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TÄ0 and TÄ1 pairing in rotational states of the NÄZ nucleus 80Zr
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Physics Department, Tulane University, New Orleans, Louisiana 70118
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Hartree-Fock-Bogoliubov calculations for theN5Z nucleus 80Zr give a ground state band withT51
Cooper pairs and an excited band withT50 Cooper pairs. The bands cross at spinI'5\, providing a ‘‘phase
transition’’ from T51 pairs forI ,5\ to T50 pairs forI .5\. There is also aT501T51 pair band, which
forms an envelope to theT51 pair band and theT50 pair band. In this band there is a more gradual transition
from T51 pairs atI 50 to T50 pairs at high spins, withT50 pairs andT51 pairs coexisting at intermediate
spins. The Coriolis antipairing~CAP! effect breaks theT51 pairs, but there is no CAP effect forT50 pairs
in which then andp occupy identical space-spin orbitals. TheT51 pair band has a moment of inertiaI(v)
which backbends at spins between 8\ and 14\, but theT50 pair band does not backbend. Both bands have
g9/2 spin alignments. For theT50 pair band, the dominant angular momentum of a pair isJ55, notJ51 or
J5Jmax59 as was anticipated. For a rotatingN5Z5even nucleus,T50 pairing produces a twofold degen-
eracy in the canonical orbital occupation probabilityv2, althoughT51 pairing produces a fourfold degeneracy
in v2.

DOI: 10.1103/PhysRevC.63.044325 PACS number~s!: 21.60.2n
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I. INTRODUCTION

Most nonrotating atomic nuclei are superfluids, in whi
each Cooper pair contains two neutrons or two protons,
each pair has isospinT51. However, the introduction o
radioactive nuclear beams and more sensitive detectors
generated an intense search for superfluid nuclei in wh
each Cooper pair contains one neutron and one pro
where each neutron-proton pair may haveT51 or T50 @1#.
The most likely candidates for neutron-proton pairing a
N5Z nuclei, where the neutrons and protons occupy ide
cal space-spin orbitals, and have maximum spatial over
One possible signature for neutron-proton pairing may be
response of the nucleus to a rotation@2–15#. Rotation might
affectT50 pairs in a different manner thanT51 pairs. This
could provide an observable distinction betweenT50 pairs
andT51 pairs.

This article calculates the rotational states of theN5Z
nucleus80Zr. The isospinT and angular momentumJ of the
Cooper pairs will be determined for each nuclear yrast s
with spin I. ~Throughout this articleT refers to the isospin o
one pair of nucleons, not the isospin of the nucleus.! The
conventional yrast line, which permits only neutron-neutr
and proton-proton pairs, will be compared to the yrast l
which also permits neutron-proton pairs.

The following questions will be addressed: Are there s
nificant alterations in the yrast line when neutron-prot
pairs are permitted? Does the competition betweenT51
pairing andT50 pairing cause substantial changes in
yrast line? Does the inclusion of neutron-proton pairs ca
the yrast line of 80Zr to have a ‘‘phase transition’’? IfT
50 Cooper pairs exist, is their angular momentum eitheJ
51 or J5Jmax52 j ~wherej is the nucleon spin!, as is often
stated, or do they have another value forJ? For a rotating
N5Z5 even nucleus, doT50 pairs generate a density m
trix r which has the same degeneracy as would occur foT
51 pairs; i.e., does the canonical orbital occupation pr
0556-2813/2001/63~4!/044325~14!/$20.00 63 0443
d

as
h
n,

e
i-
p.
e

te

n
e

-

e
e

-

ability v2 have the same degeneracy forT50 pairs as for
T51 pairs? How significant is the time-reversal symme
breaking in the rotatingT50 pair potential? In a rotating
nucleus withT51 pairing, the lowest quasiparticle energ
usually vanishes at a critical rotational frequency; does
also occur forT50 pairing? If a rotational band has a mo
ment of inertia which does not backbend or upbend, doe
necessarily follow that this band has no spin alignments?

II. HARTREE-FOCK-BOGOLIUBOV THEORY

A. Cooper pairs

The nonrotating Hartree-Fock-Bogoliubov~HFB! states
of 80Zr with spin I 50 were calculated in Refs.@16,17#. The
state with the lowest energy, i.e., the ground state, ha
prolate deformation and contains onlyT51 Cooper pairs.
For convenience these pairs are chosen as neutron-ne
and proton-proton pairs.~Including T51 neutron-proton
pairs makes absolutely no difference in the energy, since
nucleon-nucleon interaction is isospin invariant andN5Z.!
The nonrotating even-even wave function is time rever
invariant. So the Cooper pairs areuan,ān,T51& and
uap,āp,T51&, where ua& is a HFB canonical space-spi
orbital anduā& is the time reverse ofua&. These arenn̄ pairs
andpp̄ pairs, where the bar indicates that the second nucl
in a pair occupies a space-spin orbital which is the ti
reverse of the first nucleon’s orbital. Rotation breaks
time-reversal symmetry. Then the Cooper pairs
uan,ân,T51& and uap,âp,T51&, where uâ& is not the
time reverse ofua&. These arenn̂ pairs andpp̂ pairs, where
the hat indicates that the orbital of the second nucleon i
pair is not the time reverse of the first nucleon’s orbital. T
orbitalsua& anduâ& depend upon the rotational frequencyv.

At spin I 50 there is an HFB excited state with excitatio
energyE50.645 MeV. This state has a prolate deformati
and contains onlyT50 neutron-proton pairs. This state
©2001 The American Physical Society25-1
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ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
time-reversal invariant, and contains the Cooper pa
uan,ap,T50& and uān,āp,T50&. The two nucleons in
each pair occupyidenticalspace-spin orbitals. The orbitals i
the second pair are the time reverse of the orbitals in the
pair. These arenp pairs andn̄p̄ pairs. Rotation breaks th
time-reversal symmetry. Then the pairs areuan,ap,T50&
anduân,âp,T50&, where the orbitals in the second pair a
no longer the time reverse of the orbitals in the first pa
However, the two nucleons in each pair still occupyidentical
space-spin orbitals, which depend upon the rotational
quencyv. These arenp pairs andn̂p̂ pairs.

At spin I 50 there is another HFB excited state with e
citation energyE51.579 MeV. This state has a prolate d
formation and contains onlyT50 neutron-proton pairs
which are uan,āp,T50& and uap,ān,T50&. The two
nucleons in each pair occupy orbitals which are related
time reversal. The two nucleons in each pair do not occ
identical orbitals. These arenp̄ pairs andpn̄ pairs. Rotation
breaks the time-reversal symmetry. Then the pairs bec
uan,âp,T50& and uap,ân,T50&. These arenp̂ pairs and
pn̂ pairs. These pair states exist only up to nuclear spiI
51 and vanish atI 52.

B. Quasiparticle transformation

These calculations for80Zr shownn̂ pairs,pp̂ pairs, and
np(T50) pairs for nuclear spinI>2. However, they do no
show np̂(T50 andT51) pairs for I>2. Of coursenp(T
51) pairs~wheren andp occupy identical space-spin orbi
als! are forbidden by the Pauli exclusion principle. Cons
quently the formalism presented here will be restricted tonn̂

pairs, pp̂ pairs, andnp(T50) pairs in rotating nuclei. The
calculations were performed in the basisuk&5unl jm&. How-
ever, the formalism acquires a simpler form when it is giv
in the basis of eigenvectors of the reflection symmetry
eratorsx , which are

uK&5221/2@ uk&1uk̄&], ~2.1!

uK̄&5221/2@2uk&1uk̄&], ~2.2!

whereuk& is now restricted to states wherem21/2 equals an
even integer,uk̄& is the time reverse ofuk&, and uK̄& is the
time reverse ofuK&. It was demonstrated in Refs.@18,19#
that thisuK&,uK̄& basis greatly simplifies the HFB formalism
for nn̂ pairs andpp̂ pairs in rotating nuclei.

Parity is a conserved symmetry. For each parity, the q
siparticle operatorsa† are defined by a unitary transforma
tion of the particle operatorsC†,

S a†

a D 5S U V

V* U* D S C†

C D , ~2.3!

where the vectorsa† andC† are
04432
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a†5S a1
†

a2
†

a1̂
†

a2̂
†
D , C†5S Cp

†

Cn
†

Cp̄
†

Cn̄
†
D . ~2.4!

The vectorCp
† has dimensionM and contains the compo

nentsCKp
† , whereM is the number of single proton state

uK&, and similarly for the vectorCn
† . The vectorCp̄

† has

dimensionM and contains the componentsCK̄p
† , and simi-

larly for the vectorCn̄
† . The vectora1

† has dimensionM with
componentsaj 1

† , where j 51,2 . . .M , and similarly fora2
† ,

a1̂
† , and a2̂

† . For a nucleus withN5Z5even, isospin sym-
metry creates a degeneracy factor of 2 in the quasipar
energies. Then the matricesU andV have the forms

U5S U1 0 0 0

0 U1 0 0

0 0 Û1 0

0 0 0 Û1

D , ~2.5!

V52S 0 V1 V2 0

2V1 0 0 2V2

2V̂2 0 0 V̂1

0 V̂2 2V̂1 0

D , ~2.6!

where the matricesU1 , V1, and V2 have dimension
M3M . It should be emphasized that the matricesU andV
are functions of the rotational frequencyv. The quasiparticle
operatorsa† are spin dependent. The matricesU1 andV2 are
real. Permitting the matrixV1 to be complex creates n
change in the energy of this state in80Zr, soV1 is chosen to
be real.~The amplitudeV1 describes thenp(T50) pairs.
The isospin generalized BCS theory@20# has a complex am-
plitude v1 for these pairs. For other nuclei, a complexv1
sometimes permits a lower energy, but for most nuclei
energy is not lowered with a complexv1.! Combining Eqs.
~2.3!–~2.6!, the quasiparticle operators are explicitly given

aj 1
† 5(

K
@~U1! jKCKp

† 2~V1! jKCKn2~V2! jKCK̄p#, ~2.7!

aj 2
† 5(

K
@~U1! jKCKn

† 1~V1! jKCKp1~V2! jKCK̄n#, ~2.8!

aĵ 1
†

5(
K

@~Û1! jKCK̄p
†

1~V̂2! jKCKp2~V̂1! jKCK̄n#, ~2.9!

aĵ 2
†

5(
K

@~Û1! jKCK̄n
†

2~V̂2! jKCKn1~V̂1! jKCK̄p#. ~2.10!
5-2
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T50 AND T51 PAIRING IN ROTATIONAL STATES OF . . . PHYSICAL REVIEW C 63 044325
If the rotational frequencyv50, then Û15U1 , V̂15V1,
and V̂25V2. This is the time-reversal symmetry. Howeve
for a rotating nucleus withvÞ0, the time-reversal symme
try is broken, so thatÛ1ÞU1 , V̂1ÞV1, andV̂2ÞV2.

The density matrix and the pairing tensor,

r i j 5^Cj
†Ci&, ~2.11!

t i j 5^CjCi&, ~2.12!

are evaluated with respect to the spin-dependent HFB qu
particle vacuum, so that

r5V†V, ~2.13!

t5V†U. ~2.14!

They are functions of the rotational frequencyv. Substitut-
ing Eq. ~2.6! into Eq. ~2.13!, and using the unitarity con
straint

U†U1ṼV* 5I , ~2.15!

it follows that r is block diagonal

r5S rpp 0 0 0

0 rpp 0 0

0 0 r p̄p̄ 0

0 0 0 r p̄p̄

D , ~2.16!

where

~rt1t2
!K1K2

5rK1t1 ,K2t2
, ~rt̄1t̄2

!K1K2
5r K̄1t1 ,K̄2t2

,
~2.17!

t is n or p, and

rpp5rnn5V1
†V11V̂2

†V̂2 , ~2.18!

r p̄p̄5r n̄n̄5V̂1
†V̂11V2

†V2 . ~2.19!

The M3M matricesrpp andr p̄p̄ are real and symmetric. I
v50, thenV̂15V1 and V̂25V2, so thatrpp5r p̄p̄ . This is
the time-reversal symmetry. However, for a rotating nucle
wherevÞ0, thenV̂1ÞV1 and V̂2ÞV2, so thatrppÞr p̄p̄ .
The time-reversal symmetry is broken.

The pairing tensor is obtained by substituting Eqs.~2.5!
and ~2.6! into Eq. ~2.14!, so that

t5S 0 tpn tpp̄ 0

2tpn 0 0 2tpp̄

2 t̃ p p̄ 0 0 t p̄n̄

0 t̃ p p̄ 2t p̄n̄ 0

D , ~2.20!

where
04432
si-

s

~ tt1t2
!K1K2

5tK1t1 ,K2t2
, ~ tt1t̄2

!K1K2
5tK1t1 ,K̄2t2

,
~2.21!

~ t t̄1t̄2
!K1K2

5t K̄1t1 ,K̄2t2
,

and

tpp̄52tnn̄ , ~2.22!

tpn5V1
†U1 , ~2.23!

t p̄n̄5V̂1
†Û1 , ~2.24!

tpp̄5V̂2
†Û1 . ~2.25!

The matricestpn , t p̄n̄ , and tpp̄ have dimensionM3M and
are real. The matricestpn and t p̄n̄ are symmetric. Ifv50,
then time-reversal symmetry givestpn5t p̄n̄ . However, ifv
Þ0, then time-reversal symmetry is broken, andtpnÞt p̄n̄ . If
v50, then time-reversal symmetry causestpp̄ to be symmet-
ric. However, ifvÞ0, thentpp̄ is not symmetric.

The Hartree-Fock~HF! Hamiltonian and HF potential are

h5e1U, ~2.26!

Ui j 5(
kl

^ ikuvau j l &r lk . ~2.27!

The isospin structure ofh is the same as that of the densi
matrix r in Eq. ~2.16!. The pair potential is

D i j 5
1

2 (
kl

^ i j uvaukl&tkl . ~2.28!

The isospin structure ofD is the same as that of the pairin
tensort in Eq. ~2.20!. Both h and D depend upon the rota
tional frequencyv. For each value ofv, the HFB energy is

E HFB5^H&5 TrF S e1
1

2
UD r1

1

2
Dt†G . ~2.29!

The HFB equation is

S ~h2l2vJx! D

2D* 2~h2l2vJx!*
D S U j

Vj
D 5Ej S U j

Vj
D . ~2.30!

The chemical potentialslp and ln are adjusted so that th
number operatorsNp and Nn have the correct expectatio
values. The HFB mean field approximation is used, and p
ticle number projection is not included.

C. Limiting case: np„TÄ0… pairs

For aN5Z5 even nucleus, consider the case where th
are onlynp(T50) pairs, where the neutron and proton
each pair occupy identical space-spin orbitals if the ro
tional frequencyv50. There are nonn̂ pairs orpp̂ pairs.
This is achieved by choosingV1Þ0 andV250 in the initial
trial wave function. Then the final self-consistent wave fun
5-3
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ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
tion will have the same properties. Then the density ma
of Eqs.~2.18! and ~2.19! reduces to

rpp5rnn5V1
†V1 , ~2.31!

r p̄p̄5r n̄n̄5V̂1
†V̂1 . ~2.32!

The only nonzero components of the pairing tensor aretpn
and t p̄n̄ , given by Eqs.~2.23! and ~2.24!.

1. Canonical representation

The Bloch-Messiah theorem@21# states that any HFB
quasiparticle vacuum may be expressed in BCS form, wh
each paired orbital is paired with only one other orbital. Th
is, there exists a single-particle basis such thatr is diagonal
and t has nonzero components only between paired orbit
This is the canonical representation.

For a nonrotatingN5Z5even nucleus, time-reversa
symmetry and isospin symmetry generate a fourfold deg
eracy in the single-particle orbital energies. Then the p
arenp(T50) andn̄p̄(T50), where the orbitals in the sec
ond pair are the time-reverse of the orbitals in the first p
Also the four orbitalsuan&, uap&, uān&, and uāp& have
identical occupation probabilitiesva

2 . SinceJx is not time-
reversal invariant, in a rotating nucleus thenp(T50) pairs
cannot be related by time reversal. It is therefore interes
to determine the nature of the correlatednp(T50) pairs in a
rotating nucleus.

The HFB unitarity constraint is

R25R, ~2.33!

whereR is the generalized density matrix

R5S r t

t† 12 r̃
D . ~2.34!

From Eq.~2.33! it follows that

r2r25tt†[u, ~2.35!

rt5t r̃. ~2.36!

Substitute Eqs.~2.16! and ~2.20! into Eq. ~2.35!, using tpp̄
50, rpp5rnn , andr p̄p̄5r n̄n̄ . The result is

rpp2rpp
2 5rnn2rnn

2 5tpntpn
† [upn , ~2.37!

r p̄p̄2r p̄p̄
2

5r n̄n̄2r n̄n̄
2

5t p̄n̄t p̄n̄
†

[u p̄n̄ . ~2.38!

Note thatupn andu p̄n̄ are hermitian. From Eq.~2.37! it fol-
lows that upn commutes withrpp and rnn . Consequently
they can be diagonalized by the same unitary transformat
The eigenvectors ofrpp are

uap&5(
K

DaKuKp&, ~2.39!

and the eigenvectors ofrnn are
04432
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uan&5(
K

DaKuKn&. ~2.40!

The corresponding eigenvalues ofrpp andrnn are

ra5va
2 . ~2.41!

From Eq.~2.37! it follows that the eigenvalues ofupn are

ua5ra2ra
25va

2~12va
2 !. ~2.42!

Equations~2.39!–~2.41! show that even in a rotating nucleu
a neutron and a proton occupyidentical space-spin orbitals
ua& with equal occupation probabilityva

2 , whereua& andva
2

depend uponv. In a similar manner, it follows from Eq
~2.38! that the eigenvectors ofr p̄p̄ are

uâp&5(
K

D̂aKuK̄p&, ~2.43!

and the eigenvectors ofr n̄n̄ are

uân&5(
K

D̂aKuK̄n&. ~2.44!

The corresponding eigenvalues ofr p̄p̄ andr n̄n̄ are

râ5v â
2 . ~2.45!

From Eq.~2.38! it follows that the eigenvalues ofu p̄n̄ are

uâ5râ2râ
2
5v â

2
~12v â

2
!. ~2.46!

Equations~2.43!–~2.45! show that even in a rotating nucleu
a neutron and a proton occupyidentical space-spin orbitals
uâ& with equal occupation probabilityv â

2 , whereuâ& andv â
2

depend uponv. For a nonrotating nucleus withv50, time-
reversal symmetry givesD̂5D, so thatuâ&5uā&, as well as
v â

2
5va

2 . The density matrixr is fourfold degenerate. How
ever, for a rotating nucleus withvÞ0, the time-reversal
symmetry is broken, so thatD̂ÞD, uâ&Þuā&, and v â

2

Þva
2 . The density matrixr is only twofold degenerate.

In 1974@18# it was proven that fornn̂ pairs andpp̂ pairs
in a rotating nucleus, the density matrixr is fourfold degen-
erate, withv â

2
5va

2 , even though the time-reversal symmet
is broken in the density matrixr, with rppÞr p̄p̄ . So the
result shown here thatr is only twofold degenerate for a
rotating nucleus withnp(T50) pairs~where the neutron and
proton in a pair occupy identical orbitals! is interesting. It
demonstrates that the pairing tensort has a fundamentally
different structure forpp̂ pairs andnp(T50) pairs ~where
the two nucleons occupy identical orbitals!, and that this dif-
ference acts through the unitarity constraint@Eq. ~2.33!# to
alter the degeneracy of the density matrixr.

Substitute Eqs.~2.16! and ~2.20! into Eq. ~2.36!, using
tpp̄50, rpp5rnn , andr p̄p̄5r n̄n̄ . The result is

rpptpn5tpnr̃nn , ~2.47!
5-4
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T50 AND T51 PAIRING IN ROTATIONAL STATES OF . . . PHYSICAL REVIEW C 63 044325
r p̄p̄t p̄n̄5t p̄n̄r̃ n̄n̄ . ~2.48!

Express Eq.~2.47! in the ua& basis and Eq.~2.48! in the uâ&
basis, so that

~ tpn!aa8@~rpp!aa2~rnn!a8a8#5~ tpn!aa8@ra2ra8#50,
~2.49!

~ t p̄n̄!ââ8@~r p̄p̄!ââ2~r n̄n̄!â8â8#5~ t p̄n̄!ââ8@râ2râ8#50.
~2.50!

The pairing tensortpn has nonzero components only betwe
statesuap& anduan& having the same occupation probabili
va

2 . The pairing tensort p̄n̄ has nonzero components on

between statesuâp& and uân& having the same occupatio
probability v â

2 .
From these results on the structure of the density matrr

and pairing tensort, it follows that the HFB quasiparticle
vacuum can be expressed as

uF0&5 )
a.0

~ua1vaCap
† Can

† !~uâ1v âCâp
†

Cân
†

!u0&, ~2.51!

whereua
21va

251, uâ
2
1v â

2
51, and the orbitalsua& and uâ&

are given by Eqs.~2.39! and ~2.43!. The canonical orbitals
ua& are not imposeda priori, but instead are determined b
the final self-consistent HFB density matrixr. It should be
remembered that this is a spin-dependent state, where
orbitals and their occupation probabilities depend upon
rotational frequencyv. The nonzero elements of the dens
matrix are rap,ap5ran,an5va

2 and râp,âp5rân,ân5v â
2 .

The nonzero elements of the pairing tensor aretap,an
5uava and t âp,ân5uâv â . For a rotating nucleus wherev
Þ0, the time-reversal symmetry is broken, so thatuâ&
Þuā&, uâÞua , and v âÞva . For a nonrotating nucleu
wherev50, the time-reversal symmetry is restored, so t
uâ&5uā&, uâ5ua , and v â5va . Then the wave function
simplifies to

uF0&5 )
a.0

~ua1vaCap
† Can

† !~ua1vaCāp
†

Cān
†

!u0&. ~2.52!

In wave functions~2.51! and ~2.52! both orbitals in a
given pair have the same occupationva

2 ~or v â
2). Therefore

these wave functions contain no blocked orbitals.~A blocked
orbital occurs when one orbital in a pair is fully occupie
i.e., v251, and the other orbital in the same pair is emp
i.e., v250.! These wave functions do not exhibit the bloc
ing effect which is characteristic of odd-odd nuclei.

2. Breaking of time-reversal symmetry

For a nonrotatingN5Z5even nucleus withv50, time-
reversal symmetry is preserved in the densitiesr andt and in
the mean fieldsh andD. However, when the nucleus rotate
with vÞ0, the cranking term2vJx breaks the time-reversa
symmetry in the densities and mean fields. It is then inter
ing to determine the extent of the time-reversal violation
04432
the
e

t

,
,
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y

breaking the densities and fields into time-reversal even
time-reversal odd components.

Define

rpp
(6)5

1

2
~rpp6r p̄p̄!. ~2.53!

Then from Eqs.~2.17! and ~2.53! it follows that

Trpp
(6)T2156rpp

(6) , ~2.54!

where T is the time-reversal operator, and (TMT21) i j

[M ī j̄ for any matrix M. Thereforerpp
(1) and rpp

(2) are the
time-reversal even and odd components ofrpp . The matri-
cesrpp

(1) and rpp
(2) are real and symmetric. It follows from

Eqs.~2.1! and ~2.2! that

~rpp
(1)!KK85~rpp!kk8 , ~2.55!

~rpp
(2)!KK85~rpp!kk̄8 . ~2.56!

For a nonrotating nucleus withv50, thenrpp
(2)50. For a

rotating nucleus withvÞ0, then rpp
(2)Þ0. In a rotating

nucleus, Eq.~2.16! shows thatrKK̄850; however, Eq.~2.56!
shows thatrkk̄8Þ0. This demonstrates that theuK&, uK̄& ba-
sis reduces the dimension ofr by a factor of 2, compared to
the uk&, uk̄& basis, for a rotating nucleus. The Hartree-Fo
Hamiltonian h separates into time-reversal even and o
components in the same manner asr, so that

hpp
(6)5

1

2
~hpp6hp̄p̄!. ~2.57!

Also, one can substituteh for r in Eqs.~2.54!–~2.56!.
Define

tpn
(6)5

1

2
~ tpn6t p̄n̄!. ~2.58!

Then from Eqs.~2.21! and ~2.58! it follows that

Ttpn
(6)T2156tpn

(6) . ~2.59!

Thereforetpn
(1) and tpn

(2) are the time-reversal even and od
components oftpn . The matricestpn

(1) and tpn
(2) are real and

symmetric. It follows from Eqs.~2.1! and ~2.2! that

~ tpn
(1)!KK85~ tpn!kk8 , ~2.60!

~ tpn
(2)!KK85~ tpn!kk̄8 . ~2.61!

For a nonrotating nucleus withv50, then tpn
(2)50. For a

rotating nucleus withvÞ0, then tpn
(2)Þ0. In a rotating

nucleus, Eq.~2.20! shows that if there are onlynp pairs and
not pp̄ pairs, thentKK̄850; however, Eq.~2.61! shows that
tkk̄8Þ0. This demonstrates that theuK&, uK̄& basis reduces
the dimension oft by a factor of 2, compared to theuk&, uk̄&
basis, for a rotating nucleus. The wave function in Eq.~2.51!
shows that the neutron and proton in a given pair occu
5-5



th

e

e
n

p

to
s
r-

d
a
fre
r

ym

s
s

a-

air

f the

ula-
o
-
is

tion

e

-

ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
identical space-spin orbitals, i.e.,np(T50) pairs. It is then
interesting to find thattkp,k̄8nÞ0 in a rotating nucleus. For a
nonrotating nucleus,t would connect theuk& state anduk̄8&
state only if the neutron orbital were the time reverse of
proton orbital in the same pair, i.e., if there werenp̄(T50)
pairs rather thannp(T50) pairs. It is also interesting to not
that in a rotating nucleusnp(T50) pairs give atkp,k̄8n which
is real; whereas in a nonrotating nucleus, thenp̄(T50) pairs
give a tkp,k̄8n which is imaginary@1#. The pair potentialD
separates into time-reversal even and odd components in
same manner ast, so that

Dpn
(6)5

1

2
~Dpn6D p̄n̄!. ~2.62!

Also, one can substituteD for t in Eqs.~2.59!–~2.61!.

D. Limiting case: nn̂ and pp̂ pairs

For aN5Z5even nucleus, consider the case where th
are neutron-neutron pairs and proton-proton pairs, but
neutron-proton pairs. This is accomplished by choosingV1
50 andV2Þ0 in the initial trial wave function. Then the
final self-consistent wave function will have the same pro
erties. Then the density matrixr of Eqs. ~2.18! and ~2.19!
reduces to

rpp5rnn5V̂2
†V̂2 , ~2.63!

r p̄p̄5r n̄n̄5V2
†V2 . ~2.64!

The only nonzero components of the pairing tensor aretpp̄
and tnn̄ , given by Eqs.~2.22! and ~2.25!.

The analysis of neutron-neutron pairs and proton-pro
pairs in rotating nuclei, using theuK&,uK̄& basis states, wa
given in Refs.@18,19#. The result is that the HFB quasipa
ticle vacuum has the canonical representation

uF0&5 )
a.0

~ua1vaCap
† Câp

†
!~ua2vaCan

† Cân
†

!u0&, ~2.65!

whereua
21va

251, and the canonical orbitalsua& anduâ& are
given by Eqs.~2.39! and ~2.43!. It should be remembere
that this is a spin-dependent state, where the orbitals
their occupation probabilities depend upon the rotational
quencyv. The nonzero elements of the density matrix a
rap,ap5ran,an5râp,âp5rân,ân5va

2 . The density matrixr
is fourfold degenerate, even though the time-reversal s
metry is broken in the density matrix, withrppÞr p̄p̄ . The
nonzero elements of the pairing tensor aretap,âp52tan,ân
5uava . For a rotating nucleus wherevÞ0, the time-
reversal symmetry is broken, so thatuâ&Þuā&. For a nonro-
tating nucleus wherev50, the time-reversal symmetry i
restored, so thatuâ&5uā&. Then the wave function simplifie
to

uF0&5 )
a.0

~ua1vaCap
† Cāp

†
!~ua2vaCan

† Cān
†

!u0&. ~2.66!
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Because states~2.52! and~2.66! have different pair potentials
D, self-consistency then leads to different HFB density m
trices r. Therefore states~2.52! and ~2.66! have different
orbitals ua& and different occupation probabilitiesva

2 . The
time-reversal even and odd components ofr, t, h, andD are
given in Ref.@19#.

E. Angular momentum and isospin of Cooper pairs

Each Cooper pair has an angular momentumJ and isospin
T. The HFB calculation provides the components of the p
potentialD j 1m1t1 , j 2m2t2

wheret is n or p. The pair potential
can then be expressed in terms of the spin and isospin o
pair

D j 1 j 2JMTTz
5 (

m1m2t1t2

^ j 1m1 j 2m2uJM&

3^ 1
2 t1

1
2 t2uTTz&D j 1m1t1 , j 2m2t2

. ~2.67!

The strength of the pair potential forJMTTz is defined as

DJMTTz
5 (

j 1< j 2

uD j 1 j 2JMTTz
u. ~2.68!

The total strength of the pair potential forJT is defined as

DJT5F (
MTz

uDJMTTz
u2G1/2

. ~2.69!

The pair potential has a time-reversal even componentD (1)

and a time-reversal odd componentD (2), whereD5D (1)

1D (2). Consider the case ofnn̂ pairs andpp̂ pairs, as in Eq.
~2.65!. ThenD (1) hasM5even andD (2) hasM5odd. Also
D hasM5even if v50 andD hasM5even and odd ifv
Þ0. Next consider the case ofnp(T50) pairs, as in Eq.
~2.51!. ThenD (1) hasM5odd andD (2) hasM5even. Also
D hasM5odd if v50 andD hasM5even and odd ifv
Þ0.

III. HFB CALCULATIONS

The model space includes the 2p1/2, 2p3/2, 1f 5/2, and
1g9/2 shells. There is a closed core of28

56Ni. For 80Zr the
maximum spin permitted by this model space is 38\. This
model space was used in shell model Monte Carlo calc
tions for 74Rb @6# and in HFB calculations for Sr, Zr, and M
isotopes@22#. The HamiltonianH contains an effective inter
action calculated by T. Kuo from the Paris potential. Th
effective interaction was used in the74Rb calculation@6#. H
also contains single-nucleon energiesej , which are taken
from Table II in Ref. @22#, which extractsej from experi-
mental spectra in this mass region. The Coulomb interac
is not included. Further details regardingH are given in Refs.
@16,17#. Axial and triaxial deformations are included. Th
pair potentialD includes components with isospinT50,1
and angular momentum J50,1,2,3,4,5,6,7,8,9. Self
consistency is obtained in bothh andD for each nuclear spin
I. @This means that Eq.~2.30! is solved in the usual iterative
5-6
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T50 AND T51 PAIRING IN ROTATIONAL STATES OF . . . PHYSICAL REVIEW C 63 044325
procedure. On each iterationh andD are calculated from the
density matrixr and the pairing tensort, respectively; thenr
and t are calculated from the eigenvectors (U j ,Vj ) in Eq.
~2.30!. The iterations continue untilh andD do not vary on
successive iterations.# Because the model space conta
only one value of the radial quantum numbern for eachl j ,
there is no self-consistency in the radial coordinate. Num
parity is conserved on each iteration.

A. Rotational energies

As described in Sec. II A, the ground state hasnn̄ pairs
and pp̄ pairs. These areT51 pairs. It has the canonica
representation given in Eq.~2.66!. The HFB equation~2.30!
is used to rotate theT51 pair state~2.66!. This generates a
rotational band withT51 (nn̂ andpp̂) pairs. The calculated
energies of theI p521 and 41 states are 0.274 and 0.82
MeV, respectively. ~This calculation has no paramete
available to adjust the energies of rotational states.! The cor-
responding experimental energies are 0.290 and 0.828 M
@23,24#. For each spinI, the HFB state has the spin
dependent canonical form given in Eq.~2.65!.

Section II A also describes the HFB excited state atE

50.645 MeV, which hasnp(T50) pairs andn̄p̄(T50)
pairs. This state has the canonical representation given in
~2.52!. The HFB equation~2.30! is used to rotate theT50
pair state~2.52!. This generates a rotational band withT

50 (np andn̂p̂) pairs. For each spinI, the HFB state has the
spin-dependent canonical form given in Eq.~2.51!.

The energies of theT51 pair band and theT50 pair
band are shown in Fig. 1. The two bands cross at spI
'5\. Consequently the yrast line obtained from these t
crossing bands has a ‘‘phase transition’’ atI'5\. The yrast
states forI<4\ haveT51 Cooper pairs, whereas the yra
states forI>6\ haveT50 Cooper pairs. If this HFB calcu
lation had been performed with only neutron-neutron pair
and proton-proton pairing, and the neutron-proton pair
had been omitted, then theT50 pair band would not have
been found, and the yrast line would coincide with theT
51 pair band at all spins. No phase transition would ha
been predicted. The energies of both bands have been c

FIG. 1. Energies of the rotational bands versus the spinI.
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lated up to spinI 526\. At high spins, theT51 pair band
has a higher energy than theT50 pair band. As will be
shown below, theT51 pair band has a large backbend b
tween spinsI 58 andI 514. The spinI 510,12 states have
not been found for this band.~This sometimes occurs fo
HFB states in the middle of a backbend, as they may
unstable.!

In the band crossing region is there a lower energy H
state which contains bothT51 pairs andT50 pairs in the
same HFB wave function?~Such wave functions have bee
found for the ground states of84Mo and 88Ru @16,17#.! The
HFB equation is used to obtain a band which contains b
T51 (nn̂,pp̂) pairs andT50 (np,n̂p̂) pairs. This band is
shown in Fig. 1. This band forms an envelope to theT51
pair band and theT50 pair band. It joins smoothly to the
T51 pair band atI 50 and to theT50 pair band at high
spins. For spins near 5\, bothT51 pairs andT50 pairs are
contained in the same HFB wave function for a given spinI.
At I 50 the HFB state for the envelope is exactly the same
the HFB state in theT51 pair band, and it contains onl
T51 pairs. AtI 511 the HFB state of the envelope is almo
the same as the HFB state of theT50 pair band, and it
contains primarilyT50 pairs. The envelope band provide
an yrast line which is much smoother than the yrast l
given by the two crossing bands. For theT501T51 pair
band, the energy of theI p541 state is below the experimen
tal energy.

Figure 2 shows the pairing energy,Epair5Tr@ 1
2 Dt†#. The

T51 pair band has a large~negative! pairing energy at spin
I 50. However, as the spin increases, this band rapidly lo
its pairing energy, which vanishes atI 526. In contrast, the
T50 pair band has a pairing energy which is approximat
constant for increasing spin.~The pairing energy actually
increases withI at low spins, i.e., becomes more negativ!
The T501T51 pair band loses its pairing energy less ra
idly than theT51 pair band.

Why doesEpair(I ) behave so differently for theT51 pair
band and theT50 pair band? First consider theT51 pair
band. At spinI 50 the two nucleons in each Cooper pair a
in time-reversed orbitals, wheremz is a good quantum num

FIG. 2. Pair correlation energyEpair for theT50 pair band, the
T51 pair band, and theT501T51 pair band.
5-7
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ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
ber, and the first nucleon has1m while the second has
2m. When this state is rotated, the Coriolis force has
opposite effect on the angular momentum vectors of the
nucleons, thereby breaking the time-reversal symmetry,
breaking the pair bond. This is the Coriolis antipairin
~CAP! effect, which causes the rapid loss of pairing ene
as the spinI increases@25#. For T51 pairs the isospin stat
is symmetric, so the space-spin state must be antisymme
This permitsJ50 pairs, which is the strongest pair mod
The rotation breaks theseJ50 pairs in order to realign the
nucleon spins along thex rotation axis and generate th
nuclear spinI.

Next consider theT50 pair band. At spinI 50 the neu-
tron and proton in each Cooper pair occupy identical spa
spin orbitals, wheremz is a good quantum number. Whe
this state is rotated, the Coriolis force has exactly the sa
effect on the angular momentum vectors of the two nucleo
The two spin vectors can be gradually rotated towards thx
rotation axis, and at each spinI the neutron and proton in
pair will have the same space-spin wave function, ther
maintaining maximum spatial overlap. The pair is not brok
by the rotation. There is no CAP effect for theseT50 pairs.
Therefore the pairing energy is approximately constant
increasing spinI. For T50 pairs the isospin state is ant
symmetric, so the space-spin state is symmetric. This for
J50 pairs. Each pair has at leastJ51. Then each pair can
contribute to the nuclear spinI by gradually realigning its
spinJ from thez axis to thex rotation axis, without breaking
the pair.

B. Quasiparticle energies

The Coriolis force can cause the lowest quasiparticle
ergy E1 to vanish at a critical angular velocityvc , even
though the pair fieldD is not zero@26#. For v.vc , it is
necessary to have negative values ofE1 in order to conserve
the number parity@27#. One must also ensure that the tw
quasiparticle excitation energyE11E2 remains non-
negative. The lowest quasiparticle energyE1 is shown in
Fig. 3. For theT51 pair band,E1 decreases rapidly with
spin and changes sign atI'6, even though the pairing en

FIG. 3. Lowest quasiparticle energyE1 for the T50 pair band,
the T51 pair band, and theT501T51 pair band.
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ergy does not vanish untilI 526. In sharp contrast, for the
T50 pair band,E1 is approximately constant with spin, an
it does not change sign. This is another signal of the radic
different manner in whichT51 pairs andT50 pairs re-
spond to rotation. For theT501T51 pair band,E1 initially
follows the decrease of theT51 pair band, but quickly lev-
els off and then joins the path of theT50 pair band, so that
E1 is never close to zero. So forI'6, where this band con
tains bothT50 pairs andT51 pairs at the same spinI, the
presence of theT50 pairs preventsE1 from decreasing very
much.

C. Pair potential

The pair potential has a matrix representationD i j . It is
therefore convenient to define various ways of characteriz
the average properties of this matrix. Each pair mode is
scribed by a submatrix ofD. Consider the average of th
‘‘diagonal’’ elements for each submatrix ofD

D̄pp̄
(1)

5D̄nn̄
(1)

5
1

M (
K51

M

uDKp,K̄p
(1) u5

1

M (
k51

M

uDkp,k̄pu, ~3.1!

D̄pp̄
(2)

5D̄nn̄
(2)

5
1

M (
K51

M

uDKp,K̄p
(2) u5

1

M (
k51

M

uDkp,kpu50, ~3.2!

D̄pn
(1)5

1

M (
K51

M

uDKp,Kn
(1) u5

1

M (
k51

M

uDkp,knu, ~3.3!

D̄pn
(2)5

1

M (
K51

M

uDKp,Kn
(2) u5

1

M (
k51

M

uDkp,k̄nu. ~3.4!

The last sum in each of these equations considers a sub
trix of D in the uk&,uk̄& basis. They are related to the corr
sponding time-reversal even or odd component ofD ex-
pressed in theuK&,uK̄& basis. The 0 at the end of Eq.~3.2!
occurs becauseDkp,kp50 (D is antisymmetric!, although
Dkp,k8pÞ0 andDpp̄

(2)
Þ0 for vÞ0. A single average value o

D is defined as

D̄5
1

M (
k51

M

@ uDkp,k̄pu21uDkp,k̄nu21uDkp,knu2#1/2. ~3.5!

Figure 4 showsD̄. For theT51 pair band,D̄ decreases with
spin, and vanishes at spinI 526. For theT50 pair band,D̄
is approximately constant with spin, up toI 526. There is a
small bump atI 518, which will be explained below. AtI
50 the value ofD̄ is larger for theT51 pair band than for
the T50 pair band. This is primarily because forI 50 with
T50 pairs, only certain orbitals near the Fermi energy p
ticipate in the pairing~as described below!, so that the aver-
age D̄ includes some large terms and some zero ter
whereas forT51 pairs more orbitals participate in the pai
ing. For theT501T51 pair band,D̄ initially follows the
T51 pair band; then atI'5, D̄ is larger than for theT51
5-8
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T50 AND T51 PAIRING IN ROTATIONAL STATES OF . . . PHYSICAL REVIEW C 63 044325
pair band because bothT50 and T51 pairs coexist; and
finally for I .10, D̄ follows theT50 pair band.

The discussion above considers the matrix representa
of D in the spherical basisuk&. Alternatively, one can ex-
pressD in the canonical basisua& described in Sec. II C 1
Then the average value of the ‘‘diagonal’’ elements for ea
submatrix ofD are defined by

D̄pp̂5D̄nn̂5
1

M (
a51

M

uDap,âpu, ~3.6!

D̄pn5
1

2M (
a51

2M

uDap,anu, ~3.7!

where the sum in Eq.~3.7! includes the terms whereua&
5uâ&. A single average value ofD is defined as

D̄5
1

2M (
a51

2M

@ uDap,âpu21uDap,anu2#1/2. ~3.8!

FIG. 4. Average pair potentialD̄ for the T50 pair band, the
T51 pair band, and theT501T51 pair band.

FIG. 5. Average pair potentialD̄ for theT50 pair band and the
T51 pair band. The canonical basisua& is compared to the spheri
cal basisuk&.
04432
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Recall that in the canonical basisDap,ân50, so this term
does not contribute. Figure 5 showsD̄ for the canonical basis
ua& and compares it to the values for the spherical basisuk&.
The two bases give similar results forD̄.

Next we compare the time-reversal even and tim
reversal odd components of the pair potential. The aver
values of these components are defined in Eqs.~3.1!–~3.4!.
Figure 6 showsD̄pn

(1) and D̄pn
(2) for the T50 pair band. At

spin I 50 the pair potential is time-reversal invariant, so th
D̄pn

(2)50. However, as the spin increases, the time-reve

symmetry is broken, so thatD̄pn
(2) increases. AtI'18 there is

a sudden increase inD̄pn
(2) . ThenD̄pn

(2) is almost as large as

D̄pn
(1) , and it would clearly be impermissible to neglect th

time-reversal violation of the pair potential. This sudden
crease inD̄pn

(2) is reflected in the small bump atI'18 in the
T50 curve in Fig. 4.

Figure 7 showsD̄pn
(1) , D̄pn

(2) , and D̄pp̄
(1) for the T501T

51 pair band. At spinI 50 only D̄pp̄
(1) is nonzero, so there

are only pp̄ and nn̄ pairs. As the spin increases,D̄pp̄
(1) de-

FIG. 6. Average time-reversal even and odd components of

pair potentialD̄pn
(6) for the T50 pair band.

FIG. 7. Average time-reversal even and odd components of

pair potentialD̄pn
(6) and D̄pp̄

(1) for the T501T51 pair band.
5-9
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ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
creases andD̄pn
(6) increases. This figure shows that for th

spin intervalI 52 –10, there arenp pairs as well aspp̂ and
nn̂ pairs coexisting at each spin. AtI'10, D̄pp̄

(1) suddenly
becomes very small, and it vanishes atI'16.

Each Cooper pair has an angular momentumJ and isospin
T. The pair potential has spin and isospin componentsDJT ,
given by Eq.~2.69!. Figure 8 showsDJT for the T51 pair
band. As expected, at spinI 50 the monopole (J50) pairs
dominate, while theJ52 andJ54 pairs are much less im
portant. However, as the spinI increases, theJ50 pairs
decrease, whereas theJ52 andJ54 pairs increase. How
ever, at all spinsI the monopole pairing is the largest. AtI
526, theT51 pairs vanish, simultaneously for allJ.

The pair potentialDJT for theT50 pair band is shown in
Fig. 9. The conventional wisdom forT50 pairs is that the
most important value ofJ for a pair isJ51; although it is
sometimes stated that the dominant value is eitherJ51 or
J5Jmax52 j , where j is the nucleon spin. Figure 9 show
that neither of these typical assumptions is correct for80Zr.
At spin I 50 there are noJ51 pairs and noJ53 pairs. As
the spinI increases,J51 andJ53 pairs emerge, but thei

FIG. 8. Angular momentum components of the pair poten
DJ,T51 for the T51 pair band.

FIG. 9. Angular momentum components of the pair poten
DJ,T50 for the T50 pair band.
04432
strength remains relatively weak for spinsI<10. It is only at
spins I>20 that theJ51 pairs become strong. For ou
model space the 1g9/2 shell providesJmax59. There is a
large component ofJ59 pairs for allI. TheJ57 pairs exist
at all I, but are less important. The surprise which upsets
conventional wisdom forT50 pairs is that the greates
strength at all spinsI comes from theJ55 pairs.

Why are theJ55 pairs the most importantT50 pairs?
The reason is as follows. The orbitals which make the larg
contribution to the pair potentialD are the orbitals which are
closest to the Fermi energy. For theT50 pair band at spin
I 50, these are then and p 1 f 5/2 m565/2 orbitals, with
occupation probabilityv250.35, and then and p 1g9/2 m
565/2 orbitals, withv250.65. This identifies the four Coo
per pairs which are closest to the Fermi energy.~For spinI
50, all other pairs havev250 or 1, and do not contribute to
D.! Because the neutron and proton in each pair have
same space-spin orbital, each of these four pairs hasM5
65. Therefore these pairs haveJ restricted toJ55,7,9,
whereasJ51 andJ53 are forbidden. All four of thesef 5/2
pairs andg9/2 pairs can contribute to theJ55 pair mode, but
only the two g9/2 pairs can contribute to theJ57,9 pair
modes. The result is that theJ55 pair mode is dominant. O
course this result occurs because of the position of the Fe
energy in 80Zr, and the result could be completely differe
in otherN5Z nuclei.

Finally consider theT501T51 pair band. Figure 10
showsDJ,T51 and Fig. 11 showsDJ,T50 for this band. Ob-
serve that for the spin intervalI 52210 there are bothT
50 pairs andT51 pairs at each spinI coexisting in the
same wave function. For theT51 pairs, the monopole (J
50) pairs are largest. TheJ50 pairs decrease withI,
whereas theJ52 andJ54 pairs increase withI. At I'11,
the T51 pairs suddenly become very weak, simultaneou
for all J. There are noT50 pairs atI 50. However, atI
52 the T50 pairs emerge, with increasing strength asI
increases. ForI .10 theT50 pairs remain large, while the
T51 pairs are negligible. For theT50 pairs,J59 has the
greatest strength forI<10, whereasJ55 is largest forI
.10. It is interesting to compareDJ,T50 for the T50 pair
band~Fig. 9! andDJ,T50 for theT501T51 pair band~Fig.

l

l

FIG. 10. Angular momentum components of the pair poten
DJ,T51 for the T501T51 pair band.
5-10
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T50 AND T51 PAIRING IN ROTATIONAL STATES OF . . . PHYSICAL REVIEW C 63 044325
11!. For I<10 theT50 pair band hasJ55 largest, whereas
theT501T51 pair band hasJ59 largest withJ55 much
smaller. The presence of theT51 pairs in theT501T51
pair band has caused a reduction inDJ55, T50. The mecha-
nism for T51 pairs to affectT50 pairs is through the or
bital occupation probabilities. Each orbital can gain occu
tion probability through its participation in aT50 pair and
through its participation in aT51 pair. Therefore for each
orbital ua& the occupation isva

25va,T50
2 1va,T51

2 . Since 0
<va

2<1, and since the sum of the occupationsva
2 must be

constrained to equal the particle number, it follows that
increase inva,T51

2 might cause a decrease inva,T50
2 . This

mechanism can divert occupation probability fromT50
pairs toT51 pairs for the 1f 5/2 m565/2 orbitals, thereby
causing a decrease inDJ55, T50.

D. Moment of inertia

The static moment of inertia isI5^Jx&/v, where ^Jx&
5@ I (I 11)#1/2. It is shown in Fig. 12. TheT51 pair band

FIG. 11. Angular momentum components of the pair poten
DJ,T50 for the T501T51 pair band.

FIG. 12. Static moment of inertiaI versus rotational frequenc
v for the T50 pair band, theT51 pair band, and theT501T
51 pair band.
04432
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has a large backbend between spinsI 58 and I 514. The
spin I 510,12 states have not been found for this band.~This
sometimes occurs for HFB states in the middle of a ba
bend, as they may be unstable.! In contrast theT50 pair
band has no backbend, but only a slow increase in the
ment of inertia up toI 516, followed by a considerable de
crease at higher spins. This demonstrates howT51 pairs
andT50 pairs respond to rotation in a significantly differe
manner. TheT501T51 pair band coincides with theT
51 pair band atI 50 and joins theT50 pair band atI
511. It has a small backbend atI'11. If T50 pairing had
been omitted in this calculation, then the yrast line wou
simply follow theT51 pair band for allI, and the yrast line
would have a large backbend between spins 8 and 14
should also be observed that if a different HamiltonianH
would produce band-head energies so thatET50(I 50)
,ET51(I 50), then theT50 pair band would be lower in
energy than theT51 pair band for all spinsI. Then the yrast
line would coincide with theT50 pair band, and show no
backbend.

At spin I 50 the moment of inertia forT50 pairs is much
larger than forT51 pairs. The essential reason is obtain
from the Belyaev formula@28# for IBCS at I 50

IBCS52 (
ab.0

u^auJxub&u2

Ea1Eb
~uavb2ubva!2. ~3.9!

Isospin generalized BCS calculations atI 50 give IBCS(T
50)/IBCS(T51)52.04. The essential reason why the m
ment of inertia is larger forT50 pairs than forT51 pairs
comes from the factorf ab5(uavb2ubva)2. Let a5mz
designate the orbitalg9/2mz . Then the terms inIBCS with
(a,b)5(3/2,5/2) and (5/2,7/2)~and their time reverses! ac-
count for 84% ofIBCS(T50) and 76% ofIBCS(T51). The
ratio f ab(T50)/ f ab(T51) is 2.41 for (a,b)5(3/2,5/2) and
1.89 for (a,b)5(5/2,7/2), which accounts for the larg
value ofIBCS(T50). These ratios off ab are large because
for T51 pairs, all orbitals participate in the pairing and ha
partial occupation probabilitiesva

2 , so f ab is small; whereas
for T50 pairs atI 50, only themz565/2 orbitals partici-
pate in the pairing, so thatv3/2

2 51 andv7/2
2 50, and thesef ab

are large. Whereas the factorf ab greatly reducesI for the
T51 pair superfluid~whereJ50 is primary!, this is not so
for this T50 pair superfluid~whereJ.0), so thatIBCS(T
50)/IHF50.99. Rotating pairs withJ.0 is different than
rotating pairs withJ50.

E. Spin alignments

In this section we consider how rotatingT51 pairs and
T50 pairs generates the nuclear angular momentum. Fig
13 showŝ Jx&5@ I (I 11)#1/2, where

^Jx&5Tr@Jxr#52(
a

^auJxua&va
2 , ~3.10!

where ua& are the canonical orbitals, the sum includes t
terms withua&5uâ&, and the factor of 2 indicates that neu
trons and protons have identical orbitals and occupa

l
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probabilities. For theT51 pair band there is a large bac
bend with a sudden increase in the angular momentum
contrast theT50 pair band has a gradual increase in the s
with no backbend.

Which nucleons are responsible for generating the nuc
spin? Figure 14 shows the contributions to the nuclear s
generated by different shells for theT51 pair band. Thep f
shells have a very small contribution to the spin. Almost
of the angular momentum originates from theg9/2 shell. This
figure also shows the contribution tôJx& from two g9/2

pairs, i.e., onenn̂ pair and onepp̂ pair, where the orbitals are
canonical orbitals. Since the space-spin wave functions
thenn̂ pair are identical to those of thepp̂ pair, the two pairs
have identical responses to rotation at each spinI. At I 513
the total ^Jx&513.49 while these two pairs havêJx&
515.35. All of the other orbitals actually combine to have
negative contribution to the spin. The maximum^Jx& for one
g9/2 pair is 9/217/258, so that the maximum spin for tw
pairs is 16. This suggests that atI 513 these two pairs hav
come close to their maximum possible spin alignment. AI
50 each pair has antiparallel nucleon spins aligned along

FIG. 13. Angular momentum̂Jx& versus rotational frequencyv
for the T50 pair band, theT51 pair band, and theT501T51
pair band.

FIG. 14. Angular momentum contributions from different she
for the T51 pair band.
04432
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z deformation symmetry axis, whereas atI 513 each pair has
almost parallel nucleon spins aligned along thex rotation
axis. This is the rotational realignment effect@29#.

This conjecture is confirmed by considering the sp
alignment̂ auJxua& for eachg9/2 neutron canonical orbital in
thenn̂ pair, shown in Fig. 15. The proton spin alignments
the pp̂ pair are identical to the neutron spin alignments.
high spins these orbitals have spin alignments which are v
close to the values for completely alignedg9/2 orbitals. At
I 513, the first orbital in a pair has a 98.5% overlap with t
Jx eigenstateug9/2mx59/2&, and the second orbital in a pa
has a 94.3% overlap with theJx eigenstateug9/2mx57/2&.
This confirms that in the backbend of theT51 pair band,
two g9/2 neutrons and twog9/2 protons are realigning thei
spins along thex rotation axis.

Now consider the spin alignments in theT50 pair band.
Figure 16 shows the contributions to the nuclear spin fr
different shells. Thep f shells make a very small contributio
to the spin. Almost all of the angular momentum comes fro
theg9/2 shell. This figure shows the contribution to^Jx& from
two g9/2 np pairs, where then andp in a specific pair have

FIG. 15. Spin alignments for each orbital in the rotation align
g9/2 pairs for theT51 pair band.

FIG. 16. Angular momentum contributions from different she
for the T50 pair band.
5-12
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identical canonical orbitals. Therefore then andp in a given
pair respond to rotation in an identical manner. AtI 513 the
total ^Jx&513.49 while these two pairs have^Jx&514.32.
All of the other orbitals combine to have a negative con
bution to the spin. AtI 513 these twoT50 pairs have a spin
alignment which is not far from the maximum possible val
of 16, and only 1\ less than the spin of theT51 pairs atI
513. At I 50 each pair has parallel nucleon spins align
along thez deformation symmetry axis, whereas atI 513
each pair has parallel nucleon spins aligned along thex ro-
tation axis. This is a rotational realignment effect.

The spin alignment̂auJxua& for the g9/2 neutron canoni-
cal orbital in each of the twonp pairs is shown in Fig. 17
The proton spin alignments are identical to the neutron s
alignments. At high spins these orbitals have spin alignme
which are near the values for alignedg9/2 orbitals. At I
513, the n and p orbitals in the first pair have a 90.5%
overlap with theJx eigenstateug9/2mx59/2&, and then andp
orbitals in the second pair have a 90.4% overlap with theJx
eigenstateug9/2mx57/2&. These orbitals are substantially, b
not completely, aligned. This confirms that in theT50 pair
band, twog9/2 neutrons and twog9/2 protons are realigning
their spins along thex rotation axis. However, the spin align
ments in theT50 pair band do not produce an upbend
backbend in the moment of inertia. It is sometimes sta
that an energy spectrum without an upbend or backbend
not contain spin alignments. However, this analysis dem
strates that the absence of an upbend or backbend in
moment of inertia does not imply the absence of spin ali
ments for aT50 pair band.

F. Delayed alignments

A new experiment on80Zr has identified states up toI
512 @30#. At low spins the experimental energies are ve
close to the HFBT51 pair band, and at higher spins th
experiment shows a slowly rising moment of inertia, with
backbend or upbend. Since82Zr and 84Zr have upbends
caused byg9/2 alignments at spins belowI 512 @31#, the 80Zr
spectrum is anomalous, and has been characterized as

FIG. 17. Spin alignments for each orbital in the rotation align
g9/2 pairs for theT50 pair band.
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layed alignment.~Similar delayed alignments have been o
served in theN5Z nuclei 72Kr and 76Sr @32#.! The HFBT
51 pair band andT50 pair band were completed before
became aware of this80Zr experiment. The HFB yrast ban
(T501T51 pair band! is not similar to the experimenta
band. Although this HFB calculation does not explain t
80Zr experiment, it offers one ingredient of a possible exp
nation. It shows that forT50 pairing in 80Zr, there areg9/2
spin alignments with no backbending or upbending. In co
trast, forT51 pairingg9/2 alignments produce a large bac
bend. Because the experimental spectrum does not ha
backbend or upbend, it does not follow that there are no s
alignments.

It has been shown that a small neutron excess weaken
T50 pair mode relative to theT51 pair mode@33#. There-
fore it is possible that for neighboring isotopes such as82Zr
or 84Zr theT50 pairing might be sufficiently weakened th
the T51 pair band remains lower in energy than theT50
pair band until a spin which is much higher than 5\. It is
also possible that theT50 pair band does not exist for thes
isotopes. In these scenarios, the yrast band of these isot
would follow theT51 pair band, and the yrast band wou
then probably have a backbend between spins 8 and 14

G. Deformation

The quadrupole deformation parametersb and g are
shown in Figs. 18 and 19. The convention is thatg560° is
oblate collective andg5260° is oblate noncollective. At
spin I 50 all of the bands have a prolate axially symmet
shape. Rotation introduces a small amount of triaxiality.
low spins theT50 pair band andT51 pair band have very
similar deformations. Even at high spins the two bands h
deformations which are not dramatically different.

IV. CONCLUSIONS

HFB calculations for80Zr find a ground state band with
T51 pairing and an excited band withT50 pairing. The
bands cross at spinI'5\, providing a ‘‘phase transition’’
from T51 pairs forI ,5\ to T50 pairs forI .5\. There is
also aT501T51 pair band, which forms an envelope

FIG. 18. Quadrupole deformation parameterb for theT50 pair
band, theT51 pair band, and theT501T51 pair band.
5-13
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ALAN L. GOODMAN PHYSICAL REVIEW C 63 044325
the T51 pair band and theT50 pair band. In this band
there is a more gradual transition fromT51 pairs atI 50 to
T50 pairs at high spins, withT50 pairs andT51 pairs
coexisting at intermediate spins.

FIG. 19. Quadrupole deformation parameterg for theT50 pair
band, theT51 pair band, and theT501T51 pair band.
s.

l.

t.

04432
The Coriolis antipairing effect breaks theT51 pairs, but
there is no CAP effect forT50 pairs in which then andp
occupy identical space-spin orbitals. TheT51 pair band
backbends and hasg9/2 spin alignments. Even though theT
50 pair band does not backbend or upbend, it still hasg9/2
spin alignments. This demonstrates that if a rotational b
does not have a backbend or upbend, it does not necess
follow that there are no spin alignments. The dominant p
angular momentum for theT50 pair band isJ55, not J
51 or J5Jmax59, as was expected. In theT51 pair band
the lowest quasiparticle energy vanishes atI'6. However,
for the T50 pair band the lowest quasiparticle energy
approximately constant with spin, and does not vanish.
rotatingN5Z5 even nuclei,T50 pairing produces a two
fold degeneracy in the canonical orbital occupation proba
ity v2, althoughT51 pairing produces a fourfold degen
eracy inv2. Rotation induces a significant breaking of tim
reversal symmetry in the pair potential.
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