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A m odel has been  investigated  describ ing  a situ a tio n  in w hich tw o n o n in te rac tin g  high-/ 
N ilsson-B C S quasipartic les m ove in the deform ed field of an  axially an d  reflection 
sym m etric  ro to r. A ccording to  the positions of the j-shells w ith  respect to  the p ro to n  and  
n eu tró n  F erm i surfaces structu res o f d ifferent ch a rac te r em erge referred  to  as sem i- and 
doub ly-decoupled . In particu la r, strongly  C orio lis-d isto rted  bands recently  rep o rted  in 
doub ly  odd  TI nuclei are  discussed. A lso 71/19,2 b ands in neighbouring  odd  m ass TI 
iso topes are  analysed  on the sam e footing. It is show n th a t the  p ro n o u n ced  odd  even 
staggering  of the tran sitio n  energies can  be u n d ersto o d  as a specific q u an ta l feature 
associa ted  w ith  the  C orio lis in teraction .

1. Introduction 2. The Model

Several ro ta tio n a l bands based on high-j unique- 
p arity  quas ipartic le  (qp) states, {ñhgi 2 , t í ^ i i / 2^^* i3;2) 
have been rep o rted  in recen t years in odd  nuclei of 
the tran s itio n a l región below  the doub le  shell closure 
a t ^°®Pb [1 -7 ] , H enee, it is p lausib le to  expect high 
sp in  structu res, in the doub ly  odd  nuclei bu ilt on 
in trin sic  sta tes ju s t resu lting  from  the vec to r add ition  
o f these qp  excita tions if the residual p ro to n -n e u tro n  
in te rac tio n  does no t obscures such a sim ple pie- 
ture.
Thus, one m ay envisage tw o different cases in this 
p a rt o f the  nuclid ic chart. These tw o are 
7t?¡9 /2 ® V ij3,2 an d  í / J u / 2 ® v ¡ \ 3,2 . T he first one ac- 
tually  appears to  be realized in TI [8, 9]. T he second 
one is expected  in m ore p ro to n  defficient nuclei like 
th e  Au iso topes w here the ñ h ^ ^ ¡ 2  qp  State is know n 
to  com e n earer to  the F erm i surface [8, 10],
T he m ain  aim  o f the p resen t w ork  is to  show  tha t, 
indeed, the sim ple p ic tu re  referred  to  above is ab le to 
p rov ide an exp lana tion  for all especial features found 
in the  experim ents.

* P re se n t ad d re ss : D e p a r ta m e n to  de  F ís ica , C N E A , L ib e r ta d o r  
8250, B u en o s  A ires, A rg en tin a

A b rief accoun t o f the  m odel will be given first 
(further details m ay be found in [8]). T he H am il- 
to n ian  is:

H  = A R ^  + hP + hl iA = h^/{2 0)). (1)

R denotes the collective ro ta tio n a l an g u la r m om en- 
tum , only th is degree of freedom  is trea ted  for the 
core. is the H am ilto n ian  for the odd  valence 
p ro to n  (neu trón) describ ing th e  m o tio n  in the  in tr in ­
sic co o rd ín a te  system. It com prises a  one-body  op- 
e ra to r  for the  average deform ed field (a N ilsson 
H am ilton ian ) an d  a tw o-body te rm  w hich accoun ts 
for th e  pairing  co rre la tions trea ted  in the BCS ap- 
p rox im ation . Since we are going to  w ork in the 
strong  coupling  basic the  usual su b stitu tio n  is 
m ade:

R =  I - J  (J =  L+j„) (2)

T hus, the ro ta tio n a l an g u la r m o m en tu m  becom es: 

r 2  =  ,2  _  J 2  _  2 .  J  +  j i  2 +  j l  2 +  2  j X . j *  (3)

T he superscrip t .1 deno tes those  p a rts  o f the  vectors
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lying in a p lañe  perp en d icu la r to  the sym m etry  
axis.
In  th is co n trib u tio n  we shail discuss only cases in 
w hich bo th  qp  occupy h igh-j un ique-parity  states. 
T he single j-shell ap p ro x im atio n  has been adop ted  
w hich is know n  to  be rem arkab ly  good  for relatively 
sm all d e fo rm ations (|/:/| is certa in ly  below  0.2 for the 
cases o f ac tua l interest). T he con figu ration  space for 
the in trinsic  m o tio n  is thus spanned  by allow ing bo th  
p ro to n s an d  n eu tro n s to  m ove in tw o such subshells. 
T he in trinsic  sta tes are p ro d u c t sta tes o f a quasineu- 
tro n  an d  a q u as ip ro to n  w hich re ta in  the q u an tu m  
num bers o f the N ilsson  particles. All one-qp  p arts  o f 
the o p e ra to r  (1) w ere taken  in to  account. N o p ro to n - 
neu tro n  residual in te rac tio n  has been considered. W e 
believe th a t it is n o t necessary to  include such a  forcé 
in o rder to  get ag reem ent w ith the data . W e shall 
d iscuss th is p rob lem  la te r on. In o rd er to  get the right 
qp, th e  tw o su p erco n d u ctin g  equ a tio n s w ere solved 
separate ly  for p ro to n s  an d  neu trons. N ilsson param e- 
ters w ere tak en  from  [11], B oth pairing  strenghts 
w ere ad ju sted  so as to  rep roduce the gaps corre- 
spond ing  to  the odd-even  m ass differences in this re­
gión. T hus, the m odel con ta in s tw o param ete rs  to  be 
de term ined  from  the  odd  spectra , nam ely  the inertia l 
co n s tan t h^/29  an d  th e  q u ad ru p o le  defo rm ation  ¡i. 
H ow ever, the cu s to m ary  p resc rip tion  given by the 
G ro d z in s expression  [12] for th e  m om ent o f inertia  
(h^/20 = 204 has been adop ted . T he defo r­
m a tio n  is n o t ex trac ted  from  the ne ighbouring  even- 
even nuclei because o f possib le p o la riza tio n  effects 
an d  is regarded  as the  only ad ju stab le  q u an tity  of the 
m odel. In practice , how ever, there is som e uncer- 
ta in ty  concern ing  single qp  p roperties. It is difficult 
to  get reliable sing le-partic le  energies an d  also the 
trea tm e n t o f pairing  is schem atic. This leaves in tu rn , 
gap, F erm i levels an d  qp  energies u n d eterm ined  to  
som e extent. In  view of these facts we do  n o t expect 
any n u clea r m odel to  give m uch  m ore th a n  a qualita - 
tive ag reem ent w ith o u t ad justing  som e p aram ete r 
(w ithin reaso n ab le  lim its). It is ju s t in the sp irit o f 
ob ta in in g  such a q u alita tiv e  un d erstan d in g  th a t we 
w an t to  study  different p h en o m en a an d  p o in t o u t the 
m ain  orig ins o f them .

3. The “ Sem i decoupled” Case

3.1. General Discussion

This case will arise w henever one of the qp  is in a 
decoup ling  s itu a tio n  an d  the  o th e r  in a cond ition  
w hich is usually  referred to  as strongly  coup led  [13]. 
W e w an t to  illu stra te  th is beh av io u r in th e  case of the

N egative p arity  no rm al { ñ I = V )  h igh-sp in  bands 
based on F  = %~ isom ers w ere found in ^®^T1 re- 
spectively. In ad d itio n  to  the b an d  h ead  spin, tw o 
p articu la r  features d isp layed  by the  d o ub ly  odd  cas- 
cades have to  be explained  by th e  m odel, nam ely : 1) 
the sm all in itial tran s itio n  energies (as co m p ared  to 
spacings in bands o f re la ted  p aren tag e  in n e ig h b o u r­
ing nuclei, see below) an d  2) the odd-even  staggering  
in th e  exc ita tion  energies.
O nce the H am ilto n ia n  (1) is d iagonalized  we m ay 
evalúa te  several expecta tion  valúes w ith  the resu lting  
w ave functions. F o r  th is p u rp o se  it is necessary  to 
define som e q u an titie s  w hich will give us the  ap p ro - 
p ria te  insight in to  the  s tru c tu re  o f the states. In- 
troducing  a u n it vec to r é , =  ! ( / ( /  + 1))'"^  po in ting  
along  the to ta l angu lar m om en tum , the  m ean  valúes 
<é,-j„> and  < é ,- j^ )  will th u s m easure  the  a lignm ent 
o f n e u tró n  an d  p ro to n  in th is d irec tion . M ore ex- 
p licitly  we have:

< é ,• ]„ > = ( /( /  + i) )- '/2 < /3 Í„ 3  +  i /2 ( / - ^ y - - f / - , / ; ) > .  (4) 

T he relative o rien ta tio n  of the qp  will be given by:

e o s  (j „ , j„ ) =  <j„ • j .  0 „  (j„  +  1 ) i n ( j „  +  1)) > • (5)

In add ition , we shall study how  the  d is trib u tio n s  over 
the co rrespond ing  m agnetic  su b sta te s  o f bo th  qp 
evolve as the to ta l spin of the system  increases. This 
is im p o rta n t in o rd er to  charac terize  the  o rien ta tio n s 
w ith respect to  the sym m etry  axis. T h e  occupation  
p ro b ab ility  o f a p a rticu la r  su b sta te  w ill be specified 
by:

| ^ = X | 4 J í3„,í 2̂
K>.

(6)

ñ hgi2^
[8, 9].

V i 13/2 system  because o f the availab le d a ta

{K^  = |Í2„ +  Í2p|, being the expansión  coefficients 
o f the  y rast w ave function  in the  stro n g  coupling  
basis [8].)
Som e of these d is trib u tio n s a re  given in F igu re  1 for 
the p ro to n  along  w ith  the d m ^ i n / l )  sm all W igner 
m atrices w hich co rrespond  to  a com pletely  d ecoup ­
led s itu a tio n  =  ^á®¿^(7i/2) creates a  par- 

n
ticle in a sta te  w ith  p ro jec tio n  ¡x on  the  in trinsic  1- 
axis [14]). A ctually  the coup ling  schem e (if m easured  
by these d istribu tions) changes rad ically  in going 
from  the b an d h ead  ( / =  8) up  to  spin /  =  21. A t spin 8 
the  p ro to n  is m ainly  co n cen tra ted  in the 0.^ = 9¡I  
substa te  (which is the  low est qp  sta te  because we are 
dealing  w ith a partic le -like  exc ita tion  in an  ób la te  
core), w hereas for large (odd) sp in  s ta tes a nearly  
com plete  decoupling  is reached.
T he d is trib u tio n s for the  n eu tró n  qp  follow  closely 

(in acco rdance  w ith the  hole-like charac-
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Fig. 1. M ag n e tic  su b s ta te  d is tr ib u tio n s  fo r th e  p ro to n . P a ra m e te rs  o f  th e  c a lcu la tio n  a re : / í = —0.13 (N ilsso n  p a ra m e te rs  from  [1 1 ] , 
0 =  z l„ ~ 0 .8 M e V , d ^ ^ O . 9  M eV . T h e  d is tr ib u tio n  fo r /  =  15 is a iso  p lo tte d  (d o tte d  a n d  d ash ed ) in th e  sam e  fram e  as / =  14

in o rd e r  to  ¡Ilú stra te  th e  s tag g erin g

T able 1.
7ÍÍ!q , , ® '

D ifferen t c a lcu la te d  e x p ec ta tio n  va lúes  for the  
¡13,2 b a n d  (th e  c a lcu la tio n  c o rre s p o n d s  to  th e  sam e  pa-

ra m e te r  set as  Fig . 1). (A n g u la r m o m e n ta  a re  g iven  in  u n its  o f  h)

/ R < é , - U c o s ( j„ , j . ) <IÁ3l> <l;p3l>

8 1.02 5.59 2.81 0.019 1.72 4.17
9 1.03 5.94 3.30 0.235 1.75 4.10

10 1.14 6.26 3.68 0.425 1.87 3.91
11 1.49 6.47 3.93 0.570 1.99 3.66
12 2.29 6.53 3.86 0.572 1.98 3.50
13 2.50 6.63 4.37 0.750 1.98 2.76
14 4.14 6.59 3.85 0.614 1.92 3.22
15 4.19 6.65 4.51 0.802 1.86 2.18
16 6.10 6.61 3.82 0.630 1.84 3.02
17 6.10 6.64 4.55 0.819 1.78 1.88
18 8.08 6.60 3.79 0.637 1.78 2.89
19 8.07 6.62 4.57 0.826 1.72 1.72
20 10.08 6.60 3.76 0.640 1.73 2.80
21 10.05 6.61 4.57 0.829 1.69 1.61

te r  o f th is excitation) w ith  m in o r dev iations which 
will be d iscussed below. Inciden tally , one notes th a t 
the  band -head  spin arises from  the  o rth o g o n al cou- 
pUng o f b o th  qp  which, for the ac tu a l positions of the 
F erm i levels, rep resen ts the energetically  m ost 
favourab le  configuration .

In o rd er to  com plete the p ic tu re  the expectation  
valúes defined above are given in T ab le  1. T he col- 
lective an g u la r m o m en tu m  in the second co lum n is 
defined as the physical ro o t o f the follow ing qua- 
d ra tic  equ a tio n ;

(V)

R  is seen to  be sm allest for the 7 =  8-11 m ultip le t. F or 
these sta tes the p ro jec tion  an d  also <l;„3l>
(the m ean  of the abso lu te  valué of increases. O n 
the o th e r side also grow s b u t (DpsI) becom es
sm aller ind icating  th a t inclines tow ards the equa- 
to ria l plañe. In th is form  the largest p a r t o f the spin is 
o b ta in ed  from  the in trinsic  m o tion . It is easier, from  
the  s ta n d p o in t o f the  requ ired  energy, to  ob ta in  
an g u lar m om en tum  by chang ing  the o rien ta tio n  of 
the  qp in the  w eakly deform ed ó b la te  field instead  of 
increase the co re -ro ta tio n  (as shou ld  occur if the 
ad iab a tic  co n d itio n  held). T hese facts offer an  expla- 
n a tio n  for p o in t I).
F rom  here on the system  m ust s ta rt to  ad d  collective 
spin (recall (9 /2 +  13/2)^^^ =  11). U nfavoured  
(unf) (even spin) and  favoured  (fav) (odd spin) states 
have practically  the sam e core spin expecta tion  valué
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(and aiso  s im ilar R -value d is trib u tio n s as will be 
show n later). In  go ing from  one given even spin State 
to  the  follow ing odd  one it is again  energetically  
m ore  convenien t for the system  to  gain the  single unit 
of an g u la r m o m en tu m  by tilting  the p ro to n  in the 
d irec tion  of I. T he next even m em ber o f th e  b and  is 
bu ilt by ad d in g  tw o units o f ro ta tio n a l an g u la r m o ­
m entum  an d  jp is je le a se d  aw ay in the d irec tion  of 
the sym m etry  axis. In th is connection  it is in teresting  
to  p o in t o u t th a t the  am p litudes \cqJ  in the un f states 
com pare  asym pto tically  w ith
F ro m  7 =  11 on  the n e u tró n  rem ains a ttach ed  to  I 
an d  < |j„3l> decreases slowly. All vectors involved in 
the descrip tion  o f the  system  becom e progressively 
aligned w ith the ro ta tio n  axis. T he strong  staggering 
in the  tran s itio n  energies reflects itself in the  large 
s ig n a tu re  [15] d ep en d en t varia tio n  o f the quan titie s 
belonging  to  the  p ro to n  (the s ignatu re  is defined as 
the  q u a n tu m  n u m b er ( — 1) )̂.
U p to  th is p o in t all o f o u r a rgum en ts m ade in o rd er 
to  p rov ide a q u a lita tiv e  un d erstan d in g  o f the stagger­
ing p h en o m en o n  w ere based on the least-energy p rin ­
cipie. As a m a tte r  o f fact, how ever, th e  ap p earan ce  of 
such a feature is o f specific q u an ta l natu re . The 
special form  o f the y rast w ave function  is, o f course, 
u nder the  given cu rcum stances an d  for a p ro p er 
q u a n tu m  m echanical trea tm e n t of o u r p ro b lem  a 
consequence of th e  ab o v em en tio n ed  princip ie, b u t it 
is a lso  tru e  th a t the generalized  signa tu re  dependen t 
effect will n o t show  up in a classical system . F ro m  
such a p o in t o f view it shou ld  be expected  th a t a 
m o n o to n ic  increase (w ith I) o f the C orio lis forcé 
w ou ld  also cause a m o n o to n ic  increase in 
T he ana ly tica l orig in  of the  p h en o m en o n  u n d er dis- 
cussion is en co u n te red  in the signa tu re  dependen t 
p a rt o f som e n o n -d iag o n a l C orio lis m atrix  elem ents.

A large nu m b er of m atrix  elem ents (or p a rts  o f them ) 
change sign a lternatively  w ith  /  ac ting  coheren tly  in 
one o r the o th e r d irection . E ssen tia l to  th is p rocess 
a re the sta tes w ith K  = 0 an d  1, all signa tu re  d ependen t 
p a rts  o f the m atrix  elem ents a re  p ro p o rtio n a l to  

-K+i> i-6- those  connecting  the “ d ire c t” an d  M-  
reflected [15] p a rts  o f the  w ave functions.

3.2. Comparison with the Data and Odd TI Nuclei

W e have collected in T a b le 2  d a ta  concern ing  the  gsb 
o f [16, 17] (which rep resen t the  relevant
cores for the TI nuclei u nder d iscussion), the recently  
rep o rted  ñ h g ^2 b ands in odd  m ass TI iso topes [6, 7] 
and  the  availab le In fo rm ation  on  the  negative parity  
bands in doubly  odd  [-ĝ  g-j
m ents are  necessary a b o u t the d oub ly  odd  data . T he
para llelism  betw een the  tw o ñ hg i 2 <S)^iii ¡ 2  bands in 
' ‘̂ «Tl an d  ‘®®T1 (starting  from  the 122.2 and 
108.6keV  y-rays respectively) is rem ark ab le  and 
therefore we are forced to  ad m it th a t the tran s itio n  in 
'®**T1 correspond ing  to  the  6 1 .5 keV y-ray in ‘®^T1 
was no t detected  (in fact, in o rd er to  achieve a good 
tim e reso lu tion  the co n stan t-frac tio n -trig g e r discrim i- 
n a tio n  levels w ere set above the TI X -rays in th a t 
experim ent, see [8]). In ad d itio n , it ca n n o t be con- 
cluded  from  ou r m easurem ents if th e re  are  o ther 
unobserved  cascade tran s itio n s  below  the  61.5 keV  y- 
ray. D ue to  the  large in te rna l conversión  the  de- 
exc ita tion  will no  longer p roceed  th ro u g h  y-em ission 
below  a certa in  tran s itio n  energy. T he X-y coinci- 
dence experim en t [9 ] ju s t set an  u p p er lim it o f ab o u t 
35keV  for the eventually  unobserved  transitions. 
H ow ever, as m ay be seen in the last co lum n of 
T ab le2 , the theory  pred ic ts in a very defin ite m anner

T ab le2 . G ro u n d  s ta te  b a n d s  o f  [16 , 17], j b a n d s  in
th e o re tic a l re su lts  a re  sh o w n  (see tex t)

’ T l [6 ,7 ]  a n d  n eg ativ e  p a rity  b a n d s  in «TI [8 . 9 ]. A lso

K - e l ’o I ’o-o
A E ‘
(exp)

195JI

A E ,
(exp)

196^1

A E ,
(exp)

'" " H g
A E ,
(exp)

197T1

A E ,
(exp)

197^.,

A E ,
{ñhg,2
« ‘ ""H g)

197T1

A E ,
(rig. ro to r )

198J,

A E ,
(exp)

198T1

A E ,
(theo r.)

0 + 9 / 2 - 8 -
9 - <  35 7 18

1 0 - 61.5 7 67
1 1 - 108.6 122.2 140

2* 1 1 /2 - 1 2 - 428.4 394.2 271.4 426.1 387.6 373 374 259.0 231
1 3 /2 - 1 3 - 313.2 236.4 307.9 286 318 246.0 242

4 " 1 5 /2 - 1 4 - 636.8 428.6 396.9 635.3 416.1 448 741 401.5 531
1 7 /2 - 1 5 - 305.8 266.7 298.9 270 312 296.7 271

6 + 1 9 /2 - 1 6 - 734.7 545.7 447.8 723.5 407.8 440 1240 488.6 918

“ T ra n s it io n  energ ies  a re  g iven  in keV . A E ,  =  E , - E ,  ^ for nu c le i a n d  A E ,  = E , - E , _ ¡  for o d d  (o a n d  o - o )  nuc le i
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a single ad d itio n a l tran s itio n ; o therw ise the calculat- 
ed staggering w ould  be opposite  in phase to  the 
m easured  one (the param ete rs o f the ca lcu la tion  are 
the sam e o f Fig. 1). A t the sam e tim e T a b le 2  shows 
th a t the staggering  b ehav iou r is a lready  p resen t in 
the ñ hg , 2  b ands o f ne ighbouring  odd  TI iso topes and  
appears to  be o f sim ilar m agn itude  (especially for 
sta tes w ith  1 ^ 1 5 / 2  an d  14 respectively). This fact 
strongly  suggests the sam e orig in  in b o th  cases. It is 
also seen (if the above hypo thesis holds) th a t the 
especial features p resen t in the experim ental spectra 
are q ualita tive ly  well rep ro d u ced  by the m odel calcu- 
la tions, th e  m ain  failure being the overestim ation  of 
the fav(/) -> u n f( / +  l) spacings. N evertheless, this fact 
is exclusively re la ted  to  the in ap p ro p ria te  represen- 
ta tio n  o f the  core spectrum  by a rig id  ro to r, as will be 
show n in follow ing parag raphs. In do ing  so we shall 
take a w ay a ro u n d  the odd  m ass TI isotopes.
M uch theo re tical w ork  has been d one  on odd  TI 
isotopes. T he first investigations w ere m ade w ith the 
partic le -p lu s-ro to r m odel (P R M ), assum ing  an  axially 
sym m etric  rig id  ro ta to r  (som etim es also includ ing  
te rm s of h igher o rd er in R^) [18]. A fter tha t, the 
m odel was im proved  by the inclusión  o f triax ial 
shapes [1 9 -2 1 ] w hich increases th e  ag reem ent m ainly 
d u e  to  the b e tte r rep resen ta tio n  o f the com pressed 
ro ta tio n a l spectrum  in the core nucleus as com pared  
to  the axially sym m etric case. In the next step 
allow ance w as m ade for the softness o f the core in 
a  V M I [22] fashion [23] an d  fm ally the com plete 
B ohr H am ilto n ian  has been solved for som e especial 
p o ten tia l energy surfaces [24]. T he increasing  com - 
plexity  (and  th e  increasing nu m b er o f p aram eters) has 
p ro b ab ly  m ade it difficult to  iso late  the causes giving 
o rig in  to  som e specific features. W e have, therefore, 
re tu rn ed  to  the sta rtin g  p o in t an d  reinvestigated  the 
P R M  in its m ost sim ple form  in o rd er to  discuss the 
staggering. The clarifica tion  o f th is p o in t seem s im- 
p o r ta n t to  us, because it has been repeated ly  suggest- 
ed [19, 21, 25] th a t the  staggering  (and  in p articu la r 
the  ap p ro ach  o f the l l / 2 j" an d  states, w hich is
n o th in g  b u t the first step  o f the  staggering) is a 
feature connected  especifically w ith  the y degree of 
freedom  w hile this pheno rnenon  a lready  appears in 
o u r doub ly  odd  ca lcu la tions w ith o u t b reak ing  aw ay 
from  axial sym m etry. In  co lum n 10 of T a b le 2  the 
resu lts o f a ca lcu la tion  are show n w here the P R M - 
H am ilto n ia n  (rigid, axially sym m etric) for the ñ h g / 2  

system  has been diagonalized . A gain here the  fav(/ 
+  l ) -> u n f ( /)  spacing are well rep roduced  b u t the 
o th e r ones are also  greatly  overestim ated . T ab leS  
d isplays som e expecta tion  valúes show ing a very 
sim ilar b ehav iou r as in the doub ly  odd  case. (There is 
a  difference for the b an d  head  sta te  due to  the fact 
th a t no  n eu tró n  is p resent. H ere R = I —jp ~ 0  and

T ab le3 . S o m e a v e rag e  va lú es  fo r th e  hg  ̂ b a n d  (rig id  ro to r  c a lc u ­
la tio n )

r R </ig> (keV)

9/2 0.78 4.74 4.06 1236
11/2 2.07 4.44 3.85 1274
13/2 2.31 4.66 3.06 1505
15/2 4.07 4.19 3.46 1372
17/2 4.10 4.68 2.45 1663
19/2 6.05 4.05 3.22 1433
21/2 6.05 4.66 2.15 1732

A n g u la r m o m e n ta  in u n its  o f  h

therefore the large valué o f <é^-jp>.) W e see (T ab le3) 
th a t the phenom enon  w hich becom es ap p a ren t in the 
staggering  o f the tran sitio n  energies also  appears in 
the s ignatu re  dependen t v a ria tio n  of all expecta tion  
valúes (the s ignatu re  will be taken  here as ( — 1)^'^^'^). 
T he p rim ary  analy tica l origin of the  effect is the 
d iagonal m atrix  elem ent (h^ /20)ó^  a^i l
+  1/2) (flp being the decoup ling  param eter). It depres- 
ses the fav sta tes (9 /2 ,1 3 /2 ,...)  an d  raises the unf 
ones (11/2, 15 /2 ,...). O f course, the  o th e r nond iagonal 
(but s ignatu re  independent) C orio lis m atrix  elem ents 
are needed in o rd er to  couple the Í3p= 1 /2  s ta te  to  the 
o th e r m em bers o f the j-shell m ultip le t. T he low en­
ergy o f th is Í2p =  1/2  o rb ita l (in the fav states) allow s 
the adm ix tu re  o f ad d itio n a l low sub ta tes, leading 
finally to  the decoupling. (In fact, an  exp lana tion  
p o in ting  in the sam e d irec tion  b u t in the fram ew ork 
of p e rtu rb a tio n  theory  has been discussed in [1].) The 
effect is really  im p o rta n t for high j  o rb its  w here the 
decoup ling  p ara m ete r takes eventually  its m axim al 
valué. W ith o u t this m atrix  elem ent, decoupled  bands 
w ould  n o t exist (this te rm  is as large as ~ 3 .2 M e V  
already  for the b and  heads o f v i , 3/2 decoupled  bands 
in odd  m ercurys) even though  j will be aligned to 
som e (increasing) extent in all m em bers o f the cas- 
cade, w hat indeed  occurs in a classical system . H ere 
the ro ta tio n a l y rast spectrum  tends to  separa te  in two 
parts  o f opposite  signature. This specific q u an ta l fea­
tu re  is in tim ately  connected  w ith the refiection  sym ­
m etry  of the defo rm ation . F ro m  this po in t o f view the 
only difference betw een nuclei show ing decoupled  
bands an d  b an d s o f the n o rm al type (A 1 = 1) is the 
energetic  p lacem ent o f th e  decoup led  sta te  in the 
ferm ion (qp) spectrum . R esults o f T ab les 2 and  3 
co rresp o n d  to  a qp  spectrum  o b ta in ed  a t /?=  - 0 .1 1 5  
an d  z lp~ 0 .9  MeV.
W e in tend  to  d em ó n stra te  now  th a t the inab ility  of 
the m odel to  describe the fav(/) ^  u n f ( / 1) tran - 
sitions has certain ly  to  be ascribed  to  the assum ption  
of rig id ity  for the core. T he q u as iro ta tio n a l behav iou r 
o f these gsb is far from  follow ing the / ( /  +  !) law.
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H ow ever, in stead  o f p ro p o sin g  a p a rticu la r  descrip- 
tio n  for them , the follow ing p ro ced u re  is adop ted . 
T he collective p a rt o f the  H am ilto n ian  is supposed  to  
exhib it a general dependence on  (thus im plying 
axial sym m etry), M oreover, the eigenvalues are taken  
from  the experim en tal spectrum  {H^{R^)\RM')  
=  £ j, |R M > ; =  an d  the sta tes o f the gsb are 
chosen  to  be structu re less axially sym m etric W igner 
functions. A sim ilar m e th o d  has been explored  in 
[26], w ith  a som ew hat d ifferent p o in t o f view, yield- 
ing ana logous resu lts as ours. T he H am ilto n ia n  to  be 
d iagonalized  is;

rotor State. T he m atrix elem ent o f becom es:

(R") +  /C (8)

In o rd er to  han d le  the first righ t h and  side te rm  the 
stro n g  coup ling  w ave function  is expanded  in a basis 
o f eigenfunctions o f the core spin :

\ I KM}  = Y, {2 (2R  +  1)/(27 +  l))i'2  

■{ Í KRO\ I K) \ { J R) I My . (9)

(The su m m atio n  is restric ted  to  even R valúes satisfy- 
ing \ I + j - )  rep resen ts the  vector
coup ling  o f th e  qp(,/) in the lab o ra to ry  system  an d  the

( I K M\  H ,(R " ) -

/y  «  /  \ ( j  R I
' \ K O ~ K l  \ K ' 0 - K ' ,

I  (2K + 1)

(10)

T he resu lts o f this ca lcu la tion  are  also  given in Ta- 
b le 2 (co lum n9) labeled  as 71/19/2 ®  *^®Hg an d  the 
agreem ent is satisfactory . P aram e te rs  em ployed  here 
are the sam e as those of col. 10  w ith  the only  excep- 
tion  being the p ro to n  F erm i level w hich was 
low ered ~ 4 0 0 k e V  w ith respect to  the valué o f the 
rigid ro to r  ca lcu la tion  (which co rresp o n d s to  the 
so lu tion  o f the  nu m b er equation ) in o rd er to  com ­
pénsate  for the  som ew hat different C orio lis  effects 
p resen t w hen one couples to  the experim en tal core 
states. This q u an tity  has revealed  itself as an  im por- 
ta n t one, because it determ ines the  positio n  o f the 
=  1/2 an d  o th e r  low sta tes ( A low ering of 
relative to  the hg , 2  shell will even tually  supress the 
staggering in the  first step).
In o rd er to  look som ew hat closer in to  the ou tco m e of 
such a ca lcu la tion  we show  in F ig u re  2 the  resulting  
d is trib u tio n s in K -space along  w ith  the  u n p ertu rb ed

Fig. 2. E x p an s ió n  a m p litu d e s  o f  th e  s tro n g  
c o u p lin g  s ta te s  in  te rm s  o f  co re  e ig en fu n c tio n s  
(u p p e r  p a rt)  a re  c o m p a re d  w ith  th e  a c tu a l 
s ta te s  o f th e  b ^ n d  as em erg in g  from  th e  
7 t ® ' ^ ' ’H g  c a lcu la tio n

R
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strong  coup led  {\j = 9/2, K = 9 / 2 ,  / »  states. The 
transfo rm ation  re la ting  the expansions o f the  final 
wave function  in b o th  rep resen ta tions is given by:

T ab le4 . E n erg y  sp iittin g  o f  th e  n hg . 2 <- 
(from  [28 ])

múltiple! in ^““Bi

j  I  
K O - K (11)

The d istrib u tio n s over R  for the ac tua l sta tes are 
rad ically  different from  those for the  un p ertu rb ed  
ones. They are  m uch narro w er an d  shifted to  low er 
valúes. C orresp o n d in g  fav and  u n f sta tes have sim ilar 
am p litudes (the fav-ones being broader). W e believe 
the  p ro ced u re  to  be reliable for spin valúes up to  /  
=  ̂ , X  w hich are m ainly  re la ted  to  core sta tes w ith 
7 ^ 4 .  T he 1 = ̂ - ,  ^  p a ir  rep resen ts a lim iting  case 
go ing para lle l w ith the ap p earan ce  of the discon- 
tinu ity  in the gsb o f [16, 17], This is indeed
reflected in the change o f ch a rac te r o f the  d istri­
bu tio n s o f these sta tes (especially for /  =  21/2). A bove 
1 = 6  the descrip tion  in term s of ro ta tin g  BCS va- 
cuum  core sta tes is no  longer acceptab le, the tw o-qp 
s tru c tu re  [16] has to  be laken  in to  acco u n t ex- 
plicitly.
It is seen th a t the qualita tive  p ic tures em erging 
from  b o th  ca lcu la tions (7t/¡9,2 ®  rig. rot. and 
^ ^ 9/2 ®  are the sam e. W hat we w ould  like to
stress once m ore is th a t the only essential difference 
concerns the be tte r rep resen ta tio n  of the core, the 
fav (/ + 1) unf(/ )  spacings being m ainly  determ ined  
by the qp spectrum , a re  equally  well rep ro d u ced  in 
b o th  cases.
Let US m ake a final rem ark  on no n -y rast states. 
U sually , the existence o f a second 13/2“ sta te  has 
been taken  as a strong  ind ica tion  of triax ia lity  in odd 
TI iso topes [21]. O n  the  o ther hand , how ever, the  y- 
defo rm ation  o f ~ 4 0 °  tend  to  underestim ate  the 
13/2j^ -^11/2," spacing  [21, 24]. It m igh t be th a t the 
2 j State (head o f the quasi-)" band) in even Hg plays 
an  im p o rta n t ro le in the  descrip tion  o f the  13/22 t>ut 
th is does n o t necessarily  im ply the existence of a 
sta tic  }’-deform ed field govern ing  the dynam ics o f the 
y rast band.

3.3. The Prohlem o f  the Residual Interaction

As has been extensively d iscussed in the  preceding 
sections we are very confiden t th a t the basic m echa- 
nism  responsib le for the odd-even staggering  is pro- 
vided by the C orio lis forcé. It is also clear th a t any 
o th e r s ignatu re  dependence will co n trib u te  to  the 
effect if it has the sam e phase as the la tte r  one. 
H ow ever, it has been po in ted  o u t recen tly  [27] th a t 
th e  orig in  o f the staggering  in ^‘’®T1 is a residual 
in te rac tio n  betw een p ro to n  an d  n eu tró n  tak en  in the

J ’ cos(j„,jp) £ ; - '’(M eV ) £ ;- '’(M eV )

2~ 1.353 - 1 .5 6 3
3 - 0.377 0.727
4 - 0.296 0.367
5 - 0.160 - 0 .3 1 2
6 - 0.173 - 0 .1 4 7
7 - 0.173 - 0 .2 2 9
8 - - 0 .0 1 7 0.116 - 0 .0 8 0
9 - 0.241 0.224 - 0 .2 7 9

1 0 - 0.530 0.023 - 0 .0 5 2
1 1 - 0.839 0.886 - 0 .6 7 8

m odel ca lcu la tions as a m odified surface delta  forcé. 
In ad d itio n  to  the results p resen ted  so far, the re  is a 
fu rthe r argum en t w hich d isfavours such an  expla- 
nation , It will be show n th a t a residual in te raction  
w ith sim ilar characteristics as found in  a nearly ing 
región of the nuclid ic ch art gives in fact a signatu re 
dependen t co n trib u tio n  w hich has the opposite  phase 
as needed to  explain  the staggering. In [28] the
experim ental sp iitting  o f the 7r/¡9,2 < m ultip le t
ob ta in ed  in ^°®Bi is rep o rted  (see T ab le4 , colum n3). 
T he partic le  ho le (p-h) in te rac tio n  behaves ju s t o p ­
posite  to  the partic le -partic le  (p-p) one w hich is o b ­
ta ined  in the last co lum n apply ing  the  P an d y a  tra n s­
fo rm ation  [29]. T he angle betw een the  tw o spins is 
o b ta in ed  sem iclassically  accord ing  to :

cos(j„,jp) = (J(J-H)-7pOp-hl) 

-7„(Á  +  l ) ) ( 4 i , 0 p + l ) j „ 0 „ + l ) ) - ^ '^

T he sm oo th  in te rp o la tio n  o f the p-p  behav iou r is 
typical for a  sh o rt range in te rac tio n  betw een non- 
iden tical particles, being m ost effective for the sm al- 
lest an d  largest sp ins w here the spa tia l overlap  is 
m axim al. Also, the b eh av io u r o f the in te rac tio n  o f the 
^ 9/2 p ro tó n  w ith the en tire  ¿13,2 shell m inus one 
partic le  is expected  (here the  m axim al overlap  is 
achieved for the o rth o g o n a l coupling). O n  the o ther 
hand , the (fav) odd  spin s ta tes of the  cascade cor- 
respond  to  la rger valúes of the in trinsic  angu lar m o- 
m en tum  com pared  to  the unf ones (see T ab le  1). This 
m eans th a t the odd  spins will be pushed  up  in energy 
as far as the expecta tion  valué of the  in te rac tio n  is 
involved (calculated  w ith  the unsym m etrized  p a rt of 
th e  w ave functions). It m ust be said, how ever, th a t the 
in te rac tio n  itself has also signa tu re  d ependen t m atrix  
elem ents. B ut in th is case only  K = Q  com ponen ts  of 
the sta tes m ay co n trib u te  (for a scala r in teraction), 
therefore we do n o t expect the m ain  effect to  be 
obscured.



380 A.J. K re in e r: P a r tic le -R o to r  M o d e l fo r D o u b ly  O d d  T ra n s it io n a l  N u c le i

T his a rg u m e n t is considered  to  be valid because 
every accep tab le  sh o rt range a ttrac tiv e  in te raction  
m ust show  sim ilar features, especially in the case of 
high spin o rb ita ls  w ith  spatia lly  well localized wave 
functions.

4. T he íi/« i 1,2 ®  ^ *13,2 D oubly  D ecoupled  C ase

This s tru c tu re  has been already  discussed [8, 10] and 
will be ju s t briefly reviewed. In the  presen t case bo th  
qp  have p red o m in an tly  hole character. H enee, due to  
the fact th a t we are  considering  the coupHng to  an 
ó b la te  co re th e  sm all an d  com ponen ts lie 
nearest to  the co rrespond ing  F erm i surfaces. The 
y rast b and  is now  a decoup led  sequence based on a 
12“ State. T he features o f th is b and  are radically  
different to  those  found in the sem idecoupled  situa- 
tion . T he resu lting  s tru c tu re  is of A I  = 2 type, re- 
sem bling  the even-even core an d  has sta tes connected  
by collective E 2  transitions. In fact, such 12“ isom ers 
w ere know n for som e tim e in i'^^Au [30] and 
m ore In fo rm ation  w ould  be desirab le in o rd er to 
fu rther test these ideas.

scrip tion  an d  becom es ap p a ren t w hen a descom po- 
sition  in K -space is perform ed. (The s ta tem en t is o f 
course restric ted  to  odd  bands o f high-J provenience.) 
C orio lis effects are very large in b o th  cases, the 
p a rticu la r  ch a rac te r being ju s t d e te rm in ed  by the 
position  in the qp  spectrum  o f the ro ta tio n -a lig n ed  
State. As a m a tte r  o f fact, as soon  as the  energetic 
splitting  o f the in trinsic  con figu ration  space tends to 
d isappear (m easured  in un its o f h^/20)  the co rre sp o n d ­
ing fav and  u n f sta tes o f opposite  s ig n a tu re  degen- 
erate.
In axially deform ed even-even system s the spins of 
the gsb are lim ited  to  even valúes by the  reflection  
sym m etry  of the shape. In o d d  (and  d o u b ly  odd) 
nuclei w here such a restric tion  does n o t exist, sta tes 
of bo th  signatu res are allow ed. T h e  C orio lis  forcé 
acting  in these reflection sym m etric  system s gives rise 
to  the special features discussed.

T h e  a u th o r  w a n ts  to  a ck n o w led g e  s in ce re ly  th e  h o s p ita lity  o f Prof.
H . M o rin a g a  a n d  all m e m b e rs  o f  th e  E l 7 In s ti tu te  a t th e  T ech n ica l 
U n iv e rs ity  M u n ich  a n d  th e  s u p p o r t  by th e  D A A D  (D e u tsch e r 
A k ad em isc h e r A u stau sch d ien s t) . T h e  e x trem e ly  effic ient te ch n ica l 
a ss is tan c e  o f  M iss U . H e im  is a lso  g ra te fu lly  ack n o w led g ed .

5. Conclusión

A very sim ple an d  tran sp a ren t m odel like the P R M  
is show n to  be ab le to  p rov ide a q u alita tiv e  under- 
s tan d in g  o f all p a rticu la ritie s  found  in recen t experi- 
m ents. M ain ly  the  sem idecoupled  
s tru c tu re  has been discussed. A ctually  a sim ilar be- 
h av io u r is expected  w henever one of the  tw o qp  has a 
decoup led  State w hich lies energetically  high. O ne 
m ay say, th a t in th is case the doub ly  decoupled  band  
is s itu a ted  h igher th a n  the  first un favoured  one. It is 
possib le  to  im agine all in te rm ed ía te  cases betw een 
the tw o ex trem e s itu a tio n s discussed. T he ac tua l be- 
hav io u r will depend  on the specific position  of the 
F erm i level w ith respect to  the  re levan t shell an d  also 
on the  valué o f the defo rm ation .
P erhaps m ore  in te resting  are the conclusions co n ­
nected  w ith  the u n d ers tan d in g  o f the staggering  fea- 
ture. N o rm ally  the “ strong ly  c o u p led ” s itu a tio n  is 
eh arac terized  by s ta tin g  th a t the C orio lis forcé is no t 
ab le to  overcom e the  in te rac tio n  w ith the deform ed 
field. H ow ever, the p ic tu re  em erging here can n o t be 
com pletely  u n d ers to o d  in ju s t those  term s. T he simi- 
larity  betw een decoup led  an d  A I  = 1 s truc tu res is 
p ro b ab ly  g rea ter th a n  usually  believed regard ing  the 
ap p ro p ria te  q u an tu m  num bers needed  for the ir de-
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