s,d) space are obtained

e Since the S and D fermion pairs are always pairs of like nucleons (two
protons or two neutrons), one has proton (s,,d.) and neutron (s,,d,)
bosons. The model is called IBM-2.
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QE = dis,+sld, +x. [dd,)?

QF = dls;+std; +xx[dld,]®

1 L .
Myx = & ((dlsh —dls)) - (dyse = dxsy))
_ Z £x ([dhdl] (K) . [C{VJW](K))

K=1,3
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Voo = 5 > ot ([dhd))® - [d,d,]™")

Vie = ¢ ([dLdE] D) - [drd, )

e The major part of the interaction between like particles is contained in
the boson energies and a smaller in the V,,, and V., terms.

e The QB.QB interaction is the boson image of the neutron-proton quadrupole-
quadrupole interaction.

e M, (Majorana term) shifts up all states that are not totally symmetric in
the neutron-proton degree of freedom. It is a consequence of the truncation
of the basis to s and d bosons only.

projecting out the part that acts only on the max1ma1 F spin subspace (on
states that are totally symmetric in the neutron-proton degree of freedom).
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LIMITS

U6) D UB)DOB)DOB)DO(2) wibrational limit
Uu) > SU(3) D O(3)D0(2) rotational limit
UoG) > 06)D0(B)D0B)DO0(2) ~—softlimit

The Lie algebra U(6) admits:

e Schwinger boson realization in terms of 6 bosons s, d,,

e Holstein-Primakoff boson realization in terms of 5 bosons by,

dy, «— b

st — 4/N—Zb§ub2u
w

.‘.

a
J

o In the IBFM an odd-nucleon operator a! is introduced in addition to the

s and d boson operators.

e The states in the IBFM model space can be related to the shell model
basis by using the generalized seniority scheme.

e The odd-nucleon operator a]; should not be regarded as a nucleon creation
operator (in the shell model sense) but as a generalized seniority raising
operator.

|s%) = jsN) = In=2N+1,J=jw=1)
@)@ |V = |G)DS Y s fn= 2N 11, Jw = 3)

e The operator a} operating on an N boson state with ny d -bosons creates

a state which corresponds to a shell model state with n = 2N + 1 and
w = 2ng + 1.

e For the shell model single-nucleon operator c}

r;T lap— 2V — vl — 1V + Blap — 3\
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A microscopic theory for a system that includes both fermionic and
bosonic degrees of freedom is complicated.

The dominant interaction in the coupling of the odd-particle to the

. . .
bosons ig the nroton-nentron nadriimole interaction — construction
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of the IBFM image of the shell model quadrupole operator.

There are several methods for obtaining the IBFM image of the shell modet
quadrupole operator. One of them is to introduce the pseudo particle operator
¢; (Scholten).

Condition:

The matrix elements of é; in the IBFM space are equal to the matrix elements

of cj' in the shel model space.

For w <1 (a; are the coefficients which enter in the definition of the .S pair
operator):
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Effective degeneracy
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For w < 3 similar expressions can be obtained. Finally, the IBFM image of the
shell model single-nucleon creation operator is

e P Ui L
7 - u]aj Z:\/N 2]_’_1/3] ]( ) (da’ )(J)

+ \/J_(ST~ (J)+Z \/2 3 B i(Kg)~ (dej,>(j)

K} = Z;,BJQ.,].

The coefficients 3/ ; define the microscopic structure of the d-boson.

The matrix elements of the quadrupole operator ij/ Qv ( c}éj/)(z) in the
fermion space are replaced by the matrix elements of the pseudo particle oper-
ator (‘I acting in the boson space giving the quadrupole operator expressed in

terms of boson and odd-particle operators.

Q® = QF +qf
g) _ [T(j+dT~](2)+X[dT(j](2)
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The boson-fermion interaction can be generated by the interaction between
like particles or by the proton-neutron quadrupole interaction. The structure
of the interactions is identical. The product of Qg) and Q(FQ) contributes to the
boson-fermion interaction. By maping the basis from IBM-2 onto IBM-1 and
taking terms up to the second order in d-boson operators the standard form of
the boson-fermion interaction is obtained.




The IBFM-1 Hamiltonian for an odd-even nucleus

H=Hpg+ Hp+ Vg

Hp is the boson Hamiltonian of IBM-1 describing a system of N interacting
bosons (correlated S and D pairs) that approximate the valence nucleon pairs:

2 1 L
Hg = eN + 5 % ([dT X dT](o) x [5 x 5]y + h.c.)(o)
1 . , -
+ = U2 ([d' x d'](2) X [d X 3](2) + h-C-) ;
NG \! I2) ~ 1 1) J (o)
=+ A 1(‘}: v2L+1 /[dTAdT]L [CZ}\CZ]L\
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ng =N —ny

Hrp is the fermion Hamiltonian containing quasiparticle energies of odd protons
or neutrons. The quasiparticle energies and occupation probabilities contained
in the fermion Hamiltonian, and other terms, are obtained in a BCS calculation
with some standard set of single fermion energies.

HF = E E; 01&1
J

Vpr is the IBFM-1 boson-fermion interaction containing the dynamical, ex-
change and monopole term.

e ['he dynamical interaction Vpy n represents the direct component of the
quadrupole interaction between the odd particle and the bosons.

e The exchange interaction Vg x¢ is due to the two-particle nature of the
bosons, bringing the Pauli exclusion principle into play.

e The monopole interaction Vy;on can result from a variety of causes, in
particular from the blocking of certain degrees of freedom by the odd

particle.




Ver = Vpyn + Vexc+ Vumon
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()’ is the standard boson quadrupole operator

QY = st x d+df x 5@ + y[dt x 4@

5
VeExe = Ao Z (—2) \/m (ujy V5 + v, u55)  (ugpv5, + vj,u5,)

¥
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N - (0)
Vion = Ao > V5 (2j+1) ([af x 4] @ x [df x d©)
J

(a), (b). (c) exchange terms
(d), (e), (f) direct terms




The structure coefficients:

hev are the occupation probabiliti
from a spherical BCS calculation.

o The coefficients 3;_;, = (u;,v;, + v, uj,) (Ja || Y2 || jb) are the structure
coefficients of the d boson.

The electromagnetic operators have the form:

M(E2) = Mp(E2)+ Mp(E2)

3 ; o PR
Mgp(E2) = i R ([s‘ x d+df x 5@ 4+ x[d" x d](2)>

Common notation:




M(M1) = Mp(M1)+ Mp(M1)
Mp(M1) = \/ 43 V10 gg [df x dV
™

- 3 - . .
Mp(M1) = (= lal + 9:5 + g0 (Y2 x §)1]

Common notations:

IBFM (and its extensions) provide a consistent

description of nuciear structure phenomena in:

[ ]

# spherical nuclei
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#¥ transitional nuclei




Spherical nuclei
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Deformed nucle

0]
The levels are arranged
into bands denoted by
the lowest value of the
angular momentum K,
contained in the band.
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The IBFM generates bands that are analogous
he | I Hich I | cad in tl
Nilsson model. In addition, it generates bands
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The IBFM states
for odd-A Re
and Os nuclei

are obtained in

multi-j calculations.

The choice of the model space has a strong influence on the model parameters.
Even if there is a large separation between shells, the mixing due to the strong
core-particle quadrupole interaction does not allow for restricting the model
space to a single j shell. For example: Levels based on the gg/» particle. Here

the ’]5/2 pn‘r‘ﬁr’]p from the next ‘mnjn’r shell has to be included due to the ]ﬂ‘r‘gp

non-spinflip matrix element (ds/2 || Y2 || go/2). The same situation appears in

the case of hy1/2 (f7/2 has to be

included in the model space). Restricting the

model space requires a renormalization of the interactions. For unique-parity

states:

e Strengths of boson-fermion interactions obtained in a single j calculation

are effective strengths

e Strengths of boson-fermion interactions obtained in a multi j calculation

are real strengths




Intruder deformed bands in odd Ag isotopes
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Only the monopole fermion-boson interaction strength is slightly changed
from isotope to isotope. All other interaction strengths and occupation
probabilities are the same for all isotopes.




O(6) nuclei

Scholten




Scholten

Transitional nuclei
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Negative parity levels Positive parity levels
Angular momentum x 2
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J of Level I,
From To Expt. Theor.
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&= " m——— 5 3 1
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2 war ;
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| 5 . 72y 52, 2
[OR—— 1 ) T2 0.0006
. — 5k 12 0.03
L . o :
= 52~ 22 2 S 100 e
g - »‘“;w*:fi@"_ . i 32y 712y 0.0005
= i - 12y 24 1
i 12 - 5025 2
= = ~ 3z y
Ty 7;2[* 0.005
N T~ remm——— o o o - o 1112 32/ 0.4
s 100 100
. 712t :
L 1z - 325 32y 08 04
. 7;1; 0.08
12 .
8-
2
. Halflives
L 1 Expt. * Theor.
5 327 0.067 18 0.0% ns
L. 52 e 5027 0.04 ns 0.1 s
7123 38 ps 7.7 ps
Theo. Expt. Theo, 12} 0.88 ns 0.22 15
E - 323 1.9 ps 6.3 ps
1127 =2 ps 1.6 ps




BOSON-FERMION SYMMETRIES
SUPERSYMMETRIES

If the Hamiltonian can be expressed in terms of Casimir invariants of the chain
of subgroups, the energy spectrum can be obtained ANALYTICALLY. Other
observables ( B(E2), B(M1), static moments, spectroscopic factors, ...) can be
expressed in analytical form, too.

The symmetry group related to IBM-1is U(6). The six dimensions are formed
by the s boson and five components ot d,, boson. Since the number of bosons is
invariant, the group is unitary. There are three chains of subgroups:

Ue) > UB)DOB)DOB)DO0(2) wvibrational limit
Uu®) > SU(3) D O0(3) DO(2) rotational limit
U6) D 0O6)D0(B)D03)D0(2) ~—softlimit

For boson-fermion systems many group chains have been investigated. Example:

A = a le counled to n_() ore = o .n=---.- tate

B

™ Ar / CooaN / Ay 21 r_ s Cay / S AN . AT/ T . 4N . TN/ AN
E=—lou(on+4) + o202 +2) + 03] + [r(n +3) + m2(me + D] + CI(J +1) + DE(E +4)
UB(6) quantum numbers [N]
UY(4) quantum numbers {M}
0B(6) quantum numbers X
Spin(6) quantum numbers (o1,02,03)
Spin(5)  quantum numbers (71, T2)
Spin(3)  quantum numbers J
fal : Fa Y Il ] AL
P 2) quarTniuarmm arriuers My

OB(6) ® U (4) D Spin(6) — Parameters describing the boson system are in
a unique relation to the parameters describing the boson-fermion system.




Problems:

e The symmetry approach to boson-fermion systems is more phenomeno-
logical in nature

& [t can be applyed only in special cases when one or few fermion configu-
rations are coupled to boson cores in one of the symmetry limits of IBM

A 4
AUValllageos.

o

e This approach was extended to boson-fermion-fermion systems (odd-odd

e Analytical expressions are available

e Evidence that collective and single-particle degrees of freedom are closely
related




Déc

High spin states
in the interacting boson and
interacting boson-fermion model

Interacting Boson Model (IBM-1) based models constructed to de-
scribe the physics of high-spin states in nuclei (10 2 < J < 30 A):

e Interacting boson plus broken pairs model (IBBPM) for even-
even nuclei

e Interacting boson fermion plus broken pairs model (IBFBPM)
for odd-even nuclei

In the formulation of these models one has to go beyond the boson approxima-
tion and include selected non-collective fermion degrees of freedom. By includ-
ing part of the original shell-model fermion space through successive breaking
of correlated S and D pairs, the IBM can describe the structure of high-spin
states.

with no distinction between protons and neutrons. To generate high-spin states,
the models allow one or two bosons to be destroyed and to form non-collective
fermion pairs, represented by two- and four-quasiparticle states which recouple
to the boson core. High-spin states are described in terms of broken pairs.




Advantages of using models based on the IBM over more traditional approaches
based on the cranking approximations:

No assumption has to be made about the geometrical picture of high-spin
bands

The bands result from a consistent calculation of the complete excitation
spectrum, which includes also the ground state band

Polarization effects directly result from the model fermion-boson interac-
tions

All calculations are performed in the laboratory frame, and therefore the

results can be directly compared with experimental data

This extension of the model is especially relevant for transitional regions,
where single-particle excitations and vibrational collectivity are dominant
modes, and the traditional cranking approach to high-spin physics is not
adequate

a) ODD PROTON

| N > @ N > ®] x>
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A~




The model space for an even-even nucleus with
2N valence nucleons is
| N bosons > @ | (N — 1) bosons @ 1 broken pair > @ | (N — 2) bosons ® 2 broken pairs >

This means that the fermion basis can contain
two-proton, two-neutron, four-proton, four-neutron

and two-proton-two-neutron configurations.

For odd-A nuclei, two-broken pair configura- .
tions are not included in the model space. They e
would generate five-quasiparticle configurations
resulting in exhaustive numerical calculations.

111
il

The IBFBPM can describe one- and three-

fermion structures. The two fermions in a bro- . }E
ken pair can be of the same type as the un- [n> ;Né? .
paired fermion, resulting in a space with three . ai: 4ch§

identical fermions. If the fermions in the bro-
ken pair are different from the unpaired fermion, .
the fermion basis contains two protons and one £ L
neutron or vice versa. .

nnnnnn

U N e el 207 AN 87 >

Hammiltomian.

FIG. 5. Schematic picture of our theoretical modef and

The Interacting boson plus broken pairs model (IBBPM) Hamiltonian for an
even-even nucleus:

H = Hp+Hyp+Hip+Vopgp + Vapp + V" L V™ LV,

The label 7 stands for protons and v for neutrons. If broken pairs contain both

protons and neutrons, the full model Hamiltonian is used. Otherwise, when
broken pairs contain only protons (o« = ) or neutrons (a = v), the model
Hamiltonian is reduced to:

H = Hp+ Hop+ Vopp + V™"

In description of high-spin states in odd-even nuclei we employ the Interacting
boson fermion pius broken pairs model (IBFBPM):

e When the two fermions in a broken pair are of the same type as the
unpaired fermion, the reduced Hamiltonian is used, where « labels the
type of fermion (proton or neutron).

e If the fermions in the broken pair are different from the unpaired fermion,
the full Hamiltonian is used, without the pair breaking interaction of
the unpaired fermion and with the fermion Hamiltonian of the unpaired
fermion containing only single-fermion energies.




Hp is the boson Hamiltonian of IBM-1 describing a system of N interacting
bosons (correlated S and D pairs) that approximate the valence nucleon pairs:

- 1 ; .
Hg = &N + 5 Vo ([d' X dT](O) X [b X 8](0) —+ h.c.)(o)
]_ K * ~ -
+ ﬁ () <[d| X d'](Q) X [d X S](g) —+ hC) ©
1 e ~ =
+ Z 3 Cp v2L +1 ([dT X dT](L) x [d x d](L))(m
L=0,2,4 (0)

ng =N —ny

H,p is the fermion Hamiltonian which contains single-fermion (quasiparticle)
energies and fermion-fermion interactions. The quasiparticle energies and occu-
pation probabilities contained in the fermion Hamiltonian and other terms, are

obtained in a BCS calculation with some standard set of single fermion energies.

(0%

Zgal ol oy + 7 ZZ waed Ang(@acn) Agnr(acaq)

abcd JM

1 ,,
Ajyslaaen) = —=== o}, al,J}
a

J _ \
Viabed = (Ua,UayUa, Uay T Va,VayVa,Vay) G(aapoctg]) + 4 o, U, Vo, ta, F(agopacaqd)




VapF is the interaction between the unpaired fermions and the boson core con-
taining the dynamical, exchange and monopole interactions of the IBFM-1:

Vapr = Vapyn +Vaexce +Vamon
~ (0)
Vaoyn = Lo . V5 (Uagstiass = VajiVas) (e || Ya llaga) ([al, x Ga]® x Q)
ijlajg

g’ is the standard boson quadrupole operator

@ = [s" x d+ dt x 5@ + y[df x d]®

‘/r,xFJXC = ./\1{‘; L (—2) \/m (Uozjl'U(ng, + 'quluujg,) (u(xjgvozjg + v(szu(xjg)
ajiajzogs J3
. . . . ~ N (0)
(ags || Ya || ain) Cags || Yo || e}« ([ady, % dJogy  [dags x ' Jogy)

~ (0)
Vamon = Ao Z\/g (2a5 + 1) ([aLj X o) @ x [d x d](O))
aj

The pair breaking interaction V™ which mixes states with different number
of fermions, conserving the total nucleon number only:

7 T - s\ 2 1 =
e = Uy ! Y Uy ey (s Vajs + Ui Vag ey || Vo || agfe) e ([afﬂ- x al 1. S\ + hcl
— V2ol +1°X § 7
aJ1ag2
( Y
L { > (ttasy Vazs + UagzVaz gt | Yo |l eg) (laly, x af ;)@ - d) + he }
kajlajz )

The proton-neutron interaction is:

L U w— P - 1
Vi =) ) _ hgWVam Uty — VyUp )(UnUg — UnUg) (\ |a, X Gy ]

vv'mn’ J

The coefficients h;(vv'w7’) are connected to the two-body matrix elements of

the residual proton-neutron interaction by:

how/'n'm) = (=3 V2T T Guin) I | V2 | Gordn) ') W GG I

J’!

The residual proton-neutron interaction is 11qlmﬂy taken in the form:

Hs = 4m V5 0(ry — 7)) d(rx — Ry) 0(r, — Ro)




The strength parameters of the boson-fermion interactions should be those ob-
tained in the analysis of the neighboring nuclei. For example, the boson-fermion
strength parameters for the couplings of two and four-proton configurations to
the boson core in an even-even nucleus, have to be the same as for coupling
of one-proton configurations to the boson core in the neighboring odd-even nu-
cleus. This is the case for spherical, transitional and y-soft nuclei. However,
approaching the rotational SU(3) limit of IBM, the boson-fermion interaction
strengths are not identical for an even-even nucleus and its odd-even neighbor.
The effective core for configurations based on broken pairs in a deformed nucleus
can be somewhat different from the one obtained by a simple decrease of the
boson number by one.

T(E2)= e ™R31d" X5+ Xd) ' +3(d X )]

J'1 .l'|

I.J I‘.r
_6'17]75 3 gy, [ ug u; —u; v, al xa; - {{a Xap VHIRF]H —— [{ar  xa; Y2 x sty
13

where
@1, = SillF* Yoz}

We take (r*)=3R{, and Ry;=0.124 "% 10" em. N is the number of bosons.

TiM1 ]=V3UK4#3RIJTX3}‘H

,ﬂ 2}[3.{;.|r;||h}+tg, =g H s 1]

L7
x“”!.“lz“"“f:”iz}[”;. ><ahjm ‘/_ [{“I xa ].llnxg]uu_ 1/__ [[ar | Xay, M s
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Structure of isomers in spherical nuclei

| [""sz NES Ew‘ze-“ .Fm'z::'g 12727

FIG. 1. Calculated states in 7Y of (a) pesitive parity and (b) negative parity in comparison to the available data. Above 2 MeV of
excitation energy only the calculated yrast states are shown and, in the energy interval between 2 and 3 MeV the calculatad 127 and 3/2°
states (dashed lines).

Assuming a possible error of 200 - 300 keV for the predicted energies,
a 27/2- isomer with a halflife in the us - ms range could be found in %°Nb




Deformed nuclei

v-soft nuclei (heavier Ce isotopes) which cor-
respond to the O(6) limit of the of the IBM.
The SU(3)-O(6) transition can be described
by the boson Hamiltonian

et 8
HIBMZ*E Q-Q + EL-L

and is determined by the value of the parame-
ter y in the quadrupole boson operator. The
limiting cases are: x = 0 corresponds to the
O(6) limit of the IBM-1, and x = —‘/77 de-
scribes a prolate shape in the SU(3) dynamical
symmetry limit.

and the boson number N =12.

v?(mhyy /o) = 0.06
E(ﬂ'hll/fz) = 1.70 MeV
v3(vhyyjp) = 0.40
e(vhiy ) = 1.32 MeV
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Wave functions
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Here 7/ stands for a proton quasiparticle, and ej', e "
for neutron quasiparticles (@=wv), or proton quasiparticles
{ev=), which are coupled to the angular momentum 7, .
Angular momenta j and [,, are coupled to the three-
guasiparticle angular momentum denoted by I_,,. In the
boson part of the wave function, the nzd bosons are coupled
to the total boson angular momentum K. The additional
quantum number v is used to distinguish between the
ng-boson states having the same angular momentum E. We
note that the number of 5 bosons associated with the boson
state |nguR) is n,=N—ny, where N is the total number of
bosons.

To make it easier to follow the origin of states, for the
indexing of the theoretical states we use [ for the

quasiparticle+phonon states, Top, for proton broken pair
states and Jy,, for neutron broken pair states. Here the index
i denotes the 7th state of the denoted type. In the standard
notation f . the index & is used as total label obtained from
the IBFBPM calculation. The indexing f; is pointed out only
for states where i# k. Otherwise. the indexes i and & are
equal.
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Interactions ?

The strength of the exchange interaction is adjusted to
reproduce the energy spacings of negative-parity states in
®28r. It differs considerably from that used for odd-even iso-
topes In order to understand the origin of this anomaly,
one may consider the coupling of unpaired protons to proton
bosons in the *Sr. To create multiproton states in the even-
even nucleus we destroy proton bosons and the effective
coupling of the exchange interaction is reduced. In the
IBM-2 framewaork this reduction would be implicit and no
adjustment of strength parameters should be needed. How-
ever, in our model based on [BM-1, we couple to all the core
bosons, irrespective of their nature and the suppression of
coupling is greatly diminished. Thus, the need to empirically
reduce the strength of coupling parameter. This effect should
be especially pronounced near closed shells, and in our case
the reduction of the exchange interaction might be due to the
subshell closure at Z=40.




The pair breaking interaction V"** which mixes states with different number

of fermions, and conservs only the total number of valence nucleons, in general
does not induce sufficient mixing as can be deduced, for example, from observed
action. Since the interaction contains only fermion operators of rank 0 and 2,
it cannot connect in first order the ground state band with two-fermion states
tions that contain fermion operators of higher rank could be included in the
model Hamiltonian. However, such an interaction would also require higher or-
der boson operators, with parameters that cannot be determined from available

experimental data, or from the intrinsic structure of the model.
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3.

Structure of odd-odd nuclei
in the interacting boson
fermion-fermion model

The IBFFM is able to give an accurate description of the structure of odd-

odd nuclei. Odd-odd nuclei constitute a very stringent test of the model:

¥ A detailed knowledge of even-even cores and odd-mass neighbours is re-
quired

# Odd-odd nuclei do not provide the same sort of smoothly varying system-
atics as do other types of nuclei
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the weak-coupling shell model in the proton-neutron formalism (WCPN) (Rell 110,
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Electromagnetic properties
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Isomers
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predicting

FIG. 8. Classification of the IBFFM levels into multiplets on the basis of largest components in the wave functions. The experi-
mental levels of "La are compared with the theoretical specira on the basis of level energies, eleciromagnetic deexcitation, and
transfer properties. IBFFM and experimental levels are presented by solid circles and triangles, respectively.




The IBFFM Hamiltonian for an odd-odd nucleus is:

H=Hp+H,yr+H,rp+Vopr+ Vapr + Vr

Hp is the boson Hamiltonian of IBM-1 describing a system of N interacting
bosons (correlated S and D pairs) that approximate the valence nucleon pairs:

A 1 .
— &z Z T T A
HB = N + 5 Uo ([d X d ](0) X [S X 8](0) + hc)(())
1 Vi _ \
+ — VU2 UdT X dT](2) X [d X S](Q) + hc)
V2 (0)
1 . - .
+ §OL V2L +1 ([dTXdT]([J)X[dXd](L))(}
0
L=0,2,4 Y
ng =N —ng
H.r and H,p arc the fermion Hamiltonians containing quasiparticle energies of
protons and neutrons, respectively. The guasiparticle energies and occupation
i nd ) find J 1 find O i nd
probabilities contained in the fermion Hamiltonian, and other terms, are ob-

tained in a BCS calculation with some standard set of single fermion energies.
For protons (o« = 7) and for neutrons (o = v).

o — +os
Hor = > Cay Qg 0a;

%

V.pr and V. pp are the IBFM-1 boson-fermion interactions containing the dy-
namical, exchange and monopole interactions. For protons (o« = x) and for
neutrons (a = v).

Var = Vapyn +Varxce + Vamon
(0)
,‘ . . _ 2
Vepyn = Lo Z V5 (Uajs Yajy — Ve Vajn) {071 || Yz || eija) ([aljl X figjy) ) x QSg))
ajiajo

Qg) is the standard boson quadrupole operator

QY =[s" xd+df x 5@ + x[dt x 4




/ 5
Vaexe = Ao Z (_2> . m (uajlvaja +U0tj1u'0tj3) (uoéj‘zvajs +{Uaj2u0éj3)

ajrajzags

o1

. . . . ~ _ " (0)
(s I Ya I i) dads || Ya Il o) = (laly, %  Jags % [Gags % d lag,)

o]

- (0)
Va]WON = /-’1@ Z \/5 (2()/] + 1) ([(J]L X (3(1]](0) X [(]T X d](0)>
aj

Vi is the residual proton-neutron interaction taken in the form of spin-spin,
surface-delta, spin-spin-delta, tensor or multipole-multipole interaction.

Hyo = —V3 Voo [6r-6)]
Hs = 4n V5 §(Fr —7,) 0(rr — Ro) 6(r, — Ry)
Hoos = 47 Voos [0r - 0] 0(Fr — 7)) 0(rr — Ro) 6(r, — Ro)
Hr — Vo (3 [0 rquQ[UV T 5, - 51/])
=
Hyny = Arw 0(7:”7:”)%; Vi Yo, (m) Yieu(v)

— —

Fﬂ‘l/ =Tg — Ty RO =1.2 A% fm




The electromagnetic operators have the form (for protons (a« = m) and for
neutrons (a = v)):

M(E2) = Mp(E2)+ M (E2)+ M,(E2)

»2 VIB (1.t o
ILO [ \Lb A

_}
ISH
x
)
_|.
>
S
x
S

3
4

R% = 0.0144 A3 barn

My (EB2) =

ar] W

Ré ey Yo(a)

M(M1) = Mg(M1)+ M. (M1) + M,(M1)

Mp(M1) = \/43 V10 gg [dF x 4O
v

—

Mo(M1) = '\/E[m(a) o) + gs(a) 5(a) + gr(a) (Ya(a) x §(a) )1 ]

Spherical nuclei




Parabolic rule for proton-neutron multiplets
in the particle-vibration model

Exchange of the quadrupole phonon

The particle-quadrupole vibration interaction is

H, = vV 20““2”3[5;“" b,)lo

l
a, = Yanyt ——5 COLB(E2; 27 = 00 )]t

ZR2
For the quasiparticle, we also include the usval blocking factors-U and V' in the
interaction strength a,. The symbol b} denotes the creation operator ofthe quadmpole_

phonon. e , 2 _
|
- |
7" T
e
|
|
p n b t 5

{a) {b)

‘Second-order dingrams for exchange of the quadrupole (fig. a) and spin-vibrational phonons
{fig. b)

Tl.lﬂ contribution to the splitting of the multiplet U S = lig=Jiaks - - Jo+ind

coming from the exchange of quadrupcle phonons (fig. a) is
5E, = gy LIFD=liat Djlipt P+ IO+ D =jat D—jip +1]
22+ 22,2, +2)

oy ¥
12

a, = 15a3/hw,

Here ha, is the energy of the quadrupole phonon. We assume the coupling strength
a, to be equal both for protons and for neutrons.
We rewrite the I-dependent terms .

SE(I) = A[II+ 1)+ BI{I + 1)

where A and B stand for the factors which multiply [II+1)])? and I({+1)
respectively. . :

The quantity ¥” is the occupation number defined as ¥" = 1 if liy> and [j,> are
both particle-like or both hole-like: ¥ = —1 if | iap 1S parucie-like and b, > 1s nole-
11K, Or vice versa, )




Inclusion of the spin-vibrational 1* phonon

The particle-spin-vibration interaction reads

H, = f3a,[o, x(b]+b)]e

Here a, is the coupling strength defined as a, = «,(hw,/2¢,)!, o, is the spin operator

and b] the creation operator of the 2 = 1 spin vibration

We derive the expression for the contribution to the energy shift of the |(j,j.)I>

states due to the exchange of the 1% phonon

_ ~ Fa D+, + 1D
= B HI+ 11+
SRR " o)+ 20y, + D
£ A
B"_“‘(zj,,+z}(zf,+z} 4= e,
2i +2N2j
! it = -1, Gt Wty e
2j,2f,
2§ 2 +2
S oo, By oo
2, 2,

Ais the Nordheim number defined as
JV:jp_Ep"'jn—Jln

For 4= 0, we use the labels — and +. The symbols 4"= 0" and N =0t
denote the situations j,—1I, = —4, j,—I, =4 and j,—[, = 4, j,—, = —1, respec-

tively. ;

Wustration of energy contributions coming from the exchange of the quadrupole phonon (a)
and the spin-vibrational phonon (b} for the multiplet {f, = {, j, = 1}, for four possible combinations of

the pair (¥, 473
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For—spherical-nuclei,—with—only-the-dynamical 4_7r

interaction and x = 0 » Fo=u Vs~

96

In the whole sequence of nuclei
it have been used the same:

Cores

Dynamical, exchange and monopole
interactions for protons

Dynamical, exchange and monopole
interactions for neutrons

Occupation probabilities for protons

Residual proton-neutron
delta interaction

Parabolic like structures are present

in spherical nuclei even in cases when
other interactions (not the dynamical)
dominate.

Occupation probabilities
for neutrons depend on
the isotope




Sb isotopes
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v 3 TABLE V. Uomparison of messured snd calculated in IBFFM spectroscopic factors for the
mi@%téii HL fﬂmwm?ff e fgg.b&aﬂ;?é{?;;g tramsfer resctions leading to **?8b. The first two columns contain the energy, spin,
e i?:;sr;:t?&f:sio? “;h:;@ . mtm;m; L and parity of the final states involved in the reaction taken from Hef. [13]
One-nel Tk TE o
f??hf;hfe:g?:?i:xﬁiiﬁ gﬁ“;sf{ the final states involved Hoergy (keV) JT L Sna® L Seat Boaeen® L. Stam " SierrM
s oo 5o 0.46 0.46
Energy {keV} et & Bindy ™ Srarws " #1 3t 0 0.23 {0} 0.45 0.13 (23 0.06 .06
= s . T 78 b i 046 Q.92
72 g,; g gii ggé 1 1t %3 0.30 047
149 3+ o B)Gﬁ U‘U!} 137 & 2 .38 (2} .37 .20
188 3= 5 G”S-':l ,3;4 164 a8 & 0.50 [R5
i b A i o T 2 010 9,14 6] 0.09 .08
5 DQU? 0'05 193 4 5 0,41 58
i . i e i 210 4% 8 030 (D) 034 #a1
5 017 005 255 3t 0 0.34 044
334 4 2 010 £0.19 @4 5 . it
343 4! 5 0.54 0.30 222 i g e g"éé
387 {3 -5} & .44 061 na 4= : 5 2.40 4
390 (2.3F 2 0.06 007 e ‘és ; s g dg
o @ g gg; ggg S5 ot o 0.50 .40
5 s 334 3t 2 .07 .08 {22 2 018 o1
394 £ 2 0.45 0.46
,’;R‘fﬁf’m o 207 2 2 om 0.10 a 0.45 0.8
BH%.. a1y 44 & 0.ES
=z 420 T & 0.03 .18 } {3} 1.70 043
425 5 0.4%
481 4% 2 018 (2 om [
484 3* & .51 060
“Reference (9]
"fleference {7

“Referanre [13].
984 (2 uneges + 1)




TABLE VI, Magnetic dipols (g in gw) and electric quadrupels (@7 in e b} moments of some

§ - lllégb stat

.
¥ ucheus E* i Honpt MIBFFR Cewpt * Cherem
1305 0 ke 1’ +3.34(22) +2,35 ~0.10
78 ke 3t +2.584{6) +2.67 +0.41(4) 0,47
8= 4+32.34(4) +2.45 ~{LB1
122gy, 0l 2= ~1.905(20) ~2.33 +0.85(11) ~(.08
A1 ka¥ 3+ +2.803{12} +3.07 +0.41{4) -0.48
137 ke 5 +3.05(10) +3.07 ~{1.62
gy 0 keV ihy +1.20{2} -1.23 +1.B7(38) 4+0.35
41 ke i +2.070(33} +3.01 ~0.48
125 ke 6~ +(1.384(12) 40,36 +0.16
104, 1+ 7599/2 Vg7/2
Mb
5* wg9/2 vsl1/2
1.0
> 8+ mg9/2 vg7/2
.
0.8 — %
h — i 10- = g9/2 vhll/2
e
el = e %;f; 4
(=) —— ;’,.* 1
0.6 ::::::f:% -
= . == .
2 . —3 5+ 1.5s isomer
£ (e B . 1
5% - T :13,
0.4 1? - S .
— ,{3
10- possibly 100 - 150 keV
o higher
0.0 1 - 1 10- or 8* candidates for the
EXP BFFMa=+ IBFFMa=-

12 pus

isomer




K

State (keV) Tin
Exp The
37 (30) 4.24(8)ns 5.2ns
27 (800) 0.28(4)ps 023 ps
5, (891) 0.87(14) ps 06ps
2; (2047) 0.34(4) ps 0.3 ps
37 (2070) 047(10) ps 0.1 ps
17 (2104) 0.52(10) ps 0.14ps
4; (39) 0035(14) ps 0.03 ps
0; (2626) 0.21(4) ps 0.2 ps
[F(2290) 0083(14)ps 025 ps
31187) <004 ps 007 ps
67 (2879) 0.27(10) ps 06ps
K
Transition*® E.fkeV  Gamma-branching
Exp® The*
27(B00) 4, (0} BOO 01s 017
—~37(30) 770 100 100
ST(B91) 47 (0} &91 99 v
37 (30) 862 1 0.1
257 (2047) — 4 {0} 2047 9 128
=37 (30 2018 29 100
— 2, {8300} 1247 41 41
37 (2070) —4 () 2070 36 56
—3;(30) 2040 49 49
—+2, (8OO} 1270 9 L
—+ 57 (B91) 1178 T i
17 (2004) — 37 (30) 2074 T i
— 20 (BO0) 1304 9 o6
— 25 (2047T) 57 - LR}
—37 (2070) 34 - 0.0
45 (2397) —47 (0) 397 26 7
—3; (30} 2367 67 67
— 27 (800} 1597 - 04
—+ 57 (B9} 1505 - LiN}
—2; (204T) 350 — 0.0
— 37 (2070} 327 7 1
— 35 (2291) 106 = .01
Oy (2626) — 24 (BOG) 1526 30 41
=23 (2047) 579 - 0.001
— 17 {2104y 522 70 ™
—25(2419) 207 - 0.0
17 (2290) —07 (1644) 646 56 56
271959 331 9 10
— 3 (22600 30 - [iTy]
32 (2TET) =2 (1959) B28 174 174
— 37 (2260 527 - 0.5
— 17 (22900 497 - a0
—23(2576) 211 — 00
—+ 23 (2757) 30 — 00




The structure of

106Ag is very complex.
The ground states of
odd-mass Ag nuclei are
7/2* states based on

the proton g9/2
configuration. The IBFFM
is successful in the
description even of such
nuclei.

Deformed nuclei
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Isotope

JT

Quadrupole moments for odd-odd Re isotopes.

Qpy Lo b)

I!]R=
I“RE

l“l!

ﬁ‘-n
-
7+
1+
3_
ﬂ-+

4.83

< 6.4
= BB
79407

agnetic moments for odd-odd Re isolopes.

Isotope

J’I’

Haga ()

Heap (pnl

""Re
"Re

'“R’E

241
2,35
2,33
328
319
2.08

2.76x0.07
3.07+0.24
2.50=0.19
2.89+0.13




The investigations of odd-A nuclei have revealed the
following decoupled—strongly coupled rule:

{i} The strongly coupled band pattern arises if’ the odd
fermion is a particle coupled to an oblate core, or a hole
coupled to a prolate core.

{ii) The decoupled band pattern arises if the odd parti-
cle is coupled to a prolate core or a hole to the oblate
core.

This rule was extended to odd-odd nuclei in the case
of eounling two quasiparticles to the asymmetric ro-
tor.

Rules (i} and (ii} can be expressed in terms of quadru-
pole moments of the odd particle and the core  Taking
into account the siins of quadrupole moments Q(f) <0,
Qi~1=0, @I2"™) <0, and Q(29™*)= 0, the rule
reads

i - corer | <08 the band is strongly coupled
WQUN-QI27) | S0, the band is decoupled ,

where j denotes the odd quasiparticle coupled to the
core.

This rule is of more general character, independent of
the particular nature of the core. It applies as well to
the IBFM and IBFFM.

We note that the case of two particles or holes cou-
pled to the core, referred to as the “peaceful” case in the
particle—plus—asymmetric rotor model, corresponds to
the inverted parabola of the parabolic rule for odd-odd
nuclei;’ this yields the bandheads with angular momen-
ta J=j,+j, and J=|j,—j,| as the lowest states on
two branches of the parabola.

By coupling the proton particle j, and the neutron
particle j, to the SU(3) boson core, there arise
20j,+4Mj;+4) bands, based on the states of angular
momenta J=J,xJ;, with J,=j,,j;—1,...,1 and
Ji=ju Ji—1,..., 1 For the particular interaction
strengths TSUSY and TSYSY the band based on the lowest
J=j, 4 j; state exhibits an exact J(J 4+ 1) energy rule,
with the same moment of inertia as for the ground-state
band of the boson core. Furthermore, the states of this
band are characterized by the exact quantum numbers
K,=j,,K;=j,)K =J, +j;, defined according to the
IBFFM relation . The other IBFFM bands in the
odd-odd system deviate from the J(J + 1) energy rule; in
general, more so with increasing energy (decrease of
K,,K;). Simultaneously, the IBFFM wave functions ex-
pressed inm the KR basis are a mixture of different K
values. However, in each state a particular KR basis
state dominates. In this way we can attribute approxi-
mate quantum numbers (K |,K, )X to each state.

A
\\
S
D

&
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0233 5 4 7 & b 10 N

13 1% 15 1 7 18

hole coupled to the SU{3) prolate boson core. The F(J + 11 soale s employed for the angular momentum axis.




54

. -

'Vé/ﬁ "o
0234 5 T8 8 h T 0 T 1® " By
J

The IBFFM ground-state bands for the odd-odd system with J, ﬂj proton particle and j, = £ neutron hole coupled to
the SLI3 prolate boson core.
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Lowest bands in the odd-odd system with §, = Sl,l proton hole and j, = % seutron hole coupled to the SU3 profate boson
core,




Realistic case: Dynamical and exchange interactions different
from zero and not limited by supersymmetry constraints

"~ The head of the lowest high-spin
band is
J=j,+j=3=9  for v},,502,
J=j,+j,~-2=10 for 0.2505,505,
J=j4j,—1=11"for ‘155#1}:.-150-8
and
J=j,+j,=12  for asﬁ'ﬁm-

A pronounced feature is rather broad region with
J=jp+j,~1=11 level as the lowest high-spin state.
This resembles the J=j~ | anomaly for rather broad
region around v* =0.5 in odd-cven nuclei
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Caleulated IBEFM yrast states (O, 1y, ..., 20} for f,=hy )z, f,=T1y coupled to an SU3) core, as & function of 1y,

E(MeV)
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EfJ plots for the levels 1,, 24, ...,12
v132=0a viy:=05band viy,=1c
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2t 2z

1 1

§90M 1213 1 15 6 17 18 9 20 lsmmsmsusrlnuz?
a 2 b
o [ be of 0 E/J plots for the lowest-lying high-spin bands

for v}s,; =0aand vi;,=1b

Transitional nuclei




68AS

0 25

15

E (MeV)
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IBFFM EXPERIMENT IBEFN

Eaperimental and theoretical IBFFM snergy specirs of the low-lying staes in L T Up to 06 MaV
the positive parity levels 37, 4%, 57 are shown, In addition, the high spin somer 97 & shown, For negative
parity the colculated siabes with J™ =4, 3.5, .0, 6, ,0,. 7). 7., 7. B, 8, . 9 am shown,

Caloplated in IRFFM branching ratios for  As compared with the exps  dats
£, o Vi iy
{Mev} ihl (theor } Exp. Theor.
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12Rh

7
20
& 18 - -
i S
19 ot
18 <@
ar 18 Z
17 =
s 17 =
=4 16 o g . . = .
g 16 = 20 - e e
d - € iy
3 e = b} *Bandl :
B v |
“ 3 L
s & 10 - Ait) / .
2 12 - L e sl :
= L RE
1 1" o mm:\/ -
1 e e gi..(.z(.,éi...
as 9 5 10 15 20 25
‘ § _— Spin (h)
0.6 F € & ]
EXF BANDT IBFFM
IBFFM energy spectrum of the argy awhyy s conliguration in "7 R i} to the ! ‘band
1 Becguse of the concentration of the lowest states. the battom of the band 15 shown with a different soale \
n g9/2 vhl1/2 Full line IBFFM

Dashed line Donau-Frauendorf model

The Al=2 positive-parity band 4
In the present IBFFM calculation we obtain two positive-parity high-spin bands, based

on wpyaphyz and TEgpaegys wo-quasiparticle configurations, respectively

These bands are clearly formed above the 107 state, while for lower spins there is a
stronger configuration mixing. The two lowest [0 states are based on the
(g patrhty 0236, 2 4 10 (50%) and (meg 007,208, 1 25 10 (59%) configurations

~ These two calculated bands appear ¢lose lying and they cross at angular momen-
tum f=15fi. Contrary to the experimental band 4 which is of A7 = 2 type with signature
@ = (), the caleulated bands show doublet-type structures. The arpy a2 configuration
is associated with a much larger signature splitting than the 7gos¥gq,; configuration
and exhibit a pronounced tendency towards decoupled band Om this basis we
attribute the mp o0k, configuration to band 4.

g
a2
AL 22
21
i r m . 20
- i 18
6 r o
= 18 18 . . e
g & B — 17 7]
z 16
Q 18 18 = 16 18
wdr g 15 15 i A
14 il 14
5F U 13 13 -
13 13
12 2 2
2] 1 1} —— st 2|
H— 10 — 11
e 10
] 10
IBFFR M=3 BFFM N=h EXP BANDS BFFM B=d BFFM N=
AVl Ao iy, DV Y Yo




B(E2) and B(MI} reduced transition prohabilities calculated between states of the opy 2wy, o configuration
with ¥ = 7 in "Rh and comparison of the intensities of -rays observed in band 4 with those calculated for

the above configuration
Teansition B(E2)(e*p") LILIHVEY
IBFFM IBFFM TEFFM

12t — 0.0016 0.0073 0.0
j3t — 0.4295 100 100
14+ — .02 1 00,0011 0o
14+ — 0. 1003 100 100
167 - (.05 (0.0 o1
167 — 00415 104 100
18 — 00010 0.0019 ]
187 — 01076 103 100
Wt — 00011 (0.0 o
ot — 00634 100 100

The two remaining experimental bands, bands 2 and 3, are expected to be based
on four-quasiparticle states involving broken neutron pairs, in
particular the #h{, , broken pair, so that four-quasiparticle states should be coupled 1o
the boson core. The model including broken pairs of fermions has not been
applied yet 1o odd-odd nuclei and therefore the corresponding theoretical states are
missing in the present IBFFM calculations.
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Mixing of configurations with different parity
both for protons and for neutrons (high with low spin states)

Positive parity proton and positive
parity neutron configurations

The formation of regular Al = 1 high-spin band pattern in
odd-even and odd-odd mclei with O(6) boson core presents a
challenging problem for the IBFM and IBFFM models, respec-
tively. Namely, both models predict normal or decoupled band
patterns with close-lying unfavored and favored bands, resulting
in characteristic "doublet structures” and Al = 2 transitions.
‘This is becanse the standard IBFM interactions can not induce
a sufficiently strong effective interaction which would establish

a regular A = 1 band pattern, without sizeably altering the

low-energy part of the spectram.
! SRR
!
E M
I — 32

Schematic presentation of the conflicting pattern in odd-odd
muclei associated with unique-parity proton and nentron
quasiparticles of opposite occupancy conpled to the O(6) boson
core (n is an integer).




In order to account for this problem, in the quadrupole operator of the
dynamical boson-fermion interaction we introduce a new term

Hayn = ToVBY_ (ujuj, — vj,05,)x < g1 || Ya || 2 > {QF (el &5)2}0

Jidz2

QF, =dl, s+ sTdo, +x(did)ap +1 DY [(d'd)r, (d'd)r.]a,
LiLs

The effect of the last term is to induce an effective deformation of a soft O(6)
core due to polarization caused by odd fermions. In this way a regular Al =1
yrast band is established in odd-odd nuclei with O(6) boson core. Without the n
- term a familiar ”doublet structure” is obtained in IBFFM, while taking n # 0
leads to a regular Al = 1 pattern, both in energies and M1 transitions on the
yrast.




Signature inversion has been investigated in
various models. Taking a very strong (1177)
boson-fermion exchange interaction a change

Y o L R | . R T EY o

mal with increasing spin can be achieved within
the unique-parity two-quasiparticle band. How-
ever, the strength of the exchange interaction
[y e —_ Y [ E A U DR P o e
of the strength of exchange interaction would
destroy the agreement of the calculation with
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0.40 + -

.30 -

- The [BFFM analysis predicts the existence of another iso-
0.20 e mer in *Pr 5° at =150 keV excilation energy, lts iso-
— meric character depends strongly on the choice of the proton-

_ neutron interaction. In the present caleulation, 5, % below
. 4;’ \ and therefore it is an isomer with a possible y
010 - decay to 2;’ . This transition is slow enough to allow for a
decay that has been reported

E{MeV)

IBFFM

The IBFFR prediction for low angular momentum
states in "UPr. These slates are based on posilive parity proton and
reutron confignrationg.

198 Au

The first odd-odd nucleus calculated in IBFFM




Chiral bands in IBFFM

The rotation of triaxial nuclei may give rise to pairs of identical AT = 1
bands with the same parity in odd-odd nuclei — chiral doublet bands. These
structures arise from conﬁgurations in which the angular momenta of the valence

fixed frarne, the restora,tion of the synnnetry in the laboratory frame results
in the occurrence of degenerate doublet Al = 1 bands. It has been suggested
that such nearly degenerate rotational bands might be observed in the region
of transitional nuclei with A =~ 130. A number of nuclei in this region are
susceptible to triaxial deformation and the yrast bands of odd-odd nuclei are
built on the why,, particle-like — vhy; /5 hole-like configuration. The existence
of self—cons1stent rotating mean field solutions w1th chnad chamcter has been

qtructur(‘q has prompted quite a numbor of experimental studies of odd-odd

= 75 and N = 73 isotones in the A =~ 130 region, and nearly degenerate
AI = 1 bands built on the 7hq; /9 @ vhy1 /5 configuration have been identified in
many of these nuclei. Sideband partners of the 7why;/2 ® vh;; /o yrast band have
heen identified in SVFQ s7La and ¢1Pm N = 75 isotones of 134Pr. For 134Py the
energy spacing between the doublet rotational bands gradually decreases from
~ 0.19 MeV at low spin to the point where the two bands cross between I = 14
and I = 15. For the other N = 75 isotones the two lowest 7whyy/0 ® vhyy/o
bands are almost parallel in the E vs I plot, and the energy spacing between
the corresponding states with the same spin is ~ 0.3 MeV.

In *'Pr the two lowest, yrast and yrare mhi1/2 ® vhyy/s bands have been
interpreted as chiral restored doublet bands. In order to explain similar dou-
blet bands in the other N = 75 odd-odd nuclei, it has been suggested that in
these cases the triaxial core deformation is not stable, but perhaps more y-soft,
resulting in collective chiral vibration of the core angular momentum between
the left- and right-handed chiral systems. It has to be emphasized that in all
studies of chiral doublet bands it has been argued that the empirical separation
of < 300 keV is too small for the sideband to be interpreted as a band built
cither on the unfavored signature of the proton orbital, or on the v-vibrational
excitation. A ~-vibration coupled to the yrast band has been ruled out because

in this region the y-vibration energies are > 600 keV.

In the IBM/IBFM framework calculations are performed in the laboratory
frame and the results can be directly compared with experimental data. All

states within the model space and their electromagnetic properties are compared
with experiment, rather than just band-head energies. In the particular case of
131Py it will be assumed that the nucleus is triaxial but, unlike in a geometric
description based on the tilted axis cranking model, the occurrence of nearly

degencrate doublet Al =1 bands is not related to a definite alignment of the
angular momenta of the odd proton and odd neutron along the body-fixed axes

of the core nucleus.




The spectrum of the core nucleus

134
58

Hipy = cafa+p P-P+K L-L+kQ-Q+0g [(d" d'); '], [(dd

)2

2s Cerg is described by the Hamiltonian

d,

The first four terms represent the standard Hamiltonian of the Interacting
Boson Model (IBM-1). The cubic interaction in the last term, with the strength

parameter Og, introduces a degree of triaxiality. The best agreement with the
experimental spectrum is obtained for the following choice of parameters:

eq = 0.75, p = 0.25, k¥’ = 0.014, k = —0.003, ©3 = 0.025 (all in MeV),
and x = —0.3 in the quadrupole operator (J2. This value of x is also used
in the boson quadrupole operator appearing in the boson-fermion dynamical
interaction, as well as in the E2 operator.

With the inclusion of the three-body term in the boson Hamiltonian, the bo-

son quadrupole operator appearing in the dynamical boson-fermion interaction
and in the E2 operator should also be extended to higher order. The standard

boson quadrupole operator is modified by including the additional term

n [(d"‘ dys (df (17)3}

This term is included in the dynamical boson-fermion interaction and in the
E2 operator, with the strength parameter n = —0.46 MecV.
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The spectrum of positive-parity states in !34Pr, based on negative-parity
orbitals of the odd proton and odd neutron, is calculated by using the quasi-
particle energies, occupation probabilities and boson-fermion interaction streng-
ths obtained in the IBFM calculations of negative-parity spectra in 35Prsg
and '33Cers. Most of the model parameters, therefore, are determined by the
structure of collective and single-nucleon states in the even-even and odd-even
neighbors of Y**Pr and, in principle, only the residual interaction between the
odd proton and odd neutron has to be adjusted to the experimental data in the
odd-odd nucleus.

135
Pr 133
15 25 |- Ce
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s - 1712
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1 b . e 19727
13 o 19/2
Sso? B < 15
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The yrast and yrare 7rh11 /2 ®1/h11 /2 bands in '**Pr calculated in the IBFFM
134 . ,,

triaxial deformatlon (rlght panel @3 =0.03 MeV)




For ©3 = 0 the core is v-soft and the two bands do not cross or become
degenerate. Rather, an almost constant energy spacing ~ 400 keV between the
two bands is predicted. For a stable triaxial deformation (O3 = 0.03 MeV) the
energy difference between the yrast and yrare bands gradually decreases, and be-
tween angular momenta 16T and 17" the two bands cross. Except for the exact
position of the band crossing (which can be also affected by four-quasiparticie
configurations not included in the model space), the “energy wvs spin” diagram
is in excellent agreement with the experimentally observed evolution of the two
lowest positive-parity bands in '3*Pr. The results are also in agreement with the
conclusions of calculations in the body-fixed frame, where it has been suggested
that in the odd-odd N = 75 nuclei other than 4Pr the triaxial core deforma-
tion is not stable, rather it is y-soft, resulting in the two lowest 7hi1 /o ® vhiy /o
bands being almost parallel in the £ vs [ plot, with the energy spacing of =~ 0.3
MeV. In '3*Pr, on the other hand, the stable triaxial deformation causes the
two lowest positive-parity bands to become almost degenerate.

134
Pr
17"
17"
417
17+ v
16" 16"
- 16" v
/ 16"
A
15
I mPea A A 4 +15+”
A A
— / 14"
%a T A T4 7 B4
L‘Eu’ \ & \
13" 13
2135 13"y
12" A .
12+ A A/ ¥ / 12
= + 12+
rll lli
11+Ww 10" lldyw / 10
1O+ v
g o
| 9 s
g 8
EXP EXP IBFFM IBFFM




The yrast band is basically built on the ground-state band of the even-even
core. With increasing angular momentum the admixture of the v-band of the
core_becomes more pronounced. The structure of the second — yrare band,
however, is that of the odd proton and odd neutron coupled to the ~-band of
the core, especially in the lower part of the band. With increasing angular
momentum both ground-state band and y-band components contribute to the
wave functions of the yrare band in '3'Pr. In the region of band crossing, in
particular, the wave functions of the yrare band contain sizeable components of
the higher-lying core structures. The IBFFM prediction, therefore, is that the
two lowest 7hyy/9 ® vhi1/o bands in 134Pr are built, in leading order, on the
mmmd state band and the - hand of the core nucleus. respectively. Their wave

unct A1l LI LI1CL colre I1L J 4 Hell

functions closely follow the triaxial structure of the core nucleus. This result
is at variance with previous analyses of the doublet bands in #*Pr, based on
the tilted axis cranking approach, which have basically excluded the possibility
that the second band might be built on the «y-band of the core. This was done
only on the basis of the relatively high excitation energy of the ~-vibration.

As the IBFFM calculations are performed in the laboratory frame, they

cannot dotormine the alionment of the odd n cloa alano the hodv fived avea
cannot aererminge tne aagnimeny o1 vae 0GG par ielies a0 LilC DOQY 1IXCO aXOs.

The IBFFM analysis indicates that the v degree of freedom plays an important
role in the formation of these bands.




4.

B decay in the interacting
boson-fermion model

OBJECTIVES

* To test the nuclear model by analyzing experimental
data

Wave functions (two odd-even and one even-even
nucleus are involved)

Transition operators

* To provide reliable information for astrophysical
applications




The process is very sensitive to configuration mixing both in the
initial and final states. A detailed knowledge of the wavefunctions
is required. Beta decay properties can be calculated by using:

Shell model (in light nuclei and in medium-mass and heavy
nuclei in the neighborhood of doubly magic nuclei)

+ Other models for medium-mass and heavy nuclei.

Example: Simple pairing theory

g

Overestimates the Gamow-Teller strengths by a large factor

How to account for the large hindrance:

Nuclear deformation
Mixing with 2p-2h states
Mesonic degrees of freedom

In the IBFM there is NO quenching factor (once the wave functions have
been calculated, the calculation of beta decay properties is parameter free),
or the quenching factor is SMALL.

P L. T F o &
2 .23 T T T
(MGT) 531 —— s2Te L
L4 Fpes - 5,24; 3121; = aT
= - = = Pairin
1.2k \\\ et =1 0.z0 s
e = Th(IBFM)
\\ & Exp ‘51 ——*—nTB
o \\ i szz‘l' —_— m}
L
0.8
\ =
0.8 \
A
\
0.6+ \ .
3 10
\ Q.
0.4l A =
\
%
i R ﬂ -
0 i) (e S o R J_}“I—"r—‘—-—ﬂl L
50 54 58 62 66 70 74 78 82
Neutron Number

'S
30 54 38 62 68 7o T 78
Neutron Number

Comparison of experimental Gamow-Teller matrix ele-

ments with pairing theory and results of the calculation using the Comparison between experimental Gamow-Teller matrix

3 ; ; le iangles) and th btained using [BFM renormal-
interacting boson-fermion model (IBFM). o e e




PROCEDURE

IBM?2 calculations of the IBFM?2 calculations of the
structure of even-even core nuclei: structure of odd-even
parent and daughter nuclei:

Energy levels and wave functions Energy levels and wave functions
Electromagnetic properties Electromagnetic properties
(electric quadrupole and magnetic (electric quadrupole and magnetic
dipole moments, B(E2) and B(M1) dipole moments, B(E2) and B(M1)
values, branching ratios). values, branching ratios).

Wave functions Wave functions

Beta decay calculations:

Matrix elements, logft values

Cs =mmp Xe

A= 125, 127, 129
Soft nuclei close to the O(6) limit =mmmp complex wave functions

mmm)p Sensitive test of the model

IBFM2 Hamiltonian m—) H = HB + gF 4+ vBF

IBM2 Hamiltonian (core nuclei) :




d;‘;sl/ + S;‘;Jy + Xv [dzgy](Q)

p - - Boson quadrupole operators
B = disy+ slidn + xr [dfdr] P
the dimensionless y,. The parameters xx =
—0.80 and £ = & = 0.24 MeV, £3 = —0.18 MeV
are fixed.
odd nuciei core nucieus €4 K Xv co c5
125¢s 124% e 0.70 —0.145 0.00 0.05 -—0.10
125xe, 127Cs 126xe 0.70 —-0.155 0.20 0.10 -0.10
127%e, 129Cs 128x ¢ 0.70 —0.170 0.33 0.30_0.00

BCS

HF = Y ein; Hamiltonian of the odd fermion
i

mmm)  ¢; IS the quasi-particle energy of the ith orbital

Interaction between bosons and the odd fermion :

v/BF \N . /FAT':',‘I(Q) ~BY
V = > lgs LA -Ag]~"7 - (/]
Z 7t ity g3 vp ]
vJ
/ T~ 1(2) B)
+7r73 ([aqag] Qp//
b5
/
+ Z A; Uty + Z A; n?”dp/
{ r 71N -(2) 7\
—— 4 1 roa (k) + \</ + o~ 1{2)
L N Ad ). P~ |\%7 ] N
-+ > I\ < a.05 a-Sp S d 71
A O L B o
2y} ) .
+H.c.}

+BJ-L,+BJ L,

p and p’ denote m (v) and v () if the odd

- : )




Orbital dependence
of the interaction strengths

e e e W |
Y,y — Wity iyl g !
/ 10 N\ 1/2
Ai‘7 = _/Bk,i/B’]k(\]\V'r (2Jk+1)/\) A
P
=
Bij = (uwj+viug) @
1oy 1
Qij = <li,§,.7¢||Y ||lj,§,9j>

Electromagnetic transition operators

T(E2) = B QB 4+ BB + Z e ; [afa;]¢?

1,7
F

7 Ch— - (o J € ) Wy
PR A ST N A R e VA C-D R I RN
€i= \/g\‘wqw] ViU ) < |7 1 1j =

3 [ B,B, BB ) (D) 1= 1(1)
4 —

1,7

74N 1
(L) + / N\ 1 f -
i = ——=(uuy + vivy) <illgld + gss|lj >
2,7 \/§ J J

Cs isotopes d d h h f
5/2 97/2 S1/2 @3/2 Ri1/2 hojo J7/2
(odd proton) 0.05 0.00 3.35 3.00 1.50 7.00 8.00

SmgIe.: particle ‘ isotone T A A
energies (MeV) S

125Cs 090 -0.60 1.65

127
soson-fermion g 12]C5 070 050 20
interaction strengths 7Cs 0.74 -0.80 2.90

Positive

parity

levels




Xe isotopes d5/2 9gr/2  S1/2 d3/2 h11/2

(odd neutron) e 0.00 030 1.55 2.00 1.30

A\
Xe 0.00 0.35 155 2.00 1.30
Single particle 0.00 0.40 1.60 2.00 1.30

energies (MeV) J isotope I A A

127xe 0.44 —-0.42 0.40
129%e  0.50 —0.42 0.40

Boson-fermion
interaction strengths

Positive
parity
levels

B(E2) and B(M1) values,
static moments, branching
ratios are calculated
for the sequence of
Cs and Xe nuclei

. Wave functions are
il U-the-error-bar-defotes-the ¢ realistic
perimental data, while x shows the calculated
values




The Fermi Y. t=(k) and the Gamow-Teller

v‘ ii/v\,/r\ ......................
2EU\R)O(R) transition UIJCICILUID can be

expressed in the framework of IBFM2. They

can be constructed

A%]) = Cj jm+zgj /ST[da (])

{ N\ — 1 AN _— N

(= Ib — I, XV — U
Bl = Jm+29ﬂ,[d’fa 19

N e — “1 A AT — 1)\

ATl — — 1, AV — 1)

a
J

The former creates a fermion, while the latter
annihilates a fermion simultaneously creating a
boson. Either operator increases the quantity
n; + 2N by one unit. The conjugate operators
are:

{3 ) wian [ e T
AN/ — (1Y) AINS S
J.I.m \ J./ ‘Ill_m l{
= Cajm+ Y Cpsldiapni
JJ J .
5 The asterisks mean complex conjugate. These
(Anj =-1, AN =0) operators decrease the quantity n;+2N by one
~(4) o viem [t T unit
Ly = (1) 1P-m ¢
N J
— * 1 * 13,7 1W)
J
(An; =1, AN = —1)
The TREM imacde of the Earmi S, +E(E) and
LI L) v IIIIUg\z A L =) I ) 1 N~ LJK:U \Ib/ i
the Gamow-Teller transition operator Y1 t=(k)o (k)
—(0)
OF — Z_\/2]+1 P(])P(J) N
. | 1 1
J _ . Ny = g <l HUHZ—J >
OCT — P(j’)P(J) N
- an’i v
J'j .




The transfer operators Ppgj) depend on nuclei. pU) AW
U

™
In the present case ‘ (NN 16)

- ] T II/'\':IIT - I’)
< VI > = < O |L; > |7
F 2L~—|—1| Fl [14; > |
~ 1 p— A
Z - Gl . 2
< Mgt >° = 21i+1]<IfHO ||I; > |

6163
< Me >2 L (GA /G D2 <« Mo 2
| LN A/ \YAVA (e |

£t =
ft

in units of second where (Ga/Gv)? = 1.59

The coefficients Nj» Mjjts Gj, ij/ appearing in
transfer operators

N is N or N, depending on the transfer op-

1 ! " . s
G = Ujﬁ erator, and K, K.'j, .K7 are determined by
J
c . 10 \? 1 s
il = —V50., -
7 Pri\N@i+1)) KK - — v |
0 S DL
v; 1 k.., )
4 7 717
U] ‘V/N‘;/! N o At o~ 2 A a2
J 2 <oddajjjAav|jeven,0y >= = (27 + 1)v;
/ 10 \ 1/2 1 aJ
O = uibyy (,‘. . ] ool W@HBLLH@@@Q%Q—:@?%
\<£) 1t 1) j 3

When the odd fermion is a hole in respect to
the boson core, uj and v have to be inter-
changed




Beta-decay rates from ACs to “Xe shown in

Lo e P Pt caliiaa Tlea a eale ol ca ikl
LETITS 01 10Y1p ft VdIUES,  TTIE SYMTIVOL & WILT]

xpresents the calculated value.

Rh =) P(d

A = 105, 107, 109

U(D) e=p O(6) nuclei

gy, 10TRY 18R Positive
parity
levels
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E
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As =mmp Ge

A = 69, 71, 73

outside the boson space
05F states are intruders !1! —

Negative
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levels
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The exclusion of
intruder components
does not influence

strongly the theoretical
values of static moments

and branching ratios

Branching ratios in "1As

Branching ratios in %9Ge

level (MeV)  transition  I,(IBFM2) I,(EXP) level (MeV) transition  I,(IBFM2) I,(EXP)

0.143  1/27 —5/27 100 100 0.087  1/2] —5/2] 100 100

0.147  3/27 —1/27 0.0 0233  3/2;—1/2; 432 48.3 (13)
3/2y - 5/2; 100 100 3/27 »5/2] 100 100 (3)

0.506  3/2; —3/2] 100 100 (5) 0374  3/2; —3/2] 0.7 4.6 (8)
3/2; = 1/2) 7.1 27 (14) 3/2, »1/2; 100 100.0 (15)
3/2; = 5/2; 8.2 3/2; = 5/2; 0.1 31.5 (8)

0.829  3/23 —3/2, 9.3 0862  7/2] —3/2; 0.4 0.76 (13)
3/23 —3/27 100 100 (14) 7027 +3(3; 01 8.4 (21)
3/23 —1/2; 303 9.3 (7) 7/2] »5/2; 100 100 (3)
3/23 =5/21 294 0933  5/2,57/2; 00

0870  5/2; —3/23 0.0 5/2, »3/2, 05 32 (1)
5/2; »3/2; 288 5/2, »3/2] 167 8
5/2; =3/2; 364 40 (1) 5/2; »1/2] 355 24 (7)
5/2; = 1/2; 270 1.8 (7) 5/2; »5/2] 100 100 (5)
5/2 = 5/2¢ 100 100.0(7) 0995  1/2,-5/2, 0.0

0.925 7/27 —5/2; 0.0 195 43/ 7.9 9 (6)
7/2] = 3/23 0.0 1/2; +3f2] 6.8 41 (9)
7/21 = 3/2; 0.0 i, 18 08
7/21 = 3/2; 1.1 5.8 (16) 1/2; »5/2] 100 100 (21)
7 =5/2] 100 100 (3)
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3/2; 5.88 6.05 (2) 3/2{ 6.52 7.19 (1)
3/22 7.90 7.21 (5) 3/25 7.79

3/25 5.07 6.79 (4) 3/2 5.73

3/22 6.46 6.71 (6) 3/22 5.21 6.33 (1)
3/2g 6.73 7.02 (6) 3/25 7.34 6.94 (1)

= /N A O = A0 79O\ = /~N— A A —

5/2; 4.26 5.49 (2) 5/25 4.60 5.85 (1)
5/25 6.65 6.94 (7) 5/25 6.08

5/23 5.33 6.65 (5) 5/25 5.63 6.87 (2)
52— 549 686(6)—— K5/ 555 684 () —

& &

7/27 7.54 6.98 (5) 7/27 7.60 8.79 (25)
7/25 6.54 6.81 (5)
77/23—5@6—699—@7

The ground states of parent %9As and ™' As nuclei are 5/27 levels. The .
erarchy of values for transitions into different states of each angular momen- SYSTemGhC effecf :
m is reproduced for ®¥Ge (except for the transition to the 3/ 25 leve17tha,t For most decays
he theory predicts that the smallest log,, f¢ value among all 3/27 levels in the calculated values
Ge has the 3/27 level. This result is in agreement with the experimental are smaller than the
ita. The only available experimental log;, ft value in ®Ge is for the 1/ 27 experimen-‘-(ﬂ values
vel (logqy ft = 5.4). The corresponding theoretical value (4.27) is the smallest
lculated.

a) Wave functions ?

If one takes the transition operators without normalization parameters, then
the difference between the calculated and experimental values are caused by the
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those involving intruder states), which would decrease the amplitudes of the
present IBFM2 components, leading to an increase of the theoretical log,, ft

values. l

Accurate test of wave functions

b) Transfer operators ?

+ Normalization factors ?
+ Additional terms ?

+ Normalization factors + Additional terms ?




Overall normalization factor N ?

Normalization factor y

a) Parameter
b) Microscopic

Additional term(s)
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58Ni (d, *He ) 57Co reaction
Normalization factor Y and the term §[dTaj-,]7(%)
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Excitation Ernergy [MeV ]

Sums of spectroscopic strengths

E experiment S shell model P IBFMI1




62Ni (d, 3He ) 1Co reaction

Normalization factor Yy and the term §[dTa},]7(£)

Sums of spectroscopic strengths

E experiment S shell model P IBFMI1

The effect of the
additional term
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logio ft values of the pg-decay from the As to
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perimental values with their errors, while the

SYMDbBO! X ShOWS Tho rosults of calculations with
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the conventional operators. The symbol ¢ shows
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d-boson number conserving terms.




CONCLUSIONS

The extensions of IBM with fermion degrees of freedom provide a consistent
description of nuclear structure phenomena in:

e spherical nuclei
e deformed nuclei

e transitional nuclei

*The structure results from a consistent calculation that includes interac-

he obtained in the analveis.of neichbor o

*All calculations are performed in the laboratory frame, and therefore the
results can be directly compared with experimental data

*The models can be related to the shell model
*T he symmetry approach can be applyed in special cases

There is a strong evidence that collective and single-particle degrees of
freedom are closely related




