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A new unexpected behavior of pair transfer matnx elements m superfluld rotating nuclei is predmted With increasing angular 
velocity they drop to zero, change their sign and m some cases even oscillate between positive and negative values This effect IS 
related to dlabohcal points in rotating quas~partlcle spectra and ~s closely analogous to the DC-Josepbson effect In superconduc- 
tors m the presence of a magnetic field 

As early as 1960, Motte lson and Valatln [ 1 ] pre- 
d ic ted  a sharp collapse o f  the pair ing correla tmns in 
nuclei at high angular velocities Theoret ical  inves- 
t igat ions going beyond the mean  field approxima-  
tion, taking into account f luctuations,  show that  in 
real nuclei  such an effect is probably  complete ly  
smeared out [2,3],  and  to date it has not  yet been 
exper imental ly  observed We have to dist inguish 
between the order  pa ramete r  for thxs phase transx- 
tmn, the pa ramete r  A, and the gap in the spectrum of  
the rotat ing quaslpart lcles  At  h~gh angular  momen ta  
we have al ignment  processes, which reduce the gap 
in the quaslpartxcle spectrum and often cause gapless 
superconduct lwty  [ 4 ] In  these cases it is very diffi- 
cult to deduce ln fo rmatmn about  the order  parame-  
ter a from the spectra 

With in  the last few years pa i r  t ransfer  mat r ix  ele- 
ments  in rotat ing nuclm have become an object  of  
great interest  [5,6] ,  m par t icular  those for the trans- 
fer o f  a pair  o f  part icles coupled to angular  momen-  
tum zero [ S t =  (ctc*)z=o] At a first glance they seem 
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to be especially suitable for measurement  of  pa l rmg 
correlations,  because they are defined as 

P = ( A + 2 i  S t IA)  , (1) 

and  are therefore related to the order  pa ramete r  

A / G = ( c b l  S* Iq~) (2)  

in an analogous way as the "spect roscopic"  quadru-  
pole momen t  m deformed nuclei  is to the " in t r ins ic"  
deformat ion  pa ramete r  In the ground state of  super- 
fluid nuclei  these matr ix  elements are strongly 
enhanced by p a m n g  correlat ions and therefore pro- 
vide  direct  informat ion  on the degree of  nuclear  
superfluld~ty At  finite spins, however,  as we have 
al ready recently repor ted  in a short  note [7] ,  they 
behave m some cases ra ther  independent ly  o f  the 
pai r ing pa ramete r  d they can vanish at relat ively low 
angular velocmes, can change thetr sign and may even 
somet imes oscillate as a function of  the angular 
velocity, an effect which we have called "d labohc  pair  
t ransfer"  In this let ter  we study this effect an more  
detail  In  particular,  we investigate its dependence on 
the strength o f  the p a m n g  correlatmns,  ~ e ,  on the 
saze of  the order  pa ramete r  A 

In the s imple BCS approx lmatmn,  which is vahd  
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for time reversal lnvarlant wave functions, 1 e ,  at spin 
zero, the pair transfer matrix element (1) is directly 
proportional to the gap parameter A In the rotating 
nucleus, however, time reversal symmetry is broken, 
and we have to use full Har t ree -Fock-Bogohubov  
(HFB) theory Besides the occupation probabxlmes 
we have to consider the influence of  the Conohs  field 
on the single particle wave functions in the form of  
alignment processes 

For our investigations we use number  projected 
HFB theory m the rotating frame, a theory which has 
since many years turned out to be very successful for 
the description of  high span phenomena [ 8-11 ] We 
work with the Kumar-Baranger  hamlltonian [ 12] 
and study the nucleus 168Hf 

As a first step we solve the cranked number  pro- 
jected HFB equations for this hamlltonlan (we also 
carry out a calculation without number  projection in 
order to study the difference) These calculations are 
identical to those reported in ref [ 2 ] and details are 
given there For  each angular momentum I we thus 
have a self-consistently determined gap parameter 
A(I) The cranking frequency 09 and chemical poten- 
tial are adjusted to the average angular momentum 
and the average particle numbers For  the case with- 
out number  projection (fig la)  we find a pairing 
collapse at spin 24h, however, with number  proJec- 
tion the parameter A decreases rather smoothly 

In the second step these wave functions are used to 
calculate the number  projected transfer matrix ele- 
ments (1) using the techniques described in Appen- 
dix E of  ref [ 13 ] In some detail 

In fig 1 we present the surprising result, that with 
Increasing angular momen tum the "spectroscopic" 
pair transfer matrix element P and the "intrinsic" 
order parameter A/G behave very differently In both 
calculations the pair transfer matrix elements 
decrease more rapidly than the order parameter, they 
even go through zero for critical angular momenta  
(regions of  "diabohc pair transfer") changing their 
sign afterwards In contrast to expectation this 
behavior is more dramatic in the case of  a variation 
after projection, where the parameter A/G behaves 
very smoothly In both cases the sign changes occur 
considerably earher than the painng collapse in the 
simple HFB calculation 

The vamshlng of  a similar quantity, namely the 
matrix element for particles transferred from the 
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Fig 1 Pair transfer matrix elements P as defined in eq (1) (full 
hnes) and mtnns~c gap parameters zl/G (dashed hnes) in the 
nucleus 168Hf as function of the angular momentum The gap 
parameter is taken from the self-consistent calculation without 
(a) and with (b) number projection in ref [ 2] 

intruder shell to the remaining orbits o f  the core, has 
already been observed and discussed by Faessler [ 14 ] 
in 1980 Another related quantity, the matrix ele- 
ment  o f  the time reversal operator between two 
rotating orbits with opposite signature, also shows 
zeros This quantity had been investigated in ref [ 15 ] 
for entirely different reasons, however, the zeros had 
been overlooked, and only OsclUations around a value 
different f rom zero were discussed. 

In order to reach a better understanding of  this 
strange behavior, we discuss In fig 2 a number  o f  
cases with a constant gap parameter (2) obtained 
from cranked shell model calculations in the same 
model with properly adjusted pairing fields Only 
unprojected results will be shown, because it turns 
out, that for the calculation of  the pair transfer matrix 
elements (1) number  projection as not important  as 
long as we take into account the change in the chem- 
ical potential between the nucleus I A )  and [A + 2  ) 
For  a constant gap parameter A we find that the abso- 
lute size of  the transfer matrix element P stays essen- 
tially constant as a function o f  the angular 
momentum,  and, as in the case of  spin zero, it is pro- 
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F:g 2 Pair transfer matrix elements m the nucleus :68Hf as a 
function of the angular velocity to Constant values of the gap 
parameters A = G( • [ S t I ~b ) are used The matrix elements are 
calculated without number projectmn 

portlonal to the gap parameter There are, however, 
certain exceptional regions of "dlabohc pair trans- 
fer" In these relatively narrow regions the matrix 
elements change rapidly, their sign going through zero 
at critical angular velocities With increasing spin we 
observe several such sign changes, 1 e ,  we find an 
oscillating behavior 

As we have now seen the behavior of the reahstic 
calculation in terms of simulations with constant gap 
parameters, we would like to go a step further and try 
to clarify the dlabohc behavior itself It turns out that 
palrxng correlations increase the absolute size of the 
transfer matrix element by up to an order of magni- 
tude in the rare earth region (more precisely a factor 
1/G=A/22) and they also affect the dlabohc fre- 
quencies, as more detailed calculations [ 16] show 
However, they do not change the qualitative struc- 
ture It therefore becomes Interesting to study the 
behavior of the pair transfer matrix elements for 
A=0 

It turns out that the intruder I13/2 shell plays an 
important role in the understanding of this effect 
Actually the effect occurs only in those realistic cases 
where the transferred pair occupies orbits in the 
Intruder shell [ 16 ] with a large probabdlty In fig 3 
we therefore present a calculation for a prolate 1~3/z 
shell with and without pairing The &fferent curves 
numbered by v=  1, 2, 3 correspond to a situation, 
where we have ( v - 1  ) pairs in the 113/2 shell of the 
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Fig 3 Pmr transfer matrix in a prolate 1~3/2 shell with and without 
pairing as a function of the angular velocity o9 (m umts of  the 
parameter ~¢ ofref  [ 17]) Further detads are given in the text 

nucleus having particle number A and v pairs for the 
particle number A + 2 

Let us first discuss the case without pairing Here 
the &fference between the two nuclei is a pair of  
nucleons in the K=  1/2 level for v= 1, K=3/2  level 
for v=2,  and so on For each pair the individual 
nucleons have different signature We find their sin- 
gle particle wave functions D +- by dtagonahzing the 
matrix ekT-faJx The corresponding "rotating parti- 
cles" are created by the operators a~ and a~: The 
wave function I A + 2)  is in this case obtained from 
the wave function [A) by adding two particles in the 
orbits K and KS The pair transfer matrix element P 
turns out to be the spatial overlap of the two wave 
functions with different signature 

P =  ( A + 2 I S  t IA) = (AlaxaxStA[) = ~ D~xD+mK, 
m 

(3) 
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a quantity which has been calculated in a different 
context in ref [15] As we increase the angular 
velocity this spatial overlap changes and it depends 
on special properties of the orbit, whether it vanishes 
at some critical velocities and how many times it 
changes sign 

The case v= 1 corresponds to K=  1/2 orbits In this 
case we have no "dlabohc region" With increasing 
angular velocity this overlap is only reduced, it van- 
ishes in the limit (o~o9 For the case v=2,  which 
corresponds to K=  3/2 orbits, we observe a rapid 
decrease and one sign change, a e ,  one dlabohc 
region This goes on up to the middle of the shell 
(K= 7/2) with three dlabohc regions From there on 
the situation IS reversed 

This behavior can be understood (for details see 
ref [ 16 ]) in the simpler model of a one-dimensional 
harmonic oscillator with a pushing operator VPx 
instead of o)j~ in our three-dimensional ease This 
operator causes a shift in momentum space, and 
therefore the pair transfer matrix element is just the 
overlap of two wave functions with the same oscilla- 
tor quantum number in two oscillator wells shifted 
In momentum space The ground state ( n = 0 )  has 
no node and the overlap decreases monotonically 
with increasing pushing velocity The first excited 
state (n = 1 ) has one node and therefore we find one 
critical velocity where the overlap vanishes In gen- 
eral, we have for quantum number n n nodes and n 
points More detailed investigations [ 16 ] show that 
the state with n = 0 in the oscillator case corresponds 
to the K= 13/2 orbit and increasing n corresponds to 
decreasing K-quantum numbers Up to K=  7/2 we 
indeed observe an increasing number of  nodes 
However, in the lower half of the shell this simple 
picture no longer applies Here there is an increasing 
amount of alignment, which causes the orbits to rap- 
idly approach elgenstates ofj~ with different quan- 
tum numbers, so that the spatial overlap rapidly 
decays to zero before the oscillations manifest 
themselves 

The second part of fig 3 shows the calculations an 
the 113/2 model with a constant pairing potential Here 
we find the same behavior as in the case ofA = 0 The 
pair transfer is, as expected, enhanced, and the dla- 
bohc regions are shifted to somewhat higher angular 
velocities This indicates, that the effect of diabolic 

pmr transfer is not washed out by pairing correla- 
tions, which is also evident from the calculations in 
realistic situations an figs 1 and 2 

The oscillating behavior of the pair transfer matrix 
element as a function of  the angular velocity has a 
close analogy to the oscillating behavior of the elec- 
tric current in Superconducting Quantum Interfer- 
ence Devices (SQUID) as a function of  the magnetic 
field, the DC-Josephson effect [ 18 ] In fact, it is well 
known that the Conolls field and the magnetic field 
have the same underlying mathematical structure 

It had already been observed in earlier investiga- 
tions that the osctllattng behavior ofbackbendmg [ 17 ] 
was connected with the vanishing of the interaction 
matrix element between particles in the intruder 
orbits and particles in the core [ 14 ] It turned out 
that the node of this matrix element corresponds 
precisely to the first zero in the pair transfer matrix 
elements discussed in the previous section Since we 
now understand why these zeros occur, we are in a 
position to give a simple interpretation of  this effect 

We recall that the oscillating behavior of back- 
bending is connected with the vanishing of the inter- 
action between the ground state band and the s-band 
of two aligning particles for certain particle numbers, 
le,  for certain chemical potentials 2 In the cranking 
approximation the s-band is described as a two- 
quaslparticle band and for each particle number, i e ,  
for each value of the chemical potential 2, the inter- 
action V()`) between this band and the ground state 
band IS obtained as the mlmmum of the two-quasi- 
particle energy E1 +E2 It turns out that for certain 
values of). there are sharp level crossings in the spec- 
trum of the cranked shell model hamlltlonlan 

~K-2-o)Jx A ) 

A - (¢K- ) ` -  o)Jx) 
(4) 

whose elgenvalues are the quasxpartlcle energies EK 
These sharp level crossings are called &abohcalpomts 
[191 

In order to understand the connection of these &a- 
bohcal polnts to the vanishing of our transfer matrix 
elements more clearly and in order to show why we 
call the regions where the transfer matrix elements 
vanish regtons of &abohc parr transfer, we decom- 
pose the dlagonallzation of the cranked shell model 
hamlltonian (4) into two steps We first dlagonahze 
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the submatnces  e K - 2  :~ o~jx and f ind the elgenvalues 
e~ ( c o ) - 2  and the elgenfunctmns D-+(og) In the 
second step we work in this basis, i e ,  In a basis of  a 
deformed rotat ing model  without  pair ing In this 
basis the upper  left and  the lower right corner  o f  the 
matr ix  (4)  are diagonal,  but  the upper  right and  the 
lower left corner,  whmh were originally diagonal,  are 
no longer dmgonal  They conta in  a mul t ip le  of  the 
transfer  mat r ix  T =  ( D - ) T -  (D ÷) ,  whose dmgonal  
matr ix  elements are the paar t ransfer  mat r ix  ele- 
ments  (3)  For  small  values o f  o9 this mat r ix  is still 
close to diagonal,  and  since the first zeros o f  the pair  
transfer matr ix elements m fig 3 he at relatively small 
og-values, we adopt  in the following the approxima-  
t ion of  neglecting the off-diagonal mat r ix  elements 
o f  this mat r ix  This approx imat ion  has a l ready been 
used in the l i terature [20] ,  it  is certainly only an 
approx imat ion  and it falls for large a~-values, but  it  
gives us a s imple poss lb lh ty  to unders tand  the con- 
nect ion between the oscil lating behavior  o f  back- 
bending and the first zero o f  our  t ransfer  matr ix  
elements,  since it gives us an analyt ic  expression for 
the elgenvalues o f  the matr ix  (4) ,  a e ,  for the quasi-  
part icle energies We f ind for the sum of  the two low- 
est eagenvalues 

E1 +E2 = 2 { [ ( e  + + e - ) / 2 - 2 ]  2 

+ ~  T,~(~o)} ''~ (5) 

In order  to f ind the chabohcal poznts in this 
approx imat ion  the square root  has to vanish,  ~ e ,  for 
f ixed 2 we have to look for the mmmmum of  this 
square root  It hes at the points  where the transfer  
m a m x  element  Tex vanishes for the first t ime For  
these mamma we have to vary the chemmal potent ia l  
2 unti l  the first part  vanishes This occurs for 

2 =  [e+ (co) + e -  (w) ] /2  (6)  

In table 1 we gave a list of  the d labohcal  points  
found in this approx imat ion  and compare  them with 
the exact diabolical  points  ob ta ined  f rom an exact 
d lagonal lzat lon of  eq (4)  We f ind good agreement,  
which means  a close connect ion to dtabohc parr 
transfer discussed In this paper  and  the well-known 
oscillating behavior  o fbackbend ing  

It  also explains the well-known fact that  for an 
arbi t rary  j-shell  there are j - 3 / 2  points,  where the 
Interaction matr ix  clement V(2) vamshes Since these 

Table 1 
Dlabohcal points in the cranked shell model hamdtonlan (4) for 
an exact solution and an approxamate solution ofeq (6) 

K Cranking Chemical potential 
frequency w/tc 2/x 

exact approx exact approx 

3/2 0 085 0 033 - 0  936 - 0  824 
5/2 0 097 0 055 - 0  534 - 0  556 
7/2 0 112 0 084 - 0  151 - 0  170 
9/2 0 158 0 124 0 388 0 355 

11/2 0 230 0 190 1 122 1 057 

points correspond precisely to the first dlabohc points  
o f  the pair  t ransfer  mat r ix  elements without  pairing, 
we cleary unders tand  this number  There are j + 1/2 
pairs  with the quan tum numbers  K =  1/2, , j The 
lowest level has no d labohc  point,  because there the 
large matr ix  e lement  ( 1 / 2 1 J x l -  1/2)  causes imme-  
diate ahgnment  and no d labohcal  points  are possi- 
ble The highest level K=j has in Jx-Space a wave 
funct ion close to a gausslan with no node The cor- 
responding oper lap has no zero We therefore have 
only dlabohc points  for the j -  3/2 levels with K =  3/2, 

, j - 1  
The quest ion whether  this nuclear  SQUID can be 

observed experimental ly,  is certainly very interest-  
ing Since, as we have seen, the d labohc  pair  t ransfer  
is closely connected with the oscillating behavior  o f  
backbendmg,  which has been clearly seen in experi- 
ment,  there now already is redirect  exper imenta l  evi- 
dence for this effect On the other  hand,  pair  t ransfer  
mat r ix  elements  in rotat ing nuclei  can be measured  
directly In Coulomb excitat ion with heavy ions In 
order  to obta in  not  only absolute values but  also rel- 
ative phases o f  these m a m x  elements,  one should 
exploit the interference between a transfer before and 
after the diabol ic  region in a s imilar  way as interfer- 
ence has been used to de te rmine  the sign o f  the quad- 
rupole  momen t  by the reor lenta t lon effect [ 21 ] In 
thas case it would be a "reorlentat lon in gauge space" 

So far, measurements  o f  the pair  t ransfer  mat r ix  
elements at high spins has had the purpose  of  detect- 
lng the often predic ted  pair ing collapse In this arti-  
cle we have shown that  In rotat ing nuclei  this mat r ix  
e lement  is no longer propor t iona l  to the gap param-  
eter A and that  it  can vanish at angular  velocmes con- 
s lderably lower than that  at which the pair ing 
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collapses In  fact, a new effect in  its o wn  right has 
been  found,  which  has n o t h i n g  to do wi th  the  pa i r ing  
phase t r ans i t i on  an  osci l lat ing behav io r  of  the pai r  
t ransfer  mat r ix  e lement ,  which  is ana logous  to the  
DC-Josephson  effect in  c o n d en s ed  ma t t e r  physics  I t  
will be  of  Impor tance ,  therefore,  to explore it  
exper imenta l ly  

We acknowledge a n u m b e r  of  extens ive  a n d  useful  
discussions  wi th  J de Boer, R R Hi l ton ,  H J Mang,  
H M a s s m a n n ,  J O R a s m u s s e n  a n d  P Schuck 
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