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Effects of the residual proton-neutron interaction in the rotating flame are studied by analyzing the signature inversion ob- 
served in odd-odd nuclei. In particular, the importance of configuration mixing induced by the interaction is stressed. Spectra 
given by the cranking model are improved appreciably but the effects of the residual interaction seem insufficient to reproduce 
experimental data. 

Rotational bands built on high-j unique-parity 
states in odd-A nuclei decouple into two sequences. 
Energy levels with I - j =  even lie lower than those with 
l - j = o d d ;  the former is called the favored ( f )  se- 
quence and the latter is called the unfavored (u)  se- 
quence. The energy difference between these two se- 
quences seen from a rotating frame is called the 
signature splitting because each sequence has a defi- 
nite signature quantum number  r=exp(- i~zc~) ,  
where I=o~ mod 2. The magnitude of  the signature 
splitting depends sensitively on the Fermi surface in 
high-j shells but its sign is never inverted in one-quas- 
iparticle ( l q p )  bands. After the bandcrossings, i.e., 

. )1 (vi13/2)2, however, the in 3qp bands, say, (Trh~/2 
sign is inverted systematically [1] .  This phenome- 
non is called the signature inversion. It has been 
understood as a result of  the positive gamma defor- 
mation driven by alignments of  low-.q two quasipar- 
ticles [2 -5] .  But this is insufficient since the signa- 
ture inversion has also been observed in some nuclei 
where the alignments are believed to drive negative 
gamma deformations [ 1 ]. The coupling between the 
odd quasiparticle and gamma vibration is a promis- 
ing candidate for another mechanism of the inver- 
sion. Note that the structure change of  the vibra- 
tional excitation caused by the bandcrossing should 
be taken into account properly because the coupling 
makes the signature splitting larger in the case of  1 qp 
bands with negative gamma deformations [6].  

The signature inversion in odd-A nuclei seems to 
be understandable as a problem of  a quasiparticle 
moving in triaxially deformed, vibrating and rotating 
potentials. In the case of  odd -odd  nuclei we consider 
un-like 2qp states, for instance, mid-g2(Trhl 1/2) I @ l o w  - 

~Q(Pi]3/2) I. Since both the last quasiproton and the 
last quasineutron have two signature states, two con- 
figurations exist for each spin value based on an in- 
trinsic 2qp state in general: In+iv_i)  and I n _ y + i )  
for even spins, I n + y + , )  and I n _ y _ , )  for odd spins. 
But, when one odd quasiparticle (r)  is decoupled 
whereas the other ( r ' )  is relatively strongly-coupled, 
we can regard I r~rr) and I r'ur,-) as signature part- 
ners. Good examples can be found in the N_~ 90 re: 
gion where the i~3/2 neutron signature splitting is very 
large while that of  the h~ ~/2 proton is small. The sig- 
nature inversion in such systems, defined bye',o,f- 
e;~f ,f < 0, was observed earlier than that in odd-A nu- 
clei, and has been described as a consequence of  the 
positive gamma deformation driven by the low-sO2 last 
quasineutron [7]. From this standpoint, its role is 
just to polarize the nuclear shape and then the signa- 
ture splitting of  the odd -odd  nucleus reduces to 
e;~o-e~f, the signature splitting of  the last quasipro- 
ton moving in the polarized potential. In this sense 
the 1ow-£2 quasineutron is a "spectator" while the 
mid-,Q quasiproton is a " 'participant" which corre- 
sponds to the last quasiparticle in odd-A nuclei. This 
picture is useful if the residual interaction between 
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the unpaired quasipart ic les  is sufficiently weak. But, 
generally speaking, the interact ion between them and 
vibra t ions  excited on the t r iaxia l ly-deformed core 
nucleus should be taken into account.  In the follow- 
ing, we investigate to what extent  the cranking pic- 
ture of  the o d d - o d d  nucleus is modi f ied  by the resid- 
ual p ro ton -neu t ron  interact ion by analyzing the 
signature inversion.  As for the form of  the interac- 
tion, we choose a Q-Q type one for the following rea- 
sons: ( i )  the gamma degree of  f reedom is bel ieved to 
be the most  impor tan t  cause of  signature dependent  
phenomena  in odd-A nuclei; ( i i )  the force strength 
can be determined theoretically by requiring the shape 
selfconsistency between the potent ia l  and the den- 
sity; ( i i i )  we plan to perform quas ipar t i c le -quas ipar -  
t i c le -v ibra t ion  coupling calculat ions with phonons  
given by the RPA using the Q-Q interact ion.  

The outl ine of  the numerical  calculat ions is as fol- 
lows: 2qp states were first constructed by diagonaliz-  
ing cranked axial or  tr iaxial  Nilsson-plus-BCS poten-  
tials. The f requency-dependent  shape evolut ion was 
neglected for simplicity.  The model  space was set so 
as to include a high-j shell in both proton and neutron 
parts, respectively; actually we adopted  10 (with 
N ~ = 5 ) × 1 0  (with N,=6)~l×2({(Tr+i,v i) and 
(Jr_,  v+i)} or {(Tr+i, v+i) and (~z_i, v_i )})  = 2 0 0  di- 
mensional  space for each signature sector (r= + 1 or 
- 1 ). The ord inary  (nons t re tched)  Q-Q type pro- 
t on -neu t ron  interact ion was diagonal ized in this 
space. The interact ion strength was taken to be twice 
as large as the so-called selfconsistent value in order  
to take account of  the effects o f  the A N =  2 couplings. 
In the following figures the cranking results and the 
results with the in teract ion matr ix  elements  are 
shown. 

Fig. 1 shows the theoret ical  signature spli t t ing of  
the yrast  (nh, j /~ ) ' ( vii3/2 ) ' band  of  ~SaTb calculated 
using an axially symmetr ic  potential .  This nucleus is 
typical  of  the N =  89 isotones which show strong sig- 
nature invers ion systematically.  The cranking calcu- 
lation (the curve denoted by "c r" )  gives positive, i.e., 
normal  signature spli t t ing because of  axial symme- 
try. The diagonal  Q,~-Q~ interact ion decreases the 
split t ing by 100-200 keV and consequently the ex- 
per imental  data  [8] are reproduced well ( "d i ag" ) .  
Diagonal iz ing the off-diagonal interact ion,  however,  

gtl N,,= 5 for the Cs case discussed later. 
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i . . . . . . . . .  I ' -  

/ 
/ 

200 cr ~ ~ ~ 

_~e~ / l / z /  / v 
1O0 

~ e x p  

-100 ~ J ' 

0.1 0.2 0.3 
frequency (MoV) 

Fig. 1. Calculated and experimental signature splittings of the yrast 
( = h  I I / 2  ) i ( It i 13 /2  ) i band of ~ 54Tb a s  a func'tion of the rotational 
frequency. "Cr", "'diag" and "'full" denote the results of the 
cranking calculation, the calculation including the diagonal Q,- 
Q, interaction matrix elements only, and the one including both 
the diagonal and the off-diagonal elements, respectively. The pa- 
rameters used are ,8 ( po, ) = 0.16, 7 ~ po,~ = 0 and A~ = J,  = 1.0 MeV. 
The data are taken from ref. [ 8 ]. 

the spli t t ing increases again ( " fu l l " ) ,  namely,  it 
weakens the inversion brought about  by the diagonal  
interaction although the "full" curve is still better  than 

the "c r"  curve. 
These results can be unders tood as follows: The di- 

agonal e lements  produce s ignature-dependent  energy 
shifts. The si tuat ion is s imilar  to the f irst-order effect 
of  the static tr iaxial  deformat ion  on the spli t t ing in 
odd-A nuclei [ 5 ], and therefore, the occurrence of  the 
inversion in such a nucleus with low ~ ,  is under-  
standable.  Since the difference between ~2~ and -Q,, is 
big, the interact ion acts repulsively in each signature 
sector as widely recognized [9 ]. The var ia t ion of  the 
splitting, that  is, the difference between the energy 
shifts, is propor t ional  to the diagonal  matr ix  element  
of  Q~2+~=(Q+2+Q_2)/xf2 with respect to the 
"spec ta tor"  quasineutron state with the favored sig- 
nature (see the top left part  of  fig. 1 in ref. [ 10 ] for a 
~h~j/2 case) ,  whereas it is propor t ional  to the expec- 
ta t ion value ( Q~+ ~ ) in the static deformat ion  case. 

Diagonal iza t ion of  the off-diagonai interact ion 
matr ix  elements  causes configurat ion mixing among 
zr L u ~ states with the same pari ty and signature. The 
probabil i t ies  of  the two largest components  out of  200 
for each signature sector are shown in fig. 2. We can 
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Fig. 2. The probabilities of the major 2qp components among 
200 in the wave function of the lowest-energy eigenstate in each 
sector calculated as a function of the rotational frequency. The 
parameters used are the same as in fig. 1. The r=  + 1 (favored) 
and - 1 (unfavored) sectors are shown by solid and broken lines, 
respectively. The subscripts are the ordinal numbers of single- 
quasiparticle states counted from the lowest energy. 

see from this figure that the lowest-energy state in the 
unfavored signature ( r =  - 1 ) sector is an almost pure 
2qp state but that in the favored signature ( r =  + 1 ) 
sector contains the 2nd unperturbed 2qp state appre- 
ciably. The mixing of  the signature-conjugate com- 
ponent in each sector, 7~1(_t)1)1(+i) for r = + l  and 
gl(+i)v,(+,~ for r = - 1 ,  is negligible. As expected 
generally, these eigenstates approach to pure 2qp 
states as the frequency increases. The configuration 
mixing discussed above lowers the lowest-energy 
states in both sectors irrespective of  their Fermi sur- 
faces. The magnitude of  the energy variation is larger 
in the favored sector, and accordingly the signature 
splitting is driven to the normal sign by the off-diag- 
onal interaction matrix elements. The reason is as 
follows: Favored states contain more g2= ½ compo- 
nents than unfavored states because the wave func- 
tions of  the latter have one more node in the space o f  
g2 than their signature partners as depicted schemat- 
ically in fig. 3. Therefore the ~fvr states have larger 
interaction matrix elements with each other than the 
gu uf states due to the vf with large -(2 = ½ components.  
Summing up the effects of  the diagonal and the off- 
diagonal interaction matrix elements, the lowest fa- 
vored state is pushed up more strongly than the low- 
est unfavored state. A similar tendency was reported 

ist 

~z ~5 

Fig. 3. A schematic drawing of the single-particle wave functions 
in the space of g2, the z component of the single-particle angular 
momentum. 

in ref. [11] where y = - 4 0  ° was assumed for T1 
isotopes. 

Now we return to the relation between the data and 
the calculation. The example presented above indi- 
cates that the effect of  the Q,-Q~ interaction is appre- 
ciable but insufficient to reproduce the observed sig- 
nature inversion. This result is qualitatively consistent 
with a part icle-rotor model calculation for an odd-A 
nucleus, 'S7Ho, done by Hamamoto  [ 12]. She needed 
an order of  magnitude strong interaction to repro- 
duce the data. A natural extension of  the present 
model is to incorporate the positive gamma defor- 
mation at the same time as the residual interaction. 
Actually large signature inversion can be produced 
already in the cranking calculation if fl and y are 
treated as free parameters. But, when the informa- 
tion on electromagnetic transition rates is available, 
the magnitude of  Qt ( a x / B  (E2 : A I =  2 ) ) and the sig- 
nature dependence o f B ( M l  ) restrict the ranges offl  
and 7, respectively. Although such information is not 
sufficient in the A-~ 160 region where the signature 
inversion has been discussed, there exist such data in 
other mass region. 

Figs. 4 and 5 graph the results for '24Cs in which 
both the proton and neutron Fermi surfaces lie in the 
h i 1/2 shell. Here the potential parameters were deter- 
mined so as to reproduce the preliminary Q, data [ 14 ] 
(3.9_+0.5 e b  for Ev=869  keY and 3.5_+ 1.5 e b  for 
Ev=973  keV) approximately and to be consistent 
with the systematics around this nucleus [ 15 ]. The 
calculated Q, is about 3.6 e b and this value is almost 
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Fig. 4. Calculated and exper imenta l  B( M I : A / =  1 ) / B  ( E 2 : A / =  2 ) 
ra t ios  of  the yrast  (gh,  ,/2 )] (uh, ,/2) j band  in '24Cs as a funct ion 

of the ro ta t ional  frequency. The thin and thick l ines represent  the 
results which correspond to the "c r "  and  the " fu l l "  ca lcula t ions  

but the effects o f  the in terac t ion  was taken  into account  only in 

the numera to r  in the la t ter  [see the text ] .  In both  cases, the solid 

and  broken l ines represent  the t rans i t ions  from the favored se- 
quence and those form the unfavored sequence, respectively. The 

cor responding  data  are shown by filled and  open circles, respec- 
tively. The paramete r s  used are f l(P°tl=0.24,  7(P°t)= 10 ° and 

A.=A, ,=  1.0 MeV. The data  are taken form ref. [3] .  
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Fig. 5. Calculated and exper imenta l  signature spli t t ings of  the yrast 
( rth t L/2 ) l (vh ] l/2 ) l band  of  '24Cs as a funct ion of  the ro ta t ional  
frequency. The nota t ions  are the same as in fig. 1. The parame-  
ters used are the same as in fig. 4. The data  are taken from ref. 
[13]. 

independent  of  the frequency. The experimental  and 
theoretical B(M1 :AI=  1 )/B(E2:AI=2) ratios are 
presented in fig. 4. The observed signature depen- 
dence ~2, B(M1 : f - + u ) > B ( M 1  :u-+f) ,  and the over- 
all frequency dependence are reproduced semi-quan- 
titatively. The configuration mixing due to the off- 
diagonal interaction matrix elements weakens the 
signature dependence slightly; this is consistent with 
the effect on the signature splitting in energy dis- 
cussed later. As for the signature-average magnitude, 
however, the calculation gives larger values than the 
data. This deviation originates from the numerator ,  
B (M 1 ). This is a common  feature in cranking calcu- 
lations which use the calculated g-factor [ 17,18 ], 

( /4 , ) ro t  
g r e f =  ( J , ) , o f  

with reference states consisting of the even-even  core 
and aligned quasiparticle (s) ,  in 

/ a  ~ e f l ' )  ~ ' S  
f l - t  = ( g / - - g r e f )  [ I "k t,5. • - - ~ ' r e f ) - I .  

The reference state consists of  the even-even core and 
the lowest energy(Trh]~/2) ~ in the present o d d - o d d  
case ~3, while it includes the core and aligned two 
quasiparticles in the case of  3qp bands in odd-A nu- 
clei (see figs. 5-8 in ref. [ 6 ], for example) .  The mag- 
nitudes of  the B(M 1 ) are made slightly larger by the 
interaction. Note that effects of  the interaction on the 
denomina tor  were neglected in this calculation be- 
cause the B ( E 2 : A I = 2 )  is determined predomi-  
nantly by the collective property while the interac- 
tion changes the 2qp part  only. 

Fig. 5 shows the signature splittings calculated us- 
ing the parameters  which satisfy approximately the 
restrictions from the transition rates, in comparison 
to the data. The residual Q~-Q. interaction produces 
weak signature inversion but the observed splitting 
cannot be reproduced especially at the low spin re- 
gion within the present framework.  The relation be- 
tween the signature splitting in quasiparticle energy 
and the signature dependence of B ( M I  ) in axially 
symmetr ic  nuclei is known widely [ 19]. And small 
deviations between the inversion frequency regions 
of  the energy and B ( M I  ) can be explained as a kind 

~2 The spin ass ignments  conform to ref. [ 16 ]. 
~3 This  is the d o m i n a n t  componen t  even after the in t roduct ion  

of  the residual  interact ion.  
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of modificat ion due to the positive gamma deforma- 
tion [5 ]. But, in the present case, both the inversion 
in energy and the normal  signature dependence of 
B(M1 ) are strong. This fact makes it difficult to re- 
produce the data within the present framework. 

Some preliminary calculations seem to indicate that 
the bigger the .f2 of the "par t ic ipant"  nucleon be- 
comes, the more conspicuous the deviat ion between 
the data and the calculations within the cranking plus 
Q~-Q, interaction becomes at the low spin region. We 
encountered a similar si tuation in odd-A nuclei [ 20 ] : 
The static triaxial deformation causes signature-de- 
pendent  staggering as a function of spin in the 
B ( E 2 : A I =  1). The phase of the staggering is deter- 
mined uniquely by the sign of y in the cranking cal- 
culation irrespective of the position of the Fermi sur- 
face. In a part icle-rotor  model calculation in which 
the angular m o m e n t u m  coupling is treated appropri- 
ately and hence better results are expected for low 
spins, however, the cranking phase rule applies only 
to low-£2 nuclei (see fig. 8 of ref. [21 ] ). This contra- 
diction was recovered by introducing the couplings 

between the last odd quasiparticle and gamma vibra- 
tion into the cranking calculation. The exchange in- 
teraction in the interacting boson- fe rmion  model 
shows a similar effect [22] but unusually strong one 
is necessary in order to alter the signature depen- 
dence of the B ( E 2 : A I =  1 ) [23].  This can be under- 
stood by considering such a property that the odd- 
spin gamma vibrat ional  excitation changes its char- 
acter gradually to wobbling mot ion as spin and triax- 

ial deformation increase [24,25 ]. In other words, ',he 
shape fluctuation undergoes a change to a fluctuation 

of the rotational axis seen from the principal axis 

frame. The coupling with this mode, therefore, intro- 
duces nonuni fo rm rotation of the triaxially deformed 
nucleus on the quasiparticle mot ion within a small 

ampli tude approximation.  Learning from this expe- 
rience, the gamma vibrat ional  effects will also be im- 
portant  in odd-odd  nuclei. 

In summary,  we have studied the spectra of rotat- 

ing odd-odd  nuclei aiming to see to what extent the 

cranking picture is modified by the residual Q,~-Q,, 
interaction. The signature splittings in odd-odd  nu- 
clei given by the cranking model are improved appre- 
ciably by the residual interaction but  its effect is in- 
sufficient to reproduce the data especially at the low 
spin region. The calculations taking account of the 
gamma vibrational effects will be reported separately. 

References 

[1]C.-H. Yu et al., Nucl. Phys. A 511 (1990) 157, and 
references therein. 

[2] I. Hamamoto and B. Mottelson, Phys. Lett. B 127 (1983) 
281. 

[ 3 ] A. Ikeda and S. Aberg, Nucl. Phys. A 480 (1988) 85. 
[4] N. Onishi and N. Tajima, Prog. Theor. Phys. 80 (1988) 

130. 
[5] M. Matsuzaki, Nucl. Phys. A 504 (1989) 456. 
[6] M. Matsuzaki, Y.R. Shimizu and KJ. Matsuyanagi, Prog. 

Theor. Phys. 79 (1988) 836. 
[7] R. Bengtsson et al., Nucl. Phys. A 415 (1984) 189. 
[ 8 ] R. Bengtsson et al., Nucl. Phys. A 389 (1982) 158. 
[9] E.g., W.-T. Chou et al., Phys. Lett. B 255 ( 1991 ) 487. 

[ 10] M. Matsuzaki, Nucl. Phys. A 519 (1990) 548. 
[ 11 ] H. Toki, H.L. Yadav and A. Faessler, Z. Phys. A 292 (1979) 

79. 
[12] I. Hamamoto, Phys. Lett. B 179 (1986) 327. 
[ 13] T. Komatsubara et al., Z. Phys. A 335 (1990) 113. 
[ 14] T. Komatsubara, preprint UTTAC-57 (1990), unpublished. 
[ 15 ] E.g., S. Raman et al., At. Data Nucl. Data Tables 36 ( 1987 ) 

1. 
[ 16 ] T. Komatsubara, private communication (1990). 
[17] S. Frauendorf, Phys. Lett. B 100 (1981) 219. 
[18] M. Matsuzaki, Y.R. Shimizu and K. Matsuyanagi, Prog. 

Theor. Phys. 77 (1987) 1302. 
[ 19] I. Hamamoto, Phys. Lett. B 106 ( 1981 ) 281. 
[20] M. Matsuzaki, in: Proc. Intern. Conf. on High spin physics 

and gamma-soft nuclei (Pittsburgh, PA, September 1990), 
eds. J.X. Saladin el al. (World Scientific, Singapore, 1991 ) 
p. 365. 

[21 ] I. Hamamoto, Nucl. Phys. A 421 (1984) 109c. 
[22] N. Yoshida et al., Nucl. Phys. A 503 (1989) 90. 
[34] H. Sagawa, private communication (1990). 
[ 24 ] I.N. Mikhailov and D. Janssen, Phys. Len. B 72 ( 1978 ) 303. 
[25] M. Matsuzaki, Nucl. Phys. A 509 (1990) 269. 

27 


