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Abstract. The SUP"F(3) dynamical symmetry limits of interacting boson — fermion — fermion model are
identified and they are appropriate for heavy deformed odd — odd nuclei for configurations with both the
odd proton and odd neutron occupying all the natural parity orbits in the corresponding valence shells.
There are three symmetry limits and their correspondence with two quasi-particle (proton-neutron) Nilsson
configurations is established; one of the limits mixes both Nilsson n.’s and A’s and other two limits mix
only Nilsson A’s. The %1Ir (d,t) 1907y single nucleon transfer spectroscopic strengths are well described by
one of the symmetry limits that mixes only Nilsson A’s.

PACS. 21.10.Jx Spectroscopic factors — 21.60.Ev Collective models — 21.60.Fw Models based on group

theory — 27.80.4+w 190 < A <219

1 Introduction

The interacting boson — fermion — fermion model
(IBFFM) provides a framework for understanding the
structure of quadrupole collective states in heavy odd-odd
nuclei. In recent years, with simple IBFFM hamiltonians
several numerical studies of odd-odd nuclei are reported (
[1-3] and references there in) and there is also progress in
developing dynamical symmetry limits of this model asso-
ciated with the U(5) [4,5], O(6) [6,7], and SU(3) limits of
IBM [8,9]; SU(3) limit is appropriate for heavy deformed
nuclei. As pointed out in a recent paper [9] for heavy de-
formed nuclei the orbits occupied by the odd proton and
odd neutron can be classified into natural parity orbits
(NPO) and intruder parity orbits; in the later case a sin-
gle j — orbit is involved (see Fig. 1 given ahead). With this
there are three types of configurations possible for odd —
odd nuclei and denoting proton or neutron, as the case
may be, as particle ‘a’ and the other particle as ‘0’, the
configurations are: (i) (j1)%(j2)? ; (ii) (NPO)(5)® ; (iii)
(NPO1)*(NPQO,)b. The subscripts ‘1, 2’ indicate that the
orbits involved may or may not be the same. Some formal
aspects of the band structures associated with SU(3) even
— even core coupled to configuration (i) where both odd
particles are in single j- orbits are being studied by Paar
et al [8]. Recently, the SUBF(3) @ UF (25 + 1) dynamical
symmetry limit associated with case (ii) is identified and
the band structures in this limit are studied by Kota and
Pramanik [9]. The purpose of the present paper is to iden-

tify the dynamical symmetry limits associated with case
(iii), study some of their general features and carry out an
application. We will now give a preview.

Section 2 introduces the SUPI=Fv(3) limits for
(NPO;)*(NPO3)" configurations coupled to IBM
SUPB(3) core. There are three symmetry limits and their
correspondence with the Nilsson model is established in
Sect. 3. The basis states and energy formula appropriate
for one of the three symmetry limits is given in Sect. 4.
Sect. 5 deals with single nucleon transfer in the symmetry
limits with application to '9'Ir (d,t) '%Ir data. Finally
Sect. 6 gives some concluding remarks.

2 Coupling schemes with
SUB(3) ® SU=(3) ® SU(3)

With SU®(3) core, low-lying states of odd-odd nuclei are
generated by coupling the two odd particles, odd pro-
ton () and odd neutron (v), to the (2N,0) SU(3) ir-
reducible representation (irrep); N is boson number. For
the (NPO;)?(N PO)® configurations, as can be seen from
Fig. 1, the single particle states of the odd proton and odd
neutron belong to oscillator quantum numbers n, and 7,
respectively. Here one assumes, as in the previous IBFM
[10] and IBFFM studies [9] that pseudo-spin symmetry is
a good symmetry. With this, for rare-earths 7, = 3 and
1, = 4, for actinides 1, = 4 and i, = 5, for A ~ 130 nuclei
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Fig. 1. SUP(3) limit of IBFM vs Nilsson Model. (a) classification of negitive parity orbits in the 28-40 shell with oscillator
shell number A/ = 3 and N = n = 2. (b) classification of positive parity orbits for 50 < Z < 82 with oscillator shell number
N =4and N = n = 3. (c) classification of negative parity orbits for 82 < N < 126 with oscillator shell number N' = 5 and
N=n=A4 (d) classification of positive parity orbits for 126 < N < 184 with oscillator shell number N' = 6 and N=n=5
The Nilsson spectrum for (a) is taken from [15] and for (b), (¢) and (d) from [16]. Note that as N — oo, A — 2N and for finite
N, A =2N + n — 2u. The correspondence between Nilsson, pseudo Nilsson and SUBF(3) limit labels is described in detail in

[10]

N = 3 and 7, = 3 etc. There are other prescriptions for
defining effective values for n’s [11,12] and they are used in
the application in Sect. 5. Leaving aside the pseudo-spin
(S) generated by SU (2) group, the single odd proton states
and odd neutron states belong to the irreps (1,0) and
(1,0) of SUF=(3) and SU*¥(3) groups respectively [9,10].
Therefore rotational bands with (NPO;)%(NPO3)® con-

figurations can be classified according to the SUBFF(3)
irreps where SUP(3) ® SU (3) @ SU(3) > SUBFF(3).
Depending on the order of coupling of the SU(3) groups,
three coupling schemes are possible (analogous to the
SU(6) schemes in [4,13]). The three schemes and the cor-
responding SU(3) irreps are,
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I.
SUB(3) ® [SU~(3) ® SUT»(3) D SUF~F(3)]
D SUBFF(3) (1)
IN5 (2N,0); (720)(1,0) (A v o )
(ABrriBrr)Kprra

II.
[SUB(3) ® SU~(3) D SUBF=(3)] ® SU(3)
D SUBFE(3) (2)
IN; (2N, 0)(1:0)(ABE, kBF, );
(1,0); (ABrruBrr)Kprra)
I11.
[SUB(3) ® SU(3) D SUBF(3)] ® SU(3)
D SUBFF(3) (3)
[N (2N, 0)(7,0)(ABE, 1BR, );
(1=0); (ABrruprr)Kprra)
The labels corresponding to a and the K quantum num-
bers in (1-3) will be specified later; in many situations
the K’s in (1-3) are also treated as part of a’s. A gen-
eral hamiltonian that interpolates the symmetry limits
SUB—F=Fv(3) (1), SUBF==F+(3) (II) and SUBF»—=(3)
(IIT) is (with C denoting SU(3) quadratic Casimir oper-
ator),

H = aC, (SUP(3))
+BCy (SUBF=(3)) + 4Cy (SUPT(3)) (4)
+6Cy (SUF=F-(3)) + ¢Co (SUBFE(3)) + H'
The structure and role of H' in (4) will be made clear in
Sect. 4. For a fixed SU®(3) irrep ((2N,0)) and SUBFF(3)
irrep (Agrrpprr), limit I is obtained for 8 =« = 0, limit
IT for v = § = 0 and limit I for 8 = 6 = 0. The states

in I, IT and IIT are related to each other by SU(3) Racah
transforms,

|N; (2N, 0)(7:0)(ABF, kBF, ); (1.0); (ABFFUBEF) )T =

Z U((QNv 0)(777r0)()‘BFFUBFF)(77VO)§

(Arvtirw)

(ABFWMBFW)(ATFVMWV)) X (5)
|N; (2N, 0); (720) (1,.0) (Arw ir); (ABFF R BFF ) Q)T

|N; (2N, 0)(7,0)(ABF, 5F, ); (120); (ABFFHBFF) )T =

Z (71)7]17“1'771/4’)\77”4'“779 (6)

()\1\'1/ Mwu)
U((2N,0)(17,0)(AprruBrr)(1:0);
(>\BF,, UBF, ) (/\wu.uﬂu)) X

|V; (2N, 0); (720) (1,0) (Arp porr); (ABFF R BFF ) Q)]

In (5,6) the coefficients U(——-) are the SU(3) U-
coefficients [14]. Using the orthonormal properties of the
U —coefficients in (5,6), it is straight forward to write the
states in limit II in terms of those in limit III. The imme-
diate problem to be addressed is about the physical signif-
icance of the limits I, IT and III. The equivalent question is
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to find the correspondence between the states (1,2,3) and
proton-neutron Nilsson configurations. Now we will turn
to this problem.

3 Correspondence with Nilsson model
(N — oo limit)

3.1 Preliminaries

The IBFM vs Nilsson corresponence shown in Fig. 1,
which is the prerequisite for deriving the Nilsson configu-
rations corresponding to the limits I, IT and III, follows by
considering the [SU(2) D U(1)]®@U (1) subgroup of SU(3).
Here the basis states are |[(Ap)eAM 4 ) [14],

SU(3) > [SU(2) > U(1)] > U(1)>
()\,u) A MA €
e=2\+p—3(p+q),A=p/2+(p—q)/2,
MAZA—QT (7)
0<p<A0<g<pu0<r<24

In (7) Ais a vector as it is a SU(2) label while € and M 4
are additive U(1) quantum numbers. The heighest weight
(h.w.) state |(Ap)h.w.) is defined by

(O = |(M)emar Amas Mg, )
€maz = 2A + My Amam - :U’/2a MAma:c = Amaz

(8)

Given that the odd-particle in a odd-A nucleus is in oscil-
lator shell i), the deformed (Nilsson) single particle states

[Nn,A] correspond to the ‘(nO)eoAOMAO > states defined
by (7) via the relations,

Wn.A] <= |(n0)eoAoM 4, )
N:U,‘fo:fmz—/\f (9)
A= (N —n.) /2, Mg = A/2.

Note that the Nilsson orbits in (9) and elsewhere in this
paper refer to the pseudo Nilsson orbits shown for example
in Fig. 1. The relations in (9) follow from (7),

(n0) — €0 AgM 4,

60:277_37“’A0:T/2’—A0§MA0 §A07 (10)

0<r<n

and the fact that ¢ is the quadrupole deformation param-
eter given by 3n, — ny — ny (n; are oscillator quanta in
i—th direction; i = z,y, 2), 2MAO is projection of angular
momentum onto the symmetry axis (i.e 2M A, is the K-
quantum number) and Ay = (ng +ny)/2. It is important
to note, as given by (10), that ¢y uniquely defines Ag.
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In the SUBF(3) limit of IBFM with SU®(3) core ir-
rep (2N, 0) coupled to the SU¥(3) irrep (n0) of the odd
nucleon, the SUBF (3) irreps (Agrupr) are given by (for
N >>1n),

7

(2N,0)® (n0) — (Aprupr) = Y (2N +n—2rr) (11)
r=0

The correspondence between the SUBE(3) limit and
Nilsson model shown in Fig. 1 follows from the result
that in the asymptotic limit (ASYMP) only h.w. states
matter; ASYMP basically correspond to N — oo and
Sect. 4 gives the other conditions to be satisfied when
the laboratory frame (Ap)KLM quantum numbers are
used. With h.w. state for both the N-boson core and
the N-boson one-fermion BF systems and using (8,11),
the single particle ¢y value is simply given by ¢ =
€max [()\BFNBF)] — €mazx [(2N, O)] = 27’] — 3,uBF. Then (9)
gives the Nilsson orbit that corresponds to the SUP¥(3)
state |(2N, 0)(7}0) ()\BFMBF) .K’BFOL>7

|(2N,0) (n0) (ApF pBF) KBF Q) ggypp <=
WNn.Al; N=mn, n,=n—pupr, A= Kpr

Alternatively, given a Nilsson orbit [Nn,A], the
(€0AoM 4, ) quantum numbers for the deformed single

particle state follow from (9). These in turn generate h.w.
states for the BF system (note that €5, = 4N, A; .. =0

for the core (2N, 0) irrep) and hence the (Aprupr) Kpr
quantum numbers,

(12)

ppr =N —n,
)\BFZQNJFN*Q[LBF (13)

Complete discussion of the results in (7-13) is given in [10,
17,18).

3.2 SUB=F=Fu(3) limit (1)

The deformed proton - neutron configurations that gen-
erate the basis states (1) follow from the results drived
[17] in the context of SUPFF(3) limit of IBF2M with two
identical particles (two protons or two neutrons) coupled
to SUB(3) core (2N,0) irrep. Firstly, the 7 — v SU(3)
irreps (Arupiry) generated by (9, 0) and (1, 0) are given
by,

(7771' 0) ® (771/ O) — ()\ﬂ'Ul’(“n’IJ)
min(nﬂ 7771/)

-y

r=0

(777r + 1 — 2r, T) (14)
For example (30) ® (40) — (Anrpitny) = (70) & (51) &
(32) @ (13). The <6WAWM A,,,)

quantum numbers for

a given (Ar,pr,) follow from (7). The (Aprruprr) ir-
reps arising out of the coupling (2N,0) ® (Aryfiny,) are
generated via the h.w. states of the core irrep and

the BFF irrep; €5,,. AN, Aj,.. = 0, €gsr =
22grr + wprr = 4N + €y, ABpp = Wprr/2 =
Ay, and Kppp = 2My E The deformed proton-

neutron states ‘(777,0)(17,,0) (Ao lbrr) e,r,,Am,MAw > can
be decomposed into deformed single particle states
’(17,r0)e7rA7rMA7r > and ‘(nVO)eVAl,MAV > using SU(3) D

SU((2) ® U(1) reduced Wigner coefficients [14,19]
((7r0) ex Ar (1,0) €Ay | Arppiny) €xpAry) and the stan-

dard Wigner coefficients <A7TMA7, AVMA, | Am,MAW>.

Putting all these together give the mixure of m — v Nilsson
configuations that correspond to the states (1) of limit I,

|N§ (2N7 0); (Tiwo) (771/0) ()\TI'I/l'I’ﬂ'V) ;

(ABrriBrr) KBrra) 4 gy up

D

en(en), Ar Ay ’MA,,(MAV)
<(777\'0) 67TA7T (77110) 611111/ | ()\TK'VMﬂ‘D) 67TVA7T11> X

—

(AMp ANy, | ArMy ) >
[NnZA]Tr [NnZA]V

€rv = 2ABpr + uprr — 4N =€ + €,
ATK‘V - /'I’BFF/2;A7TV = ]1‘71' +/iu
MA,”, :KBFF/2:MAW +MA,,

Ar = (1r —nzﬂ)/z = rfr/2767r =3n,, — Nx = 20 — 3r'z;

Nre = N7T7 0 S Tr § Nr (17)

A, = (nu _nzy)/z = TV/276V = 3nzy =N, =21, — 3ry;

771/:-/\[1/7 OST'VSUV (18)

Given a (Agppiry) irrep (using (14)), all the al-
lowed €, A, follow from (7) and then the allowed
()\BFF,U/BFF> KBFF irreps follow from (16), note that
Kprr = pprr, pprr — 2, ..., 0 or 1 as Appp >>
pprr for N — oo. This simple pescription for obtaining
(ABrruprr) is easily verified to be correct by comparing
with more formal Kronecker product formula,

(2N,0) @ (Arptiny) — (ABFFUBFF)

- Y @N+An-2a-bpugta-b) 9
GS)\-,”/J)SH«WV
Let us consider the example with (A pr,) = (32).

——

)

Then (€x, Ary) = (8,1), (5,3), (5, 3), (2,2), (2,1), (2,0
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(_L g)a (_la %)7 (_L %)7 (_472)7 (_4’ 1)7 (_7a %) The
corresponding (Appppuprr) irreps from (16) are,

(2N +3,2)® (2N +1,3) ® (2N +2,1) ® (2N —1,4) @
(2N,2) @ (2N +1,0) & (2N — 3,5) & (2N — 2,3) &
(2N —1,1) & (2N — 4,4) & (2N — 3,2) & (2N — 5,3)

and (19) gives the same result. The correspondence given
by (15) shows that the (Apprpuppr) irreps in limit T mix
Nilsson configurations with different n, values. From Fig.
1 it is seen that these configurations are well seperated in
energy. Let us consider some examples,

(2N, 0); (30)(40),,(32) 2 (2N — 3,2) Kppr = 0) s gyrp
= /1/10{[312 1] [402 |] + [312 |] [402 1]}
—/2/15{[310] [400]}

+/3/10{[303 1][413 |] + 303 |] [413 1]}

—/1/30{[301 1] [411 |] + [301 |} [411 1]}

[(2NV,0); (30)(40),,(32)r; (2N — 4,4)Kprr = 4) gsgymp
= /1/5[312 1] [402 7] — /2/5[310] [404 1]
—/1/5(303 1] [411 1] + /1/5 301 7] [413 1]

[(2N,0); (30)(40),(32)7v; 2N — 1, 1) Kprr = 1) 4oy mp
= 1/3[312 1] [411 1] + /1/3[312 1] [413 1]
—/2/9[310] [411 1] + \/1/6 [303 1] [422 |]

—1/3[301 7] [420 |] + +/1/18[301 |] [412 1]

(20)
In (20) T implies Ay, is positive and | implies A, is
negitive. The SU(3) D SU(2)®U(1) reduced Wigner coef-
ficients in (15) are evaluated using Draayer and Akiyama
codes [19]. Conventionally the observed rotational bands
in heavy ( A 2 150) odd-odd nuclei are interpeted as
essentially pure two quasi - particle (2 q.p.) Nilsson con-
figurations (see [20,21] and references there in). To the
extent this is not a bad approximation, admixing between
distant Nilsson orbits (i.e. involving different n, values)
is ruled out. Therefore it is plausible that in real nuclei
the SUP~F=Fv(3) limit I may not be observed. Now let us
turn to limit IT (also limit IIT) states.

3.3 SUBF==F+(3) limit (1)

In the SUBF==Fv(3) limit (II) (Apr, ppr, ) are good quan-
tum numbers and therefore as argued in Sect. 2.1 the
(exAy) are good quantum numbers in the ASYMP limit.
Just as in limit I, the (Appruprr) Kprr quantum num-
bers will fix €3h, Appp and My . As €'s are additive,
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the €, for the odd neutron is given by €, = €555 —e, —4N.
The corresponding A, is unique; see (10). Then it is clear
that for the basis states (2), i.e. for fixed (ApFr_ ppr,) and
(ABrrpprrF), the single particle n,_ (e;) and n,, (e,) are
fixed in the ASYMP limit. With this, it is entirely possible
that,

IN: (2N, 0) (7:0) (ApF, ptBF,) 5 (1,0) 5
(ABrruBrr) KBrra) 4 gymp

= 2

(AxMp AMy, | AppeMy,,, )

Mp (M4 )
Nn.A]_ [Nn.A],
(21)
€spr = 2ABrr + tprr — 4N,
Appr = prr/2, My, = Kprr/2
€xr = 2A\BF, + uBF, —4N,n.. =Nz — LBF,,
(22)

Nz, = [Ny + €ppr — €] /3
Ay ZQMAﬂyAu =2 (MABFF _MAW)

Ay = (7777 -n..)/2,A, = (0 _nzu)/z

The proof of (21) follows from (5,15), the orthonormal
properties of SU(3) D SU(2) ® U(1) reduced Wigner co-
efficients and the relation,

U ((2N,0) (nx0) (Aprrusrr) (1.0) ;
(ABP.1BF,) (Arvbirv)) asyirp
= ((n:0) ex Ar (1,0) €, Ay | Arvtiny) €xvAry) s

(23)
€xr = 2ABF, + 1BF, — 4N,

€ry = 2ABrF + iBrF — 4N, €, = €y — €1
Ap = €r,; Ay < €, Ary, = liprr/2

Equation (23) is verified numerically for a variety of values
of Nz, m, and N and for all allowed (Ap) irreps in (23). For
example the accuracy of (23) is found to be within 2-4%
for (n. =n, =2, N =10,20,40) and (n, = 3, n, = 4,
N =10,20) cases.

A simple algorithm for generating the basis states (2)
and then the expansion (21) in terms of the Nilsson orbits
is as follows. Firstly note that n,_and n,, are preserved by
the SUPF~—F(3) limit. Given 1, and 7, the n,_and n,,
are 0 <n, <mn;and0<n, <mn,.Forafixed (n, ,n,,),
the €, and €, are €; = 3n,_ — Ny = 21, — 3(Nr —n.,) and
€, =3n,, —1n,. Then App, = 2N +2n,_ —n, and pupr, =
(e —n. ); also Ar = upr_/2 = Ny —n._)/2 and A, =
(n, — n,)/2. Using the vector identity Aprr = A, + A,
and the additive result egpp = €, + €, + 4N will generate
(ABrruprr) irreps via (8); Aprr = (eprr — 2ABrr)/2,
uprr = 2Aprr. Finally Kprr = pprr, piprr — 2, ..., 0
or 1. Let us consider an example with (7., 7,) = (3,4) and
say (nz,,anzy) = (17 1) They give ez = 0, ¢, = —1, egrp =
AN — 1, A, = 1, A, = 3/2 and Appp = 5/2,3/2,1/2.
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Then (Apr,, puBr,) = (2N —1,2) and (Aprr, urr) Kprr
are (2N73, 5)KBFF = 5,3, ]., (2N72, 3)KBFF = 3, 1 and
(2N —1,1)Kgpr = 1. Using (21), the Nilsson correspon-
dence for these states is,

|(2N,0)(30)~(2N — 1,2); (40), ;

(2N = 1,1)Kprr = 1) sgymp
= /1/2[312 ] [413 1] — /1/3[310] [411 1]
+4/1/6[312 1] [411 |]

[(2N,0)(30)x (2N — 1,2); (40), ;

(2N — 2,3)K5rr = 1) 4 5yup
= —/2/5(312 |] [413 1] — \/1/15 [310] [411 1]
+4/8/15[312 1] [411 |]

(2N, 0)(30) (2N —
(2N —2,3)Kprr = 3) s5ymp
= —/3/5[310] [413 1] + \/2/5 312 1] [411 1]

1,2); (40), ;

(24)

(2N, 0)(30)x (2N —1,2); (40), ;
(2N = 3,5)Kprr = 1) y5yap

= /1/10[312 |] [413 1] + +/3/5[310] [411 1]
+4/3/10[312 1] [411 ]

[(2N,0)(30)x (2N — 1,2); (40),, ;
(2N —3,5)Kprr = 3) s syup

— /2/5[310][413 1] + v/3/5 [312 1] [411 1]

‘(ZNa 0)(30)7T(2N - 1a 2); (40)V )
(2N —3,5)Kprr = 5) agyap
— [312 1] 413 1]

As n.’s are good quantum numbers in the SUBF~—Fv(3)
limit, the admixing of pure 2 q.p. Nilsson configurations is
moderate (only A’s are mixed) in this limit unlike in the
SUB~F=Fr(3) limit (I) where n,’s are also mixed. There-
fore coupling schemes given by (2) may be observed in
data; mixing of 2 q.p. Nilsson configurations is seen in
data [20,21].

Before turning to the next section, some remarks about
the SUPF»=F=(3) limit (III) are in order. From the dis-
cussion prior to (24) it is clear that SUB==Fv(3) limit

states not only have fixed (App, upF,) irreps but also im-
plicitly fixed (Agr, nBr,) irreps. Therefore the states (II)
and (III) are simply related to each other by a phase fac-
tor,

IN5(2N,0) (n:0) ABF.pBE,) 5 (1,0) 3

(ABrrirr) KBrro) 4oy up
= (-1 At A= Asrr | N (2N, 0) (0,0) (AR, 1B, )

(170) ;s (ABFRPUBFF) @) ; (25)

Ay = pupr, /2, A, = upr, /2, Aprr = iprr/2
uBr, = (20, — 2Aprpr — uBrr + 2ABr, + 1BF,) /3,
ABFr, = 2N +n, — 2uBF,

The (Apr, ppr,) for the examples in (24) is (2N — 2,3).
Thus in the ASYMP (N — o) limit there is one-to-one
correspondence between the limits IT and III but they dif-
fer for finite N; the transformation between states in II
and IIT follows easily by combining (5) and (6). By invert-
ing (21), it is possible to write [N'n.A]_[Nn.A], configu-
rations in terms of limit II states (2). Then it is seen that
the 2 q.p. Nilsson configurations are mixures of SUPF¥(3)
irreps and therefore they will not have SUP ¥ (3) symme-
try,

Nn. Al [Nn.A],

~ > <A7,MAWAVMAU | ABFFMABFF>

ABF'F (26)
IN; (2N,0) (n:0) (ABF, kBF,)
(m,0); (AprruBrr) KBrr)

In (26) A, and A, uniquely define My, My, My
and Kppp. Similarly n,’s define ppp , A and A,
and there by Apprp and pppp. Note that by diago-
nalizing Hpie = aCy(SUBF~(3)) + BK2(SUBF=(3)) +
~vCo(SUBFF(3)) + 6K2(SUBFF(3)) in the limit II basis
(2) gives (26); the K2 operators with eigenvalues K2 are
defined ahead in Sect. 4.

3.4 Summary

Deformed odd-odd nuclei, with good pseudo-spin, admit
three coupling schemes and they are: (i) pure 2 q.p. Nils-
son configurations having good 7 and v n,’s and A’s; (ii)
the limit I states (1) that mix both Nilsson n,’s and A’s;
(iii) the limit IT states (2) (or limit IIT states (3)) that
mix only Nilsson A’s. The scheme (i) is well known and
IBFFM generates the two new coupling schemes (ii) and
(i), i.e. limits T and II. Starting with the Nilsson orbits
simple algorithms for generating the basis states in limits
I and II, without using SU(3) multiplications, is given in
Sects. 3.2 and 3.3 respectively. Using these algorithms and
the pseudo Nilsson orbits in Fig. 1, it is easy to enumer-
ate the basis states (1)-(3) and their expansions in terms
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of the 2 q.p. Nilsson configrations. Emperical example for
limit II is discussed in Sect. 5 and so far no example for
limit I is found (here Nilsson n,’s are mixed). Before turn-
ing to Sect. 5, first we give the complete basis and energy
formula in limit II.

4 Basis states and energy formula in limit 1l

The SUBFF(3) dynamical symmetry limits (I, II, III) of
IBFFM provide direct laboratory frame description of ob-
servables unlike the intrinsic frame description by the 2
q.p- Nilsson configurations. To this end one has to em-
ploy the SU(3) D O(3) D O(2) basis states defined by
|()\BFF,UBFF)KBFF LBFF MBFF> and couple them to the
pseudo spin S (S = 0 or 1) of the odd proton - odd neu-
tron system. For a general |(Au)K LM ), the Elliott [22] or
Vergados [23] K in the ASYMP limit ( A — oo, A >> p,
A >> L) is the standard K-label. Then, L = K, K +1,...
for K # 0, L = 0,2,4,... for K = 0 and X\ even and
L=1,3,5,... for K =0, A odd. In order to split the K-
bands, Naqvi and Draayer [24] derived a K2(SU(3)) op-
erator, that preserves angular momentum, using a rotor
- SU(3) mapping. In terms of the quadrupole generator
Q?, angular momentum operator L and the SU(3) > O(3)
integrity basis operators X3 and Xy, the K2(SU(3)) op-
erator is

) _ )\1)\2L2+)\3X51+XZ.

KA(SU3)) = 203 + Ao '

X = [(L' x @*)' x Ll]o

Xi= (L' % Q) x (@2 x LY

VT I 5V3
X3 = TX:’”XZ =—g X4

A= (=A+p)/3, A2 = (=A=2p-3)/3,

(27)

In (27) the normalization of the @? operator is such that

A
02-Q% = 4C5 312 and <C*2>( Y A3 (A ).
Using the ASYMP limit expression for the reduced ma-
trix elements of the Q2 operator [9,18], we explicitly ver-
ified that in the ASYMP limit the K2(SU(3)) operator
defined by (27) is diagonal in the |(Ap)K LM ) basis and
its eigenvalues are exactly K2. Eq. (27) defines K2 op-
erator for SUBF(3), SUBF/(3) and SUPFF(3) groups
with eigenvalues in ASYMP limit being Ky , Kgp

and K%, The K2(SUBFF(3)) operator splits the K gpp
bands that belong to a given (Agpppuprr). However the
hamiltonian should also contain terms that will change the
positions of (Appruprr) bands without admixing them
[25]. Following the results in [9,10,17,25] a quadrupole
- quadrupole (QQ) plus exchange (EXCH) interaction
VBFF = FBFFVQQ + ABFFVExch for this purpose is con-
structed and its basic structure was already given in [17].
In the ASYMP limit, just as in odd-A nuclei case [10], the
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Vprr is diagonal in the |(Aprruprr) KprrLprr) basis
and its eigenvalues are,

(ABrruprr)Kprr Lprr
(VBrr)

r A
BFF y)+ BFF (2x+y)2 (28)

= (2N) 120

(2z +

T = Appr — 2N,y = pBrr.

Combining (4), (27) and (28) and adding the QQ+EXCH
Ve, term with strengths I'pr_ and App_ respectively for
SUPF=(3) [10], the basis states, hamiltonian and energy
formula in limit II are,

basis states: [N; (2N,0) (n:0) (Agr, iBF,) ;

(1,0) ; Aprriprr) KprrLerrSJIprr MBrr)
H = Ey + Vgr, + Verr + aK?(SUPFF(3))

+ BLY pp +7S? + 8% g,

I'pp,

E = Ey+ (2N) [ (2nr — 3uBr,)

ApF, 9
130 (2nx — 3upF,)

o[22

+

(2A\prr — AN + pprr)

Appr 2
120 (2Aprr — AN + uprr)

+aK%pr + BLprr(Lprr + 1)

+

+vS(S+1)+6Jprr(Jprr + 1)

In (29) S = 0,1 and Jppr = Lppr + S. The
|Lprr S Jprr) states in (29) can be arranged into K

bands where K ; is symbolic,
|(AsrrpBrr) KprrLprrSJprr Mprr)
— |(Asrrpsrr) KprrLprrS; Ky Jprr Mprr )

§=0 i
K; = Kprr,
JBrr = Lprr

S=1

Aprr = any Kprr # 0 Kj = Kprr — 1,
Jprr = Lprr — 1
K; = Kprr,
Jprr = LBrr
K = Kprr + 1,
Jprr = Lprr +1

ABFF = even KBFF =0 KJ = 0,
Jprr = Lprr +1=1,3,5,...
KJ = 17
Jprr = Lprr — 1,LBFF =1,2,3,4,...

Agrr =odd Kppr =0 K; =0,
Jprr = Lprr —1=10,2,4,...
KJ = 17
Jprr = Lprr,Lprr +1=1,2,3,4,...
(30)
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Instead of the K; bands, it is possible to construct good
K; bands by diagonalizing a IA(Q, operator in the ba-
sis in (29). Such an operator is given recently by Naqvi
and Draayer [26] and we verified explicitly that in the
AYSMP limit (i.e. in the limit of interest in the present
study) K2(SUPBFF(3)) ecigenvalues are exactly K2. The
basis states with good K ; are

|N; (2N, 0) (nx0) (ABF, BF,); (1,0);
(Agrriprr) Kprr; SKg; KjJprrMprr)

S=1

Aprr = any Kprr #0 K; = Kprp — 1,
Jprr =K;, K;+1,...
K; = Kprr,
JBFF:KJ,KJ—FL...
K;= Kppr +1,
JBFF:KJ7KJ+1,...

)\BFF = even KBFF =0 KJ = O, (31)
Jprr =1,3,5,...
K;= ]-7

Jerr =1,2,3,4,...

/\BFFZOdd KBFF ZOKJZO,
Jprr =0,2,4,...
KJ:17
Jprr =1,2,3,4, ...

Bands with S = 0 are not given in (31) as they are same
as |()\BFF,UBFF) KBFFLBFFMBFF> bands. The eXpliCit
form for the expansion coefficients Cf;;i #iS K7 TBrE i) the
expansion of good K states (31) in terms of good LSJ
states (29) follow for example from Eq. (4) of [27]. The
hamiltonian for good K ; basis states (31) is same as the
hamiltonian in (29) except that 3K%(SUBFF(3)) replaces
BL%pp- Finally, it should be mentioned that extensions of
(29,30,31) for limits I and III are straightforward.

5 Single nucleon transfer in the SUBF (3)
symmetry limits

In odd mass nuclei single nucleon transfer (SNT) strengths
provide finger print patterns [16,28] and IBFM SUB¥(3)
limit is successful in reproducing the pattern seen for
example in %W nucleus [10]. By the same token it is
expected that SNT will be a useful tool for testing the
SUPBFF(3) coupling schemes (wavefunctions) for deformed
odd-odd nuclei. There is recent interest in SNT tests of
IBFFM and the Nilsson model with new experimental
data produced by Garrett and Burke for '90:192:194]y jgo-
topes [2,7,20,21,29]. In the analysis of this data it is seen
that the nucleus '°*Ir is better described by IBFFM with
O(6) core (compared to Nisson model which assumes axi-
ally symmetric rigid core just as in the SUPF(3) symme-
try limits) [2,7] and this is in good accord with the known
result that even-even nuclei in A ~ 190 region exhibit

~-softness. However it is seen from the analysis of SNT
data involving 192Ir [29] that the structure of some of the
low-lying levels in this nucleus are equally well described
by both IBFFM (with O(6) core) and Nilsson model. Fol-
lowing this trend, 1%°Ir data is analyzed in [20,21] using
only the Nilsson model. More recently Balodis [30] studied
in detail 1°2Ir (33 levels assigned to 19 rotational bands)
and stated that ‘if we restrict ourselves to the enegy a few
hundreds of keV, 192Ir is satisfactorily described using the
comparatively simple Nilsson model’. These results show
that: (i) 7 - softness of the core in the case of 1%Ir will not
effect the SNT strengths for the observed low-lying levels;
(ii) it is important to consider mixing of 2 q.p. Nilsson con-
figurations in odd-odd nuclei states. Therefore, for 1?°Ir to
a good approximation one can use SU?(3) core and from
the arguments of Sect. 3.3 combined with (ii), it is seen
that SNT involving '?°Ir will test the applicability of limit
I1. Section 5.1 gives the formulation for calculating SN'T
spectroscopic strengths and using this 19'Ir — °Ir SNT
data is analyzed in Sect. 5.2.

5.1 SNT strengths in limit 11

In odd-A to odd-odd nuclei SNT two situations are pos-
sible for the change in the boson number (N) and the
number of odd fermions (M,): (i) AN =0 and AM, =1,
p=morv; (ii) AN =1and AM, =1, p=m or v. For
AN = 0 transitions, the transfer operator to lowest order
is,

L, p =mor .

= (o j;p,a;%,; (32)

The operator for AN = 1 transitions is more complicated
(see for example [7]) and this case is not considered in
this paper. In (32) Cz%j;p' are parameters to be determined
from microscopic considerations or by fitting data. Let us

assume that the target odd-A nucleus ground state is a
good SUBT(3) state and it is denoted by,

|i) = | N5 (2N, 0) (1,0) (ABF, 1BF, )

1 (3)
Kpr,Lpr,; 3:Jpp,M);p=morv

Similarly the final odd-odd nucleus states |f) belong to
SUPBFF(3) limits I, IT or III and for example in limit IT
they are given by (30). Then the spectroscopic strength
S;(e) for (£34), transfer is,

Sj) (@idisg — arJppp) (34)

2 2
= (Ce%my) (2J; +1) ' ‘<O<f‘]f;pp/ | aZ%j;p/ I O‘iJi;p>‘
Using (33) with p = 7 for the initial odd-A states |a;J;)

and the states (30) for the final odd-odd nucleus states
|asJs), the formula, with neutron addition to the target,
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for the spectroscopic strength in limit II is,

2
29 ppp + 1 LBlF, flu Lprrp
Sie = (Ce%j;u) op ¥1X) .2 2 O (%
n JBF, jv JBFF
((ABF.pBF,) Kpr,Lpr, (m,0) 4 ||
(Arrpprr) KprrLprr)|?
(35)
In (35) x{——1} is 9 — j coefficient and (—— || ——) is

SU(3) D O(3) reduced Wigner coefficient. Modifications
of (35) for (i) odd-neutron target, (ii) for limits I and III
and (iii) for good K states (31) is straightforward. For
example with p/ = 7 in (32) and p = v in (33) the spectro-
scopic strength in limit IIT is given by (35) with 7 < v.
Similarly for good K; bands in limit II, the formula is

obtained by combining (35) with the CLzrr Ko Torr o

Lprr
efficients. Equation (35) is used in analyzing 191 Ir — 190Ir
1907,

SNT spectroscopic strengths deduced from 1911r (d,t)
experiment by Garrett and Burke [21] and the results are
given in the next subsection.

5.2 Anlysis of !Ir — %%1r SNT spectroscopic
strengths

Low-lying rotational bands of '°Ir are generated by the
proton Nilsson orbits [400]%+ and [402}%+ which form a
pseudo Nilsson doublet (see Fig. 1b) and the neutron Nils-
son orbits [510]3  and [512]3  which also form a pseudo
Nilsson doublet (see Fig. 1c). These orbits correspond to

pseudo - oscillator shells N = 3 and N = 4 respectively
as shown in Figs. 1b,c. In certain situations it is possi-
ble to adopt a much simpler picture as is the case with
the Nilsson orbits for °Ir. To the extent that the NPO
g7/2 and ds /o orbits for protons in N = 4 shell can be ig-
nored, the d3/5 and s/, orbits can be assigned to an =1

shell [11]. Then the orbits [400]%+ and [402]%L map to

[101] and [411]3" to [110] orbit of the 5 = 1 shell. Fol-
lowing Sect. 3.1, the corresponding SUBF (3) irreps are
(2N — 1,1)Kpp = 1 and (2N + 1,0)Kpp = 0. Similarly
ignoring the hg/o and f7/5 orbits for neutrons in N' =5
shell, the ps/5, f5/2 and p;/o orbits can be assigned to
a n = 2 shell [12]. Then the orbit [501]3 maps to [200],
[503]2 " and [501]3 to [202], [512]3  and [510]5  to [211]
and [521]1 " to [220] orbit of the 7 = 2 shell. The corre-
sponding SUBF (3) irreps are (2N —2,2)Kpr =0, (2N —
272)KBF = 27 (2N, 1)KBF =1 and (2N + 270)KBF =0.
Describing the low-lying states in terms of 7, = 1 and
n, = 2, the ground state of 19Ir in the SUB(3) limit is
(Wlth N = 8) |(16,0)(10)ﬂ-(15, 1)1!31;;(](31:'7r = 17LBF7r = 1,
s = 1, Jpr, = 3) and similarly the low-lying states of
190y in the SUBFF(3) limit II are,

[(16,0)(10),(15,1)pF, ; (20),;

(Aprritrr) KprrLprr; S; Jprr) .
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The method described in Sect. 3.3 fixes the (A\prruprr)
irreps. The proton and neutron Nilsson orbits that make
up the low-lying states of !?°Ir are already given and they
correspond to [101], and [211], orbits with e, = —1(A, =
1/2) and €, = 1(A, = 1/2) respectively. Then €37 =
4N and A%L;% = 071. These give ()\BFF/JBFF)KBFF =
(16,0)0 @ (15,2)0,2. The K; bands generated by these
irreps follow from (30) and they are listed in Table 1. In
the 191r (d,t) °Ir experiment [21] six bands in **°Ir are
populated with (NPO;)%(NPO3)" configurations and in
each case 1-3 levels are seen. The K7 bands, the J™ mem-
bers and their energies and the structure of these levels
in terms of limit II quantum numbers are given in Ta-
ble 1. Choosing the parameters in the energy formula (29)
such that the BFF irrep (16, 0) is lower than (15, 2), states
with larger Kppp are lower in energy and similarly S = 1
states to be lower than those with S = 0 give essentially
the same band sequence as seen in data. In the present
example, the parameters I'gr_, Apr,., I'prr and Agprp in
(29) do not contribute to the excitation energies. Choos-
ing a = 29.5 keV, § = 10.65 keV, v = —18.97 keV and
6 = 14.28 keV, all the enegies are reproduced within 20
keV except for the three levels that belong to K; = 07
band which are lower (compared to experiment) by about
200 keV and the one level that belong to the K; = 3,
band which is higer by 200 keV. A better agreement for
the K; = 0; band is obtained by changing the S? opera-
tor strength v but at the expense of the position of the 2~
level of 25 band. No attempt is made to add some extra
terms to the hamiltonian in (29) so that better agreements
for energies can be obtained. Our major interest being in
testing the structure of the wavefunctions. Using Table 1
and (35), total spectroscopic strength Sy = Zj Sj(e) is
calculated for each level. The results and their compari-
son with data are shown in Fig. 2. The agreement between
the SUBFE(3) limit II results and experiment is seen to
be good. It should be stressed that the agreement shown
in Fig. 2 is obtained using the K ; scheme (30) which uses
L— S (with S being pseudo-spin) coupling. Thus the mix-
ing of 2 q.p. Nilsson configurations as given by limit II in
1907y explains the SNT data.

6 Conclusions

The SUBFF(3) dynamical symmetry limits of IBFFM are
identified in this article and they are appropriate for heavy
deformed odd - odd nuclei for (N PO;)%(N PO,)® configu-
rations. There are three symmetry limits and their corre-
spondence with 2 q.p. (proton-neutron) Nilsson configura-
tions is established. It is shown that IBFFM generates two
new coupling schemes - limit I states (1) mixing both Nils-
son n.’s and A’s and limit IT states (2) (or limit IIT states
(3)) mixing only Nilsson A’s respectively. This work and
the previous studies [8,9] on symmetry limits for (7)%(j)°
and (NPO)%(j)® configurations respectively with SUZ(3)
core complete the identification of SU(3) related dynami-
cal symmetries of IBFFM. Analysis of 1911Ir (d,t) *°Ir data
using SUBFF(3) limit 11, given in Sect. 5, should prompt
new SNT experiments populating (NPO)*(NPO)® type
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Table 1. K bands with J < 4 for **°Ir in SUB¥(3) limit 1L
Given in the last two columns are the observed K7 bands and
energies of the corresponding band members

S Ky K7 Energy

(keV)

(Aprr,uBrr) Kprr Lprr JBrr

17 259
83

0; 1832
313.4

173.8
37 83

27 220
347.8

1; 144
284.9

2, 225

QO OO OO OO NN NDNDNNDN DN DN OO0 OO0 0o 0o
QLW = Wk WWHEF B WN Uk WD WD WD DO R DNO =N
—EF R R OO0 R HERFE OO0 REMHERE HiERkFE HiE HERE OO0 0O H = -
OO OO0 HEMFRF NNN HHFHMFF DN WWw OO0 O0OO M - =
BN O W B WNRFE WD W RWN W WHE R NO =W =

configurations in odd-odd nuclei. The nuclei ¥W and
1870s with odd neutron and '%*Tm and '"Re with odd
proton are known to be good examples for the SUBY(3)
limit of IBFM [10,18] and SNT experiments starting with
these nuclei and their neighbours will provide additional
tests for the SUPFF(3) symmetry limits. Analysis of *°Tr
levels clearly showed that the hamiltonian in SUBF(3)
symmetry limits should be studied further. More detalied
study of the spectra ( hamiltonians), single nucleon trans-
fer strengths (both with AN =0 and AN = 1) and other
observables including electromagnetic transition stengths
etc. in the SUPFF(3) limits will be given in a future pub-
lication.

One of the authors (UDP) thanks S. Bhattacharya for many
useful discussions and acknowledges Physical Research Labo-
ratory for financial support.
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Fig. 2. Total spectroscopic strength St = Z S.icey for 199Tr
g. 2. P p g T = 7 (£)

levels from '°*Ir ground state. Data is for **'Ir (d,t) *°Ir reac-
tion. Shown along the x-axis are (K7, J”) and the correspond-
ing energies in keV. The strength at 83 keV is the summed
strength for the two levels shown. The observed strengths to
levels at 173.8 keV and 220 keV are not shown as there are
doublets at these energies and the (K7, J") for only one mem-
ber is identified. All the data are taken from [21]. Note that
error bars for data values are not shown in the figure. The
calculations use SUPT¥ (3) limit II with K basis (30) and (2
in (35) is chosen to be 0.8. For the eight strengths shown in
the figure the corresponding St values with good K (defined
by (31)) are 0.032, 0.494, 0.0, 0.212, 0.071, 0.056, 0.025 and
0.124 respectively. Similarly the St values from Nilsson model
calculations of [21] are 0.096, 0.457, 0.029, 0.151, 0.209, 0.003,
0.002 and 0.096 respectively
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