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Pairing correlations in high-K bands
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The tilted axis cranking model is used in combination with the random phase approximation and particle
number projection to analyze the influence of dynamical pair correlations in the high-K bands of178W and
their effect on relative energy and angular momentum. The calculations show the importance of dynamical pair
correlations to describe the experiment as well as advantages and problems with the different models in the
superfluid and normal state regions.
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I. INTRODUCTION

The transition of a nucleus from the superfluid to norm
state at high angular momentum is an interesting prob
that is studied by means of moderng-detector arrays. Con
trary to the analogous transition in solids, in the finite nucl
system there is no sharp phase change but an extended
sition region within which pairing effects disappear. T
most rapid attenuation of pair correlations is caused by q
siparticle excitations, i.e., breaking of pairs. This case is
alized in deformed nuclei when a large fraction of the an
lar momentum is generated along the symmetry axis of
nucleus. These states may appear as high-K isomers near the
yrast line. Hence, the experimental data on high-K isomers
and the rotational structures built on those states con
valuable information about the pair correlations and h
they are influenced by the rotation.

The theoretical analysis of high-K band structures pre
sented in this paper is based on the tilted axis crank
~TAC! model @1#, which is a mean field approach for de
scribing both the rotation and pair correlations in the fram
work of the Hartree-Fock-Bogoliubov~HFB! theory. In fact,
the TAC model has already been applied to the high-K mul-
tiquasiparticle bands in178,179W @2#. There, only the effects
of static pair field have been considered. The central aim
our present investigation is studying the role ofdynamical
pair correlations. For this purpose we apply the rand
phase approximation~RPA! to the pairing interaction, which
includes the fluctuations of the pair field. The fluctuations
particularly important when the static pair field has c
lapsed. Their relevance is suggested by the results of R
@2,3# for 178,179W as well as in the earlier investigations
the pair correlations of other high-K band head states@4#.

The combination of the HFB theory with RPA does n
provide a reliable description in the region where the pair
gap disappears@5#. There the particle number projectio
method~PNP! works better@3,6#. Therefore, both the RPA
and PNP methods are considered and compared with
other.

The paper is organized as follows. In Sec. II we deve
TAC versions which include pairing RPA or PNP. Details
the calculations are given in Sec. III. The results of the c
culations of high-K bands in178W are presented in Sec. IV
and compared with the experiment@7#.
0556-2813/2001/63~4!/044311~12!/$20.00 63 0443
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II. THE MODEL

A. Mean field

Our investigations are based on the single parti
Routhian@1# of the TAC model complemented by a mon
pole pair interaction term

H85t1V~«n!2v~sinq j 11cosq j 3!2GP†P2lN̂,
~1!

whereP† denotes the monopole pair field operator@5# andN̂
is the particle number operator. For simplicity the terms
written only for one kind of particle.

Replacing inH8 the pairing two-body term by the pai
potential one obtains the quasiparticle Routhian

h85t1V~«n!2v~sinq j 11cosq j 3!2D~P†1P!2lN̂.
~2!

The diagonalization ofh8 ~for details see Ref.@5#! provides
the quasiparticle energiesei8(v) as well as the HFB ampli-
tudes (u,v), required later on for the RPA and PNP calcul
tions. In order to define a quasiparticle stateu & for a specific
configuration the occupation numbers need to be chosen.
self-consistent treatment ofh8 implies determining the pair
gapD from the HFB gap equation

G^P†&5D ~3!

and fixing the chemical potentiall by the particle number
condition

^N̂&5N. ~4!

These conditions remain valid for the RPA but they will b
modified for the PNP approach~see Sec. II C!. The HFB part
of the total Routhian becomes

RHFB5^H8&1lN. ~5!

In order to determine the deformation parameters«n we have
constructed the total Routhian surface~TRS! using the stan-
dard Strutinsky renormalization procedure as described,
in Refs. @8,9#. As shown in Ref.@10# the essential shell-
correction partEstrut(«n) of the TRS can be calculated for
©2001 The American Physical Society11-1
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D. ALMEHED, S. FRAUENDORF, AND F. DO¨ NAU PHYSICAL REVIEW C 63 044311
nonrotating and unpaired ground state. The contribution c
taining the dependence on rotation and pair field enters
the quasiparticle Routhian, Eq.~5!. Hence, the total Routhian
can be written as

R~v,«n ,D,l,q!5Estrut~«n!1RHFB~v,«n ,D,l,q!. ~6!

B. Pairing RPA

So far only the mean field part of the pairing energy h
been taken into account. Now we include the pair correlat
energy, which comes from quantum vibrations around
mean field minimum. The RPA treatment of the pair intera
tion gives the following expression for the correlation ener
@3#:

Ecorr
RPA5

1

2 F(
n

Vn2(
m

EmG1Eex, ~7!

whereVn are the RPA frequencies for the pair vibration
Em5ei1ej (m5 i , j ) are the two-quasiparticle energie
and Eex is the so-called boson exchange term. The to
Routhian is the obtained from Eqs.~6!,~7! as

RRPA~v,«n ,D,l,q!5R~v,«n ,D,l,q!

1Ecorr
RPA~v,«n ,D,l,q!. ~8!

Due to the large number of RPA roots in deformed nucle
is practically impossible to evaluate the sum in Eq.~7! di-
rectly @3,6#. However, it can be calculated by means of t
integration method developed recently@11#, which is espe-
cially simple for pairing interaction. It uses the RPA r
sponse functionF(V) ~see Refs.@3,5#!, which reads explic-
itly for our case

F~V!5S 2G(
m

Sm
12

Em

Em
2 2V2

21D S 2G(
m

Sm
22

Em

Em
2 2V2

21D
2S 2GV(

m

Sm
1Sm

2

Em
2 2V2D 2

, ~9!

where

Sm
65

1

A2
(

k
$~ukiuk̄j6vk jv k̄i !2~uk juk̄i6vkiv k̄ j !%

~10!

andu,v are the HFB amplitudes. The zeros of the functi
F(Vn) determine the RPA frequenciesVn . Continuing the
variableV into the complex planez, one defines the spectra
function F8(z)/F(z). It has first order poles atVn and Em
and it is analytical for all other complex values ofz. Accord-
ing to Cauchy’s theorem the following integral relation
obtained:

1

2p i RC
dzg~z!

F8~z!

F~z!
5(

n
g~Vn!2(

m
g~Em!, ~11!
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whereg(z) is an arbitrary complex function which is ana
lytical within the region enclosed by the integration pathC.
The rootsVn and the polesEm of F(z) lie in the same
region. By choosingg(z)5z the RPA correlation energy~7!
becomes

Ecorr
RPA5

1

4p i RC
dzz

F8~z!

F~z!
1Eex, ~12!

where the integration pathC goes around the right half of th
complex plane. The exchange term is given by

Eex5
G

2 (
m

~Sm
12

1Sm
22

!, ~13!

as in Ref.@3#. The integral in Eq.~11! is independent of the
pathC as long as all poles in the positive plane are enclo
~see Fig. 1!. ThereforeC can always be chosen in such a w
that the spectral function becomes smooth and the inte
tion numerically stable, such that a small number of g
points can be used in the integration.

The RPA correction to the angular momentum opera
@12#

Jr
(2)5 (

i j ,kml
j km
r ~ukium j2vkivm j!bil

†bjl , ~14!

gives us the RPA contribution̂Jr
(2)(Vn)& of the RPA solu-

tion Vn , wherej km
r are the single particle matrix elements

the angular momentum componentsr 5x,y,z and the term
bil

†bjl is the boson image of the two quasiparticle scatter
contribution of the angular momentum operator. By cho
ing the weight functiong(z)5^Jr

(2)(z)& in the integral~11!
the corresponding RPA contribution toJr can be calculated
too.

It should be pointed out that Eq.~7! takes into account
also the contribution from possible spurious modes. In
paired caseD.0 the functionF(z) has a root atz50. This
does not cause a problem for the integration since the fa
z in the integrand in Eq.~12! cancels this pole. After the
transition toD50 the spurious mode disappears.

The above described method can be straightforwardly
plied to obtain the correlation energy of theK50 ground
state band. The RPA for the excited configurations of
high-K bands needs special care concerning the selectio
the ‘‘physical’’ phonon modes from the full RPA spectru
6Vn which implies positive and negative frequencies. T

FIG. 1. A schematic picture of the integration contour~dashed
line! in the complex plane. The rootsVn and polesEm of F(z) are
marked with crosses.
1-2
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PAIRING CORRELATIONS IN HIGH-K BANDS PHYSICAL REVIEW C 63 044311
general criterion is to select from the pair of roots6Vn the
one with the positive normalization. Such an identification
trivial for the ground configuration because there allVn.0
have positive normalization. However, for excited config
rations the normalization check has to be done explici
Since the excited configurations under study are still clos
the ground configuration the search for the possible phys
phonons withVn,0 can be confined to a narrow energ
region of a few MeV above zero. For this region the sum~7!
is directly evaluated whereas for the higher lying part
loop integration is done. We mention that the correlat
energy is also for excited configurations a negative~gain!
term the value of which depends on the rotational freque
as well as on the configuration under study.

In calculating the RPA contribution to the angular m
mentum components by means of Eq.~14!, we observed tha
for some phononsVn the backward going amplitudes be
come so large that the underlying quasiboson approxima
~QBA! of the RPA is no longer valid. This happens in e
cited configurations near instabilities of the static pair fie
which occur when two configurations with differentD cross
each other. Examples are the bandsK57,15 ~neutron pair-
ing! andK515,22~proton pairing!, which will be discussed
in Sec. IV B. For the low lying RPA solutions we chec
explicitly whether the QBA condition̂nubil

†bjl un&!1 is sat-
isfied or not. We exclude roots witĥnubil

†bjl un&.0.1 from
the sum~14!.

This procedure may be justified as follows. In the e
tended boson approximation~EBA! @13,14# the nonzero term
^nubil

†bjl un& is approximatively taken into account by an
erative process. The relevant effect of the EBA as compa
to QBA is a strong reduction of the backward going amp
tudes @14#. A full EBA treatment is too demanding for
realistic calculation such as ours. Instead we use the ro
approximation that the backward going amplitudes
quenched in the cases when QBA is not valid, i.e.,
^nubil

†bjl un&.0.1 the roots are removed from the sum~14! of
the RPA correction. These roots would give a very lar
~several units of\) contribution to the angular momentum.
they are included,JRPA changes very rapidly near the cros
ings between configurations with differentD. It is known
that the cranking model is unreliable near such crossin
where it seems justified to resort to only a rough correct
of the QBA, which results in a smooth reasonable funct
JRPA(v).

C. Particle number projection

The above treatment of the dynamical pair correlations
combining the HFB and RPA methods does not work
D→0. Another approximate method to include the dynam
cal pair correlations is the particle number projection~PNP!
@3,5#. In the PNP approach a variational stateuN& with good
particle numberN is formed by applying the projection inte
gral

uN&}E
0

2p

df e2 if(N̂2N)u& ~15!
04431
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to a TAC eigenstateu & of the quasiparticle Routhianh8, Eq.
~2!. Number projection accounts for gauge angle fluctuatio
of the pair field on a circle in the complex plane (De2 if)
with the radiusD, but disregards radial fluctuations.

The PNP energy function to be minimized is the expec
tion value

RPNP~D!5^NuH8uN&1lN ~16!

calculated with the projected stateuN&, Eq. ~15!. We do not
perform a full variation of the HFB amplitudes of the refe
ence stateu & but minimize the energy~16! only with respect
to the variable gap parameterD. The minimization of Eq.
~16! in PNP replaces the self-consistency condition~3! for
calculatingD in the HFB approach. Compared to the se
consistent pair gap~denoted byDHFB in the following! of an
unprojected quasiparticle state, the pair gapDPNP optimizing
the projected Routhian~16! is generally larger and stays non
zero through the phase transition region.

In the HFB variant of TAC, the constraint^N̂&5N adds
an additional dimension to the system of nonlinear equati
given by Eq.~3! and the minimization with respect to«n and
q. Performing the PNP the above condition is automatica
satisfied. Insteadl becomes another variable parameter
the Ritz variational problem, which is to be determined
minimizing the Routhian. However, the minimum practica
coincides with the solution of Eq.~4!, as illustrated in Fig. 2.
This has the advantage that in the vicinity of the minimu
the energy does not change very much. Thus the errors
main small if the minimum inl is not exactly found@or Eq.
~4! is not exactly solved#. Keepingl fixed greatly simplifies
the actual calculation. However, one has to be careful
fixing l does not affect the general properties of the confi
ration too much. As will be discussed in the Appendix, n
glecting the exchange term of the interaction may lead
problems in calculating the projected energy. Unlike the u
projected HFB functionu &, the projected wave function~15!
is not stationary. This may lead to problems that will
discussed in Sec. II D.

FIG. 2. Particle number expectation value in the unprojec
case^N&, and the total energy in the projected caseEPNP as func-
tions of l. This example corresponds to the yrast neutron confi
ration atv50.4 ~MeV!. The correct particle number^N& is repre-
sented by a horizontal dot-dashed line.
1-3
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D. Energy minimum in q

Since the shell correction part in total RouthianR, Eq.~6!,
does not depend on the tilt angleq one has

]R

]q
5

]

]q
^h8&5 K ]h8

]q L 12K Uh8
]

]q U L . ~17!

The term^uh8(]/]q)u& vanishes becauseu & is a stationary
eigenstate toh8. Hence, the derivative of the Routhian b
comes

]R

]q
5 K ]h8

]q L 52v~cosq^J1&2sinq^J3&!52vJ' .

~18!

Thus, the requirement]R/]q50 for the minimization is cas
into the conditionJ'50. In other words,vW and JW must be
parallel @1#.

In the case of particle number projection, the stateuN& is
not an eigenstate toh8 and Eq.~18! is not strictly valid. The
energy minimum will no longer exactly agree with the co
dition of parallelity, which is the condition for uniform rota
tion. In the PNP calculations the minimum conditio
]R/]q50 needs to be fulfilled even ifJ'50 is not satisfied.

We generally found small differences (0°210°) between
the values ofq obtained from the conditionJ'(v)50 and
the energy minimum. Substantial deviations appear in
gions of band crossings, where the cranking model is un
liable @15# anyway, and sometimes close to the band hea

III. DETAILS OF THE CALCULATIONS

We use the modified oscillator model with deformatio
«2 , «4 and standard Nilsson parameters@16#. The high-K
bands in nucleus178W are found to be axially symmetri
configurations. The tilt angleq is the angle between th
symmetry~three!axis and the rotational axis. The Strutinsk
part Estrut(«n) of the TRS, Eq.~6! is obtained practically by
including eight oscillator shells for protons and neutrons,
spectively. For calculating the quasiparticle termRTAC , Eq.
~5!, it is sufficient to consider only a few shells around t
Fermi surface. We included in the diagonalization of t
quasiparticle Routhian the fourN shells closest to the Ferm
surface. It is important to follow a certain quasipartic
configuration when seeking the minimum
R(v,«2 «4 ,D,l,q). This is achieved by ‘‘diabatic tracing.’
When changing one of the parameters determiningh8 the
overlap of the quasiparticle wave functions with the on
before the step is calculated. By looking for the maxim
overlap a one-to-one correspondence between the quas
ticle states is established. Figure 3 shows a quasiparticle
gram constructed in this way by using the step sizeDv
50.05 MeV,Dq55°. Keeping the occupation of such d
abatic quasiparticle trajectories one usually follows a qu
particle configuration of a given structure. Problems may
pear near quasicrossings similar to the ones in Fig. 3 wh
the configurations are mixed up.

We have used two different strategies for finding t
minimum with respect toD andq for different v.
04431
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~1! ~a! Construct the configuration forD50. Choose a
reasonable start valueqS for differentv. ~b! Find minimum
in q by tracing diabatically for fixedD. ~c! Find minimum in
D by tracing diabatically for fixedq. ~d! Iterate by returning
to ~b! until total minimum is found.

~2! ~a! Construct the configuration for the band head fo
guessedD. ~b! Find minimum forD. ~c! Go to the nextv
point with fix D, tracing diabatically.~d! Vary D andq as in
~1!b–~1!d. ~e! Iterate by returning to~c!.

Usually~1! is better to work with because the minimum
q does not change much when pairing is added. Strategy~2!
is more appropriate for the ground configuration, becaus
has no counterpart in the case of zero pairing.

The equilibrium shape of178W turned out to be rathe
stable. The deformation differs by less than 5% betwe
different band heads~see Ref.@17#!. We also found that the
deformation changes very little within the bands. Thus,
adopted the fixed deformations«250.229 and«450.034
calculated for the ground state. These values were used
all bands exceptKp5251. This band contains ah9/2 aligned
proton, which drives the equilibrium values to«250.255 and
«450.038. The relative energy of the bands is sensitive
the strength of the pairing forceG @17#. In our calculations,
G was fixed to match the values of the even-odd mass
ferences as calculated with PNP@18#:

Dn51.15 MeV→Gn50.093 MeV,

Dp51.23 MeV→Gp50.121 MeV.

In the PNP calculation the value ofl is determined for
each configuration atv50.4 ~MeV! by minimizing R(l)
and kept constant for each configuration. In RPA and H
calculations,l is adjusted according to Eq.~4! for each con-
figuration andv, because the HFB energy is much mo
sensitive to this parameter.

FIG. 3. A quasiparticle diagram. The lines are connected
diabatic tracing, i.e., by finding the largest overlap between
points of two successive values ofv. Solid lines correspond to
quasiparticles with positive parity while the dot-dashed ones ha
negative parity. Two quasicrossings are marked with double arro
1-4



th
nd
e
(

ak
s
e

ow
ra

io

, a
p

-

ith

a

o a
ay

al-

the

en
tate
e
rgy

s

en
s

PAIRING CORRELATIONS IN HIGH-K BANDS PHYSICAL REVIEW C 63 044311
IV. RESULTS

The configurations of the consideredK bands are listed in
Table I. They are in accordance with Ref.@7#. The following
presentation is divided into two parts. The first part treats
cases where HFB gapDHFB has collapsed already at the ba
head (Kp5251 and 301) while the second comprises th
cases where the pair field has transitional characterKp

572, 151, and 222).
For a given configuration, there is usually only a we

systematic reduction ofD whenv increases. It only change
substantially when a pair of protons or neutrons becom
aligned at a band crossing in a configuration with a l
number of excited quasiparticles. For example, in the y
band there is a drastic decrease ofDn through the crossing
region atvc'0.3. It is well known@15# that the cranking
model has problems close to a band crossing. In this reg
the different strategies~see Sec. III! of optimizing the mean-
field parameters can result in different configurations and
a consequence, in different self-consistent values of the
rameters. In our TAC calculations forK bands, we observed
the general tendency that the tilt angleq increases monotoni
cally from 0° at the band head to a value close toq590° at
highest frequency. In some cases there is a decrease inq at
high v(.0.5), which can be related to the crossing w
other configurations.

A. KpÄ25¿ and 30¿

In these eight-quasiparticle configurations the static p
field has disappeared (DHFB50). The pair correlations are

FIG. 4. DPNP as a function ofv for neutrons in theKp5251

and 301 bands. Note, in these casesDHFB50.

TABLE I. Occupied orbitals (Vp) of the multiquasiparticle
excitations (Kp). The quasiparticle configurations are tak
from Ref. @7#. Complete assignment: Neutron
5/22@512#,7/21@633#,7/22@514#,9/21@624# and protons
1/22@541#,5/21@402#,7/21@404#,9/22@514#,11/22@505#.

Kp Neutron configuration Proton configuration

72 n$7/21,7/22%
151 n$7/21,7/22% p$7/21,9/22%
222 n$5/22,7/21,7/22,9/21% p$7/21,9/22%
251 n$5/22,7/21,7/22,9/21% p$1/22,5/21,7/21,9/22%
301 n$5/22,7/21,7/22,9/21% p$5/21,7/21,9/22,11/22%
04431
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only of dynamical nature. One can expect the RPA to d
good job in describing them because one is sufficiently aw
from the critical region. As mentioned above, the PNP c
culation leads to a finite value ofDPNP which is 30% smaller
than the values in the ground state~see Figs. 4 and 5!. There
is a weak reduction towards higherv within each band.

1. Routhians

Experimental Routhians are calculated by means of
standard expressions given, e.g., in Ref.@19#. In order to
remove the steep decrease ofR(v) a term 30 MeV21v2 is
added to allR values, which makes the differences betwe
the various curves better visible. The calculated ground s
energyRg.s. (v50) is set to zero for all calculations and th
experiment. The PNP and RPA calculations give an ene

FIG. 5. DPNP as a function ofv for protons in theKp5251 and
301 bands. Note, in these casesDHFB50.

FIG. 6. The energies in the rotating frameR(v) relative to the
ground state for theKp5251 ~upper! andKp5301 ~lower! bands.
A term of 30v2 is added to theR values. The experimental value
are taken from Ref.@7#.
1-5
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gain relative to the HFB results. Due to the blocking effe
this gain is normally smaller in the excited states than in
ground state. As a consequence the energy relative to
ground state gets larger for RPA and PNP than for H
calculations. This systematic tendency is substantiated by
examples to be shown.

For the Kp5251 band the RPA yields a substantial
better agreement with experiment than PNP~see Fig. 6!. The
larger discrepancy for theKp5301 may reflect some inac
curacy of single particle levels. Although the HFB calcu
tion gives a good estimate of the angular momentum@2# it
underestimates the relative energy of the bands. The r
tional frequency of the band head is also quite well rep
duced by RPA and PNP.

In Fig. 7 the energy differences between the paired~PNP
or RPA! and unpaired calculation~Hartree-Fock! are shown.
They characterize the effect of the pair correlation onto
energy. We can see that the RPA gives a larger pair corr
tion energy than PNP in accordance with Ref.@20#. This
indicates that the RPA is a better approximation than PNP
the DHFB50 regime. One notices that the correlation ene
is only weakly reduced by rotation.

2. Angular momentum

The investigation@2# demonstrated that the angular m
mentum and the dynamical moment of inertia of178W can be
understood by assuming that the nucleons move in a rota
mean field with no pairing. The strong reduction of the m
ment of inertia as compared to the rigid body1 value is due to
the nuclear shell structure~see Ref.@2# and Sec. IV C!. As
seen in Fig. 8, the inclusion of dynamic pair correlatio
does not change this result. Note that a linear term has b
subtracted so that the differences between the curves are
siderably magnified.

1This limit is referred to as the rotational spectrumE(I )
5Arig@ I (I 11)2K2#.

FIG. 7. The total pair correlation energies in the rotating fra
Rpaired(v)2Runpairedfor Kp5251 and 301.
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All approaches reproduce the experimental dynam
moment of inertia (J (2)5dJ/dv) which is substantially be-
low the rigid body value. The differences of the functio
J(v) between paired and the unpaired calculations are o
marginal. The dynamical pair correlations do not change
angular momentum very much, but they do increase the
ergy difference between bands with a different number
blocked quasiparticles.

3. Branching ratios

In the TAC model, theB(M1) and B(E2) values are
calculated by means of the expressions

B~M1!5
3

8p
@sinq~J3p12.35S3p22.24S3n!

2cosq~J1p12.35S1p22.24S1n!#2 ~19!

and

B~E2!5
15

128p
~sinq!4Q0

2 , ~20!

whereJ, S, andQ0 are the expectation values of the angu
momentum, the spin and the quadrupole moment, res
tively, as calculated with the TAC states. It is common pra
tice to present the experimental branching ratios in the fo
u@(gK2gR)/Q0#(v)u, which is obtained assuming that th
strong coupling limit@21# is valid. We choose to display th

e

FIG. 8. Angular momentumJ(v) for Kp5251 and 301. A
term of 50v is subtracted from theJ values. The experimenta
values are taken from Ref.@7#. The RPA and HFB results practi
cally coincide in this picture.
1-6
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calculated branching ratios~which of course do not rely on
the strong coupling assumption! in the same way. The theo
retical ratios are obtained as

U~gK2gR!

Q0
~v!U5A 5

16
A 1

K2
2

1

J2
AB~M1!

B~E2!
, ~21!

where K, the value of the angular momentum at the ba
head, is kept constant andJ is the calculated value of th
angular momentum.Q0 is chosen as in Ref.@7#.

The theoretical and experimental ratios are given in F
9. Since the ratio depends strongly on the orientation of
proton and neutron angular momentum the good agreem
confirms our calculated geometry. The experimental err
of the branching ratios are too large to discriminate betw
the PNP and HFB calculation.

B. KpÄ7À, 15¿, and 22À

The Kp572, 151, and 222 bands are analyzed and pr
sented in the same way as theKp5251 and 301 bands.
These bands, which correspond to the excitation of two to
quasiparticles from theK50 ground configuration, have
reduced but nonzero static HFB pair field at the band he
The PNP is expected to be stable while the RPA can run
problems since one is close to the transitionDHFB→0.

Figures 10 and 11 show the calculated values ofD. The
values ofDPNP are similar to the ones for theKp5251 and
301 bands in Figs. 4 and 5, exceptKp572, for which the
protons remain in the ground configuration. For the t
quasineutron bandsKp572 and 151 the gapDn

HFB is re-

FIG. 9. The ratiou@(gK2gR)/Q0#(v)u for the Kp5251 and
301 bands. The experimental values are taken from Ref.@7#. Ob-
serve the different scales.
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duced strongly already at the band head and becomes ze
v'0.3 ~MeV!. These values indicate that the pair field
nearly instable, which causes problems to be discusse
Sec. IV B 2. ThoughDp

HFB is strongly reduced in the two
quasiproton configurationsKp5151 and 222 it changes
only weakly withv.

1. Routhians

Both the PNP and RPA calculations fairly well reprodu
the Routhians at highv. There, again the tendency is se
that the dynamical pair correlations enlarge the energy
tance between the bands. The exception is theKp5151 for
v.0.38 MeV. This discrepancy will be discussed in Se
IV B 2.

Figure 13 shows that the pair correlation energies
these lowerK values are larger and depend stronger on
rotational velocity than the ones in Fig. 7. The HFB1RPA
calculations cannot reproduce the backbend in theKp572

and 151 bands sinceDn
HFB50 for v.0.25 MeV. It is seen

FIG. 10. DHFB~gray! and DPNP~black! as a function ofv for
neutrons in theKp572, 151, and 222 bands.

FIG. 11. DHFB~gray! and DPNP~black! as a function ofv for
protons in theKp572, 151, and 222 bands.
1-7
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as the kink in Fig. 12 and the upbend of the PNP calculat
in Fig. 13. The erratic behavior of the PNP pairing energy
largev can be understood by the fact that the energy surf
has a shallow minimum and is therefore easily disturbed
structure effects caused by quasiparticle crossings. Mos
these crossings do not exist in the HFB1RPA calculations
becauseDn

HFB50. As a consequence,R depends more
smoothly onv, as the experiment does. We consider
fluctuations ofR as an error of the PNP approach, whi
mimics the dynamical correlations by a staticDPNP.

FIG. 12. The energies in the rotating frameR(v) relative to the
ground state for theKp572 ~upper!, 151 ~middle!, and 222

~lower! bands. A term of 30v2 is added to theR values. The ex-
perimental values are taken from Ref.@7#.

FIG. 13. The total pair correlation energies in the rotating fra
Rpaired(v)2Runpairedfor the Kp572, 151, and 222.
04431
n
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2. Angular momentum

As seen in Fig. 14, the calculations give reasonable ag
ment with the experiment. The neutron backbends in
Kp572 and 151 are not reproduced in the HFB1 RPA
calculation because the static pair gap collapses already
fore the backbend. This feature could be corrected by usin
somewhat larger pairing strengthGn . The PNP calculation
gives approximately the right value ofvc for the neutron
backbend but gives a slightly too low value ofJ(v) for the
Kp572 band.

In the Kp5151 band, all the calculations underestima
the angular momentum by;5\ after the backbend atv
;0.38 MeV. We assign this increase to a configurat
change caused by a crossing between ah9/2 proton orbital
and ah11/2 proton orbital. As a result aKp5191 band con-
tinues theKp5151 band. This crossing occurs at the samev
as the neutron crossing causing the normal backbend.
same proton crossing occurs in theKp5222 band atv
;0.48 MeV which continues as aKp5262 band. It is seen
in Fig. 14 as an upbend. The configurations of theKp

5191 and 262 bands are listed in Table II. The calculation
for the Kp572 band after the backbend also give a bit t
low angular momentum. It cannot be explained by the pro
crossing discussed. This may indicate that the missing an
lar momentum in theKp5151 and 222 bands has anothe
origin than that suggested above.

3. Branching ratios

The good agreement with experiment in Fig. 15 for t
Kp5151 and 222 confirms the geometry of our calculation

e

FIG. 14. Angular momentumJ(v) for Kp572, 151, and 222.
The RPA solution for theKp5191 ~middle! andKp5262 ~lower!
are added. A factor of 50v is subtracted from theJ values. The
experimental values are taken from Ref.@7#. The RPA and HFB
results practically coincide in this picture.
1-8
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Again, the large experimental errors of the branching ra
do not allow to distinguish between the PNP and HFB c
culations.

In the case of theKp572 band, the calculation withD
50 reproduces the branching ratios better. We consider
as accidental, because the presence of the upbend seen
I (v) curve of Fig. 14 is a clear indication of a finite pairin
gap for the neutrons. The protons are definitely in th
ground configuration with a nonzero gap. TheKp572 band
has smallB(M1) values compared to otherK bands. This is
expected because the normally dominating proton contr
tions to theB(M1) value~19! are small for the ground con
figuration and very sensitive to the size ofDp , It is largely
canceled by the negative neutron spin contribution. Hen
the resulting ratio is not reliable.

C. Comparison of all K bands

In Figs. 16–18 we compare the Routhians and the ang
momenta of differentK bands at a fixed frequencyv
50.45 MeV. TheK530 band is left out from the plots
since it starts at a higherv. The bands with different orien

TABLE II. The quasiparticle configurations used
the article are taken from Ref. @7#.
~Neutrons: 5/22@512#,7/21@633#,7/22@514#,9/21@624#, protons:
1/22@541#,7/22@523#,7/21@404#,9/22@514#.)

Kp Neutron configuration Proton configuration

191 n$7/21,7/22% p$1/22,7/22,7/21,9/22%
262 n$5/22,7/21,7/22,9/21% p$1/22,7/22,7/21,9/22%

FIG. 15. The ratiou@(gK2gR)/Q0#(v)u for the Kp572 ~up-
per!, 151 ~middle!, and 222 ~lower! bands. The thin full line~HF!
displays the caseD50 for comparison. The experimental values a
taken from Ref.@7#. Observe the different scales.
04431
s
l-

is
the

ir

u-

e,

ar

tation of JW have approximately the same energyR in the
rotating frame. Their energies in the laboratory frame fo
given value ofJ do not differ much as well. That is so
because the energy needed for generating angular mom
tum along the two principal axes 1 and 3 is nearly the sa
This feature, which is reflected by many bands with differe
orientation being close to the yrast line, is characteristic
the (N,Z) region where178W is situated.

In the upper and middle part of the 50–82 proton a
82–124 neutron shells there are many orbitals with higheV
values that strongly couple to the prolate deformed poten
whereas the low-V orbitals are occupied. Figure 19 show
the h11/2 orbitals as an example. For the high-V orbitals the
Coriolis coupling between states withV and V11, which
generate a contribution toJ1, is weak, because the energ
distance is large and the coupling matrix-eleme
(;Aj 22V2) is small. This is very different from the nucle
situated at the bottom of the shell. For the low-V orbitals the
energy distance is small and the coupling matrix elem

FIG. 16. The energies in the rotating frame relative to t
ground state as a function ofK for v50.45. TheK values plotted
are 0 (s band!, 7, 15, 22, and 25. The experimental values are ta
from Ref @7#.

FIG. 17. The angular momentum as a function ofK for v
50.45. TheK values plotted are 0 (s band!, 7, 15, 22, and 25. The
experimental values are taken Ref.@7#.
1-9
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large. Hence it is easy to generate a contribution toJ1. Thus,
the strong coupling suppresses the angular momentum a
ment along the collective one-axis, which causes the red
tion of the moment of inertia relative to the rigid body valu

On the other hand, it is energetically favorable to gener
a contribution toJ3, because there are many orbitals with
large uVu near the Fermi surface and it does not cost mu
energy to generate a particle-hole excitation with a largeK
5Vp2(2Vh). At the bottom of the shell these excitation
cost much more energy, because the orbitals with largeuVu
are far away. The net result is that at the beginning of
rare earth region the moment of inertia is larger than the r
body value and generating angular momenta along the t
axis is unfavorable. In theupper partof the region, the mo-
ment of inertia is smaller than the rigid body value and g
erating angular momenta along the one and three axi
equally favorable~see Refs.@2,22#!. The inclusion of pairing
does not change this conclusion.

Figure 18 shows theJ1 andJ3 components for differentK
bands calculated with HFB at a typical frequencyv50.45.
Within 62\, the componentJ3 is equal toK which means

FIG. 18. The angular momentum component along the one
three axis for differentK at v50.45 as calculated with HFB. TheK
values plotted are 0 (s band!, 7, 15, 22, and 25.

FIG. 19. The negative parity states in the 50–82 protons sh
The larger gaps between the levels in the upper part of the s
promote deformation alignment of angular momentum. The lev
are labeled with the asymptotic quantum numbers@Nnzml #V.
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that all bands are not far from the strong coupling regim
The largest deviation is found in theK515 band whereJ3

'17 atv50.45. This is an effect of the configuration mix
ing in the neutron system, which is induced by quasicro
ings in a region of high quasiparticle level density. The to
spin J is almost independent ofK, in accordance with the
discussion above. Generating the componentsJ1 and J3 of
angular momentum costs a comparable amount of ene
The slightly different behavior of theK525 band is due to
extra rotational alignment from the aligningh9/2 proton or-
bital, see discussion in Ref.@2#.

Summarizing our calculations concerning an improv
treatment of pairing we find that~i! the conclusions of earlie
work @2# can be confirmed and~ii ! the angular momentum
J(v) is insensitive to the pair correlations in the frequen
region after the first band crossing. This is at variance w
the results of Refs.@3,6# for low-K bands, where a reductio
of several units of angular momentum by the dynamical p
correlations was found. The reason is that the single part
orbits near the Fermi surface, which contribute most to
collective angular momentum, are blocked for the pair c
relation by generating the highK. The ratio u@(gK
2gR)/Q0#(v)u is also reasonably well reproduced whic
supports the calculated tilted geometry of our solutions.

V. CONCLUSIONS

We included dynamical pair correlations into the tilte
axis cranking approach in two different ways: The pairin
RPA method, which allows for harmonic vibrations on top
the HFB mean field, and the particle number projecti
which describes the dynamical correlations by an increa
static pair gap in conjunction with projection onto good pa
ticle number. We studied the high-K bands in178W by means
of both methods. As known from investigation of the ba
head energies@4#, the HFB approach tends to underestima
the energetic separation between the bands. Inclusion o
dynamic correlations improves the energy of bands with z
static pair correlations relative to each other and to the ba
with pronounced static pair correlations. When the static p
field is substantial we could not find a systematic improv
ment of the relative energy due to the dynamical pair cor
lation. This seems to be in contrast to the result forK50
bands in Refs.@3,6#.

The pronounced reduction of the moment of inertia
high-K bands relative to the rigid body value, seen in t
experiment, is not due to the pair correlations. It is caused
orbitals close to the Fermi surface which in the mid a
upper part of its shell is disfavoring the generation of angu
momenta perpendicular to the symmetry axis. It is typical
this region, that the generation of angular momentum alo
the symmetry axis by particle-hole excitation is equally
vorable as compared to the rotational alignment, i.e., col
tive rotation along the perpendicular axis~see Refs.@2# and
@22#!. The inclusion of pair correlations, both static and d
namic, does not significantly affect this feature of highK
bands, which is in contrast to low-K bands.

In bands where the static pair gap of the HFB treatm
has collapsed to zero the RPA method is simpler to use t

d

ll.
ell
ls
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PAIRING CORRELATIONS IN HIGH-K BANDS PHYSICAL REVIEW C 63 044311
PNP because there is no need to minimize the Routhian
respect to theD andl parameters. The pair gap introduce
in these PNP calculations causes irregularities in the en
and angular momentum which are due to quasiparticle b
crossings. The RPA method, which does not have th
crossings, describes the experimental results better. Thus
consider the irregularities appearing in PNP as an artifac
the approximation and RPA superior in this region. On
other hand, when the HFB mean field pair gap is reduced
not yet zero the RPA method has problems because o
deficiencies near the transition to zero pairing. In these ca
it turns out to be important to check the quality of the qu
siboson approximation when calculating the RPA contrib
tion to the angular momentum. The PNP method is m
stable in these cases.
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APPENDIX: THE ROLE OF THE EXCHANGE TERM
IN PARTICLE NUMBER PROJECTION

The HFB pairing energy is usually calculated in Hartr
approximation, i.e., neglecting the exchange term by fac
izing the pairing matrix element̂P†P&'^P†&^P&. This ap-
proximation is justified for the calculation of the pairing e
ergy contribution without PNP. However, it was recen
suggested@23# that the neglect of exchange terms in pe
forming PNP can lead to dangerous poles in the resul
total Routhian surface~TRS!. Such an unphysical behavio
of the PES was indeed found in our calculations and it w
traced back to the above mentioned factorization. For
sake of completeness we sketch the argumentation prese
in more detail in Ref.@23#.

Using in the construction of the PNP stateuN& ~15! and
the canonical~BCS-like! form @5# of the HFB stateu &, the

FIG. 20. The energiesEpair and theEpair
direct calculated forv

50.3 in theKp572 band withlN549.54. Both curves are nor
malized to zero atD50.4.
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number projected pairing energyEpair52G^NuP†PuN& can
be written as the sum

Epair5Epair
direct1Epair

exchange, ~A1!

where the direct term

Epair
direct52G^NuN&21E dwF (

k.0

2Pkk̄vkuke
iw

~uk
21vk

2e2iw!
G 2

^w50uw&

~A2!

and the usually neglected exchange term

FIG. 21. D determined fromEpair
direct and Epair , respectively, for

the Kp572 band, see also Figs. 4 and 10. There is only a sm
difference except atv50.5 where there is a pole in the energ
functionEpair

direct, see Fig. 20. These values ofD were found keeping
all other parameters constant at the self-consistent values fo
using the full projection.

FIG. 22. RouthiansR calculated withEpair
direct and Epair , respec-

tively, for the Kp572 band, see also Fig. 12. There is only
marginal difference between both Routhians where all other par
eters are kept constant at the self-consistent values found usin
full projection.
1-11
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Epair
exchange52G^NuN&21E dw

3(
km

2Pkm
2 vk

2vm
2 e4iw

~uk
21vk

2e2iw!~um
2 1vm

2 e2iw!
^w50uw&.

~A3!

These expressions contain the canonical BCS amplitu
uk ,vk of the quasiparticle state and the matrix elementsPkk8
of the pair operator in the canonical basis. The bracket

^w50uw&[Pk.0~uk
21vk

2e2iw! ~A4!

is the overlap function between gauge rotated quasipar
states.

One may encounter a zero denominator (uk
21vk

2e2iw) in
both energy terms~A2!,~A3!, e.g., foruk5vk and w5p/2.
This is because the double zero in the denominator canno
canceled by the corresponding single zero in the ove
^w50uw&, Eq. ~A4!. However, when summing up the tw
contributions~A2!,~A3! to the full pairing energyEpair such
unphysical poles do exactly cancel.

Our calculations confirm the conclusion that a reliab
calculation of the TRS with PNP has to be done with the f
expression. In Fig. 20 the full neutron energy is shown a
function of the neutron gap (D) and it is compared to the on
,

E.

y,

o,

.
ys

lis
d

ys
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where only the direct pairing energy term~A2! is taken into
account. The full energy has the expected parabolic sh
with the minimum whereas the curve of the direct term alo
displays an unphysical pole aroundD'0.6 MeV.

Such strange behavior does not happen often and usu
there is only a minor difference between the extractedD
value at the minimum for the full and direct energy~see Fig.
21!. Observables such as the energy are not strongly affe
by the exchange term except close to poles~see Fig. 22!.
With the full pairing energy, we obtain a minimum for
slightly differentD and, therefore, a differentG is needed to
match the experimentalD values. We found that aGp of
0.121 MeV instead of 0.119 MeV should be used for t
protons while theGn did not change when using the fu
expression for the pairing energy.

The probability of accidentally hitting a pole is not larg
but it happened a couple of times in our calculations. The
~see Fig. 20! of a pole can also affect the results and this
of course, much harder to detect. The energy surface ca
lated with only the direct term jumps when passing throu
the pole. This is because a pole has gone in~or out! to the
area in the complex plane around which we are integrat
The pole would turn into a step function if it was possible
perform the integration exactly. In order to avoid such u
physical one should generally apply the full expression of
PNP pairing energy.
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