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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 thekhiggmds of 18 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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|. INTRODUCTION Il. THE MODEL
A. Mean field

The transition of a nucleus from the superfluid to normal
state at high angular momentum is an interesting problem Our investigations are based on the single particle
that is studied by means of modefadetector arrays. Con- Routhian[1] of the TAC model complemented by a mono-
trary to the analogous transition in solids, in the finite nucleaiPole pair interaction term
system there is no sharp phase change but an extended tran- o ) N
sition region within which pairing effects disappear. The H'=t+V(s,)—w(sin®j;+cosdjs)—GPTP—AN,
most rapid attenuation of pair correlations is caused by qua- (D

siparticle excitations, i.e., breaking of pairs. This case is re- + o N
alized in deformed nuclei when a large fraction of the anguhereP" denotes the monopole pair field operd} andN
lar momentum is generated along the symmetry axis of thé® f[he particle number operator. For simplicity the terms are
nucleus. These states may appear as Kigsemers near the Written only for one kind of particle. _
yrast line. Hence, the experimental data on higlisomers Replacing in#’ the pairing two-body term by the pair
and the rotational structures built on those states contaiRPtential one obtains the quasiparticle Routhian
valuable information about the pair correlations and how | o ) N -
they are influenced by the rotation. h’=t+V(e,) — w(sindj;+cosdjz) —A(P'+P)—AN.

The theoretical analysis of high-band structures pre- 2)

sented in this paper is based on the tilted axis crankinq-he dia At / ; ;
o ) gonalization oh’ (for details see Ref5]) provides
(TAC) model[1], which is a mean field approach for de- the quasiparticle energies (w) as well as the HFB ampli-

scribing both the rotation and pair correlations in the frame-, :
work of the Hartree-Fock-BogoliuboHFB) theory. In fact, tudes (1,v), required later on for the RPA and PNP calcula-

r TRC i sy e St o o g (571 rler o e 0 ussarc s s spctc
tiquasiparticle bands it’®1"8 [2]. There, only the effects 9 P '

of static pair field have been considered. The central aim Ofself-con5|stent treatment &f |m_plles determining the pair
our present investigation is studying the role dyhamical gapA from the HFB gap equation

pair correlations. For this purpose we apply the random G(PT)=A )
phase approximatiofRPA) to the pairing interaction, which

includes the fluctuations of the pair field. The fluctuations are,ng fixing the chemical potential by the particle number
particularly important when the static pair field has col- congition

lapsed. Their relevance is suggested by the results of Refs.

[2,3] for 178173V as well as in the earlier investigations of (Ry=N. (4)
the pair correlations of other higk-band head statdg].

The combination of the HFB theory with RPA does not These conditions remain valid for the RPA but they will be
provide a reliable description in the region where the pairingmodified for the PNP approackee Sec. Il ¢ The HFB part

gap disappear$5]. There the particle number projection of the total Routhian becomes
method(PNP works better{3,6]. Therefore, both the RPA

and PNP methods are considered and compared with each Ryrs=(H')+\N. (5
other.

The paper is organized as follows. In Sec. Il we develogn order to determine the deformation parametersie have
TAC versions which include pairing RPA or PNP. Details of constructed the total Routhian surfa@&RS) using the stan-
the calculations are given in Sec. Ill. The results of the cal-dard Strutinsky renormalization procedure as described, e.g.,
culations of highk bands in'"8 are presented in Sec. IV in Refs.[8,9]. As shown in Ref[10] the essential shell-
and compared with the experimdTi. correction partEg,(&,) of the TRS can be calculated for a

0556-2813/2001/63)/04431112)/$20.00 63 044311-1 ©2001 The American Physical Society



D. ALMEHED, S. FRAUENDORF, AND F. DOIAU PHYSICAL REVIEW C 63 044311

nonrotating and unpaired ground state. The contribution con- Im z .o

taining the dependence on rotation and pair field enters vie - L LT R T
the quasiparticle Routhian, E@). Hence, the total Routhian ' Dol
can be written as

o, E i
R(wislnA!)\’ﬁ):EStrut(SV)+RHFB(wislnA’)\iﬁ)' (6) :

B. Pairing RPA

. . FIG. 1. A schematic picture of the integration contgdashed
So far on_ly the mean field part_of the pairing energy h_aﬁine) in the complex plane. The roof3, and polesE,, of F(2) are
been taken into account. Now we include the pair correlation,arked with crosses.

energy, which comes from quantum vibrations around the
mean field minimum. The RPA treatment of the pair interac\yhere g(z) is an arbitrary complex function which is ana-
tion gives the following expression for the correlation energylytical within the region enclosed by the integration p&th

[3]: The roots(), and the poless, of F(z) lie in the same
1 region. By choosing(z) =z the RPA correlation energir)
B =3| 2 v~ 2 Ey|+Eer (7 becomes
rea_ 1 d F'(2)
where ), are the RPA frequencies for the pair vibrations, o~ 271 Fe ZZI:(—Z)+Eer (12

E,=e+e (u=i<]j) are the two-quasiparticle energies,
and Eg is the so-called boson exchange term. The totalvhere the integration pat@ goes around the right half of the
Routhian is the obtained from Eq%),(7) as complex plane. The exchange term is given by

RRPA(w,s,,,A,)\,ﬁ)IR(w,s,,,A,)\,ﬁ)

G
Eemm > (S+S,), (13)
RP. 2 153 13
+EX N w,e,,A\,9). (8 E

as in Ref[3]. The integral in Eq(11) is independent of the
pathC as long as all poles in the positive plane are enclosed
(see Fig. L ThereforeC can always be chosen in such a way
that the spectral function becomes smooth and the integra-
tion numerically stable, such that a small number of grid
points can be used in the integration.

The RPA correction to the angular momentum operator
[12]

Due to the large number of RPA roots in deformed nuclei, it
is practically impossible to evaluate the sum in Ef). di-
rectly [3,6]. However, it can be calculated by means of the
integration method developed recenflyl], which is espe-
cially simple for pairing interaction. It uses the RPA re-
sponse functiorF({2) (see Refs[3,5]), which reads explic-
itly for our case

2
S

n
w =
2

EM—Q

51

F(Q)=

2GY,
o

2
S E
2G>, EZ’L_SZ—l Jﬁz):,,; jrkm(ukiumj_vkivmj)bilejla (14

wobEu

ij,kml

+ ~— 2

s's
260>, -~
m E#—Qz

gives us the RPA contributiof{?)((,)) of the RPA solu-
' 9 tion Q,, wherej, ., are the single particle matrix elements of
the angular momentum componemts x,y,z and the term
bﬁ b;, is the boson image of the two quasiparticle scattering
contribution of the angular momentum operator. By choos-
1 ing the weight functiorg(z)z(_\]ﬁz)_(z» in the integral(11)
s;:E Ek { (Uil Fvguig) — (Uk Ui £ ogivig) ) :gg corresponding RPA contribution & can be calculated
(10 It should be pointed out that Eq7) takes into account
) . also the contribution from possible spurious modes. In the
andu,v are thg HFB amplitudes. The zeros of_ thg funCt'O”paired case\ >0 the functionF (z) has a root az=0. This
F(€1,) determine the RPA frequenciés, . Continuing the e not cause a problem for the integration since the factor
variable() into the complex plane, one defines the spectral i the integrand in Eq(12) cancels this pole. After the
function F'(z)/F(2). It has first order poles &, andE,  {ansition toA =0 the spurious mode disappears.
and it is analytical for all other complex valuesofAccord- The above described method can be straightforwardly ap-
ing to Cauchy’s theorem the following integral relation is plied to obtain the correlation energy of the=0 ground
obtained: state band. The RPA for the excited configurations of the
, high-K bands needs special care concerning the selection of
% § dzg2) F'(2) :2 Q(Qy)—E 9(E,), (1D the “phy_sica_l” phonon r_n_odes from the_ full RPA spectrum
m Jc F(2) v w +Q, which implies positive and negative frequencies. The
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76.0

general criterion is to select from the pair of roat£) , the 2.0

one with the positive normalization. Such an identification is

trivial for the ground configuration because there(@|>0

have positive normalization. However, for excited configu-

rations the normalization check has to be done explicitly. =

Since the excited configurations under study are still close to g 1.0
z

1.5 75.0

A
7402
the ground configuration the search for the possible physical v

phonons with(),<0 can be confined to a narrow energy  uj
region of a few MeV above zero. For this region the sin 0.5
is directly evaluated whereas for the higher lying part the
loop integration is done. We mention that the correlation
energy is also for excited configurations a negatigeain 0-9190 : 49;2 : 49'4 : 49;6 9 872-0
term the value of which depends on the rotational frequency ’ ' A [MeV] ' '
as well as on the configuration under study.
In calculating the RPA contribution to the angular mo-  FIG. 2. Particle number expectation value in the unprojected
mentum components by means of Etf), we observed that case(N), and the total energy in the projected c&&p as func-
for some phonong}, the backward going amplitudes be- tions of X. This example corresponds to the yrast neutron configu-
come so large that the underlying quasiboson approximatioration atw=0.4 (MeV). The correct particle numbéN) is repre-
(QBA) of the RPA is no longer valid. This happens in ex- sented by a horizontal dot-dashed line.
cited configurations near instabilities of the static pair field,
which occur when two configurations with differefitcross ~ to a TAC eigenstatg) of the quasiparticle Routhiam’, Eq.
each other. Examples are the bahds 7,15 (neutron pair-  (2). Number projection accounts for gauge angle fluctuations
ing) andK = 15,22 (proton pairing, which will be discussed of the pair field on a circle in the complex planad'?)
in Sec. IV B. For the low lying RPA solutions we check with the radiusA, but disregards radial fluctuations.
explicitly whether the QBA conditiotiv|b;] bylvy<lissat-  The PNP energy function to be minimized is the expecta-
isfied or not. We exclude roots witfv|bjb;|»)>0.1 from  tion value
the sum(14). _ ,
This procedure may be justified as follows. In the ex- Rene(4)=(N|H'[N)+ AN (16)
tended boson approximatidEBA) [13,14] the nonzero term calculated with the projected stais), Eq. (15). We do not
(v|bjib;|v) is approximatively taken into account by an it- perform a full variation of the HFB amplitudes of the refer-
erative process. The relevant effect of the EBA as comparegince stat¢) but minimize the energyl6) only with respect
to QBA is a strong reduction of the backward going ampli-to the variable gap parameter. The minimization of Eq.
tudes[14]. A full EBA treatment is too demanding for a (16) in PNP replaces the self-consistency conditi@h for
realistic calculation such as ours. Instead we use the rougkycylatingA in the HFB approach. Compared to the self-
approximation that the backward going amplitudes ar&gnsistent pair gafdenoted bys " in the following) of an
queqched in the cases when QBA is not valid, i.e., ifynprojected quasiparticle state, the pair gdp' optimizing
(v[bjibji|¥)>0.1 the roots are removed from the i) of  the projected RouthiafL6) is generally larger and stays non-
the RPA correction. These roots would giVe a Very Iargezero through the phase transition region_
(several units ofi) contribution to the angular momentum. If —,_«v« HEB variant of TAC, the constraif)=N adds
they are included)rp, Changes very rapidly near the cross- o, 4qgitional dimension to the system of nonlinear equations

ings between configurations with differeat It is known Sqiven by Eq.(3) and the minimization with respect tg, and
that th? crankmg mc_)del is unreliable near such Crossingsy. Performing the PNP the above condition is automatically
where it seems justified to resort to only a rough correction,,ifiey |nstead. becomes another variable parameter of

of the QBA, which results in a smooth reasonable funCtionthe Ritz variational problem, which is to be determined by

JrpA(®). minimizing the Routhian. However, the minimum practically
coincides with the solution of E4), as illustrated in Fig. 2.
This has the advantage that in the vicinity of the minimum
the energy does not change very much. Thus the errors re-
The above treatment of the dynamical pair correlations bymain small if the minimum in\ is not exactly foundor Eq.
combining the HFB and RPA methods does not work for(4) is not exactly solvel Keeping\ fixed greatly simplifies
A—0. Another approximate method to include the dynami-the actual calculation. However, one has to be careful that
cal pair correlations is the particle number projecti®NP  fixing A does not affect the general properties of the configu-
[3,5]. In the PNP approach a variational sté® with good  ration too much. As will be discussed in the Appendix, ne-
particle numbeN is formed by applying the projection inte- glecting the exchange term of the interaction may lead to
gral problems in calculating the projected energy. Unlike the un-
projected HFB function ), the projected wave functiofi5)
2 o . . . .
|N>o<f do efl¢(NfN)|> (15) is not stat|'onary. This may lead to problems that will be
0 discussed in Sec. II D.

73.0

C. Particle number projection
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D. Energy minimum in 9

Since the shell correction part in total RouthRnEq. (6),
does not depend on the tilt angieone has

o +2
99
The term(|h’(9/9)|) vanishes because is a stationary

eigenstate td'. Hence, the derivative of the Routhian be-
comes

Thus, the requiremerdR/ 99 =0 for the minimization is cast

into the conditiond, =0. In other words andJ must be
parallel[1].

In the case of particle number projection, the stat is
not an eigenstate o’ and Eq.(18) is not strictly valid. The
energy minimum will no longer exactly agree with the con-
dition of parallelity, which is the condition for uniform rota-
tion. In the PNP calculations the minimum condition
dR/ 99 =0 needs to be fulfilled even i =0 is not satisfied.

We generally found small differences (6210°) between
the values ofd obtained from the conditiod, (w)=0 and

R 4

h’ J
9% 99 99

a9 17

<h’>=<

(9R_
i

h!
(;—ﬂ> =—w(cos¥H(J)—sinHI3))=—wd, .

(18)
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FIG. 3. A quasiparticle diagram. The lines are connected by
diabatic tracing, i.e., by finding the largest overlap between the
points of two successive values af. Solid lines correspond to
quasiparticles with positive parity while the dot-dashed ones have a
negative parity. Two quasicrossings are marked with double arrows.

(1) (@ Construct the configuration foA=0. Choose a
reasonable start valu@g for different . (b) Find minimum
in ¥ by tracing diabatically for fixed . (c) Find minimum in
A by tracing diabatically for fixed). (d) Iterate by returning
to (b) until total minimum is found.
(2) (a) Construct the configuration for the band head for a

the energy minimum. Substantial deviations appear in reguessedA. (b) Find minimum forA. (c) Go to the nextw
gions of band crossings, where the cranking model is unrepoint with fix A, tracing diabatically(d) Vary A andd as in
liable [15] anyway, and sometimes close to the band heads(1)b—(1)d. (e) Iterate by returning tdc).

Usually (1) is better to work with because the minimum in
¥ does not change much when pairing is added. Strai&gy

B ) . ~is more appropriate for the ground configuration, because it
We use the modified oscillator model with deformationsygs no counterpart in the case of zero pairing.

£2, &4 and standard Nilsson parametg¢fs]. The highK The equilibrium shape of® turned out to be rather
bands in nucleus”™W are found to be axially symmetric staple. The deformation differs by less than 5% between
configurations. The tilt angle) is the angle between the gifferent band headéee Ref[17]). We also found that the
symmetry(thregaxis and the rotational axis. The Strutinsky deformation changes very little within the bands. Thus, we
partEsy(e,) of the TRS, Eq/6) is obtained practically by adopted the fixed deformations,=0.229 ande,=0.034
including eight oscillator shells for protons and neutrons, rexg|culated for the ground state. These values were used for
spectively. For calculating the quasiparticle teRfhc, EQ. gl bands excepk ™=25". This band contains kg, aligned
(5), it is sufficient to consider only a few shells around the yroton, which drives the equilibrium valuesge=0.255 and
Fermi surface. We included in the diagonalization of thes4:0.038. The relative energy of the bands is sensitive to
quasiparticle Routhian the fol shells closest to the Fermi {hg strength of the pairing ford® [17]. In our calculations,
surface. It is important to follow a certain quasiparticle g was fixed to match the values of the even-odd mass dif-
configuration ~ when  seeking the  minimum  of ferences as calculated with PNIES]:
R(w,e5€4,A,N,9). This is achieved by “diabatic tracing.”
When changing one of the parameters determiringhe
overlap of the quasiparticle wave functions with the ones
before the step is calculated. By looking for the maximal
overlap a one-to-one correspondence between the quasipar-
ticle states is established. Figure 3 shows a quasiparticle dia-
gram constructed in this way by using the step sive
=0.05 MeVA9=5°. Keeping the occupation of such di-
abatic quasiparticle trajectories one usually follows a quasi- In the PNP calculation the value af is determined for
particle configuration of a given structure. Problems may apeach configuration atv=0.4 (MeV) by minimizing R(\)
pear near quasicrossings similar to the ones in Fig. 3 wherand kept constant for each configuration. In RPA and HFB
the configurations are mixed up. calculations) is adjusted according to E¢4) for each con-
We have used two different strategies for finding thefiguration andw, because the HFB energy is much more
minimum with respect ta\ and ¥ for different w. sensitive to this parameter.

lll. DETAILS OF THE CALCULATIONS

A,=1.15 MeV—G,=0.093 MeV,

A,=1.23 MeV—G_=0.121 MeV.
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TABLE |. Occupied orbitals ™) of the multiquasiparticle 17
excitations K7™). The quasiparticle configurations are taken -
. —_— e
from Ref. [7]. Complete assignment: Neutrons 08 I o
5/27[512],7/27[633],7/27[514],9/2"[624] and protons _ '
1/27[541],5/2%[402],7/2%[404],9/27[514],11/2 [ 505]. 2 061 T
= i
K™ Neutron configuration Proton configuration b 04 r — ﬁzgg T
7" v{7/27,7127} 0.2 8
15* v{7/27,7127} w{7/12%,9/27} I
— - + — + + _ O P " | - " P | " PR | -
22+ v{5/27,7/2+,7/27,9/2+} 71-{7/2+,9/2+} ) 0 0.2 04 06
25 v{5/27,7/12",7/27,9/2"} «{1/2”,5/2",7/27 ,9/27} o [MeV]

30* V{5/27,7/2%, 7127 912"} w{5/2* 712+ 9127 11/27}

FIG. 5. APNPas a function ofw for protons in thek "=25" and
30" bands. Note, in these casa§E=0.

IV. RESULTS

The configurations of the considericbands are listed in  Only of dynamical nature. One can expect the RPA to do a
Table I. They are in accordance with REf]. The following ~ 90od job in describing them because one is sufficiently away
presentation is divided into two parts. The first part treats thdrom the critical region. As mentioned above, the PNP cal-
cases where HFB gak"® has collapsed already at the band culation leads to a finite value @f”™"which is 30% smaller
head K™=25" and 30°) while the second comprises the than the values in the ground stégee Figs. 4 and)5There
cases where the pair field has transitional charackef ( is @ weak reduction towards higherwithin each band.
=7, 15", and 22).

For a given configuration, there is usually only a weak
systematic reduction af whenw increases. It only changes = Experimental Routhians are calculated by means of the
substantially when a pair of protons or neutrons becomestandard expressions given, e.g., in Rd]. In order to
aligned at a band crossing in a configuration with a lowremove the steep decreaseR{fw) a term 30 MeV 'w? is
number of excited quasiparticles. For example, in the yrasadded to allR values, which makes the differences between
band there is a drastic decreaseAgf through the crossing the various curves better visible. The calculated ground state
region atw.~0.3. It is well known[15] that the cranking energyR,s (w=0) is set to zero for all calculations and the
model has problems close to a band crossing. In this regioexperiment. The PNP and RPA calculations give an energy
the different strategiesee Sec. I)l of optimizing the mean-

1. Routhians

field parameters can result in different configurations and, as 3 -——
a consequence, in different self-consistent values of the pa-
rameters. In our TAC calculations fét bands, we observed . K=25
the general tendency that the tilt angléncreases monotoni- 5 2r B
cally from 0° at the band head to a value closejte 90° at §
highest frequency. In some cases there is a decrea8eain N'; 1}t .
high (>0.5), which can be related to the crossing with S
i i +
other configurations. £ ol i
A. K™=25% and 30"
In these eight-quasiparticle configurations the static pair ol : : : :
field has disappeared\('"®=0). The pair correlations are K=30
s 27 -
1 L L B L R B R R | oy
I =3
08 . “g 1F Experiment 1
- T S | ----- RPA S
= o6 | 2 ——- NPT
g Koo5® [ o ¢ T SY— HFB y
} 04F - K'=30" T e
I -1 A T T N SR
02r T 02 03 04 05 06 07
0 N T B ® [MeV]
0 0.2 0.4 0.6
o [MeV] FIG. 6. The energies in the rotating frarRéw) relative to the

ground state for th& ™=25" (upped andK"=30" (lower) bands.
FIG. 4. APNP as a function ofw for neutrons in theK™=25" A term of 3(w? is added to thdR values. The experimental values
and 30 bands. Note, in these cas&§™8=0. are taken from Refl7].
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T T T
2ot 4
= 3
_—/ ’,'
° 3
] 3
T8 ]
5 PNP K=25
5 —— RPAK=25
e PNP K=30
%)- -4 + ---- RPAK=30 0 } } ! }
v
K=30
_5 1 1 " 1 10 _
0.0 0.2 0.4 0.6 a
o [MeV] 3 ——— Experiment
4 | ----- RPA
FIG. 7. The total pair correlation energies in the rotating frame 5 —-—- PNP ~
Rpaied @) — Runpaireafor K™=25% and 30°. | T HFB P
Rigid rotor ~ -3
gain relative to the HFB results. Due to the blocking effect, 0 —
this gain is normally smaller in the excited states than in the 02 03 04 05 06 07

ground state. As a consequence the energy relative to the

PHYSICAL REVIEW C 63 044311

o [MeV]

ground state gets larger for RPA and PNP than for HFB

calculations. This systematic tendency is substantiated by the FIG. 8. Angular momenturd(w) for K”=25" and 30". A
examples to be shown. term of 5Qv is subtracted from the values. The experimental

For the K™=25" band the RPA yields a substantially values are taken from Reff7]. The RPA and HFB results practi-
better agreement with experiment than P(s&e Fig. 6. The  Cally coincide in this picture.
larger discrepancy for th&™=30" may reflect some inac- . .
curacy of single particle levels. Although the HFB calcula- Al approaches Etza)produce the experimental dynamical
tion gives a good estimate of the angular momenfamit ~ moment of inertia *“’=dJ/dw) which is substantially be-
underestimates the relative energy of the bands. The rotd@W the rigid body value. The differences of the function
tional frequency of the band head is also quite well repro_J(co) between paired and the unpaired calculations are only
duced by RPA and PNP. marginal. The dynamical pair correlations do not change the
In Fig. 7 the energy differences between the paifeNP angular momentum very much, bu_t they (_:io increase the en-
or RPA) and unpaired calculatiofHartree-Fockare shown. €9y d|fferenqe b(_atween bands with a different number of
They characterize the effect of the pair correlation onto thd?locked quasiparticles.
energy. We can see that the RPA gives a larger pair correla- ) )
tion energy than PNP in accordance with REZ0]. This 3. Branching ratios
indicates that the RPA is a better approximation than PNP in |n the TAC model, theB(M1) and B(E2) values are
the A""®=0 regime. One notices that the correlation energycalculated by means of the expressions
is only weakly reduced by rotation.

3
2. Angular momentum B(M1)= 8_7T[Sm (I3, +2.355;,—2.24S;,)

The investigation 2] demonstrated that the angular mo-

_ _ 2
mentum and the dynamical moment of inertia’é\W can be COSD(J17+2.3%5,,-2.245,,)]" (19
understood by assuming that the nucleons move in a rotating
mean field with no pairing. The strong reduction of the mo-and
ment of inertia as compared to the rigid bodwlue is due to
the nuclear shell structursee Ref[2] and Sec. IV §. As 15
seen in Fig. 8, the inclusion of dynamic pair correlations B(E2)= 12877(5”“9) Qo. (20

does not change this result. Note that a linear term has been

subtracted so that the differences between the curves are CQRpereJ S andQ, are the expectation values of the angular
siderably magnified. momentum, the spin and the quadrupole moment, respec-

tively, as calculated with the TAC states. It is common prac-
tice to present the experimental branching ratios in the form
I[(gk—9r)/Qol(w)|, which is obtained assuming that the
strong coupling limif21] is valid. We choose to display the

IThis limit is referred to as the rotational spectrufl)
=Augl1(1+1)—K?2].
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— 1 T T T T T L L B
0.05 a5 [ ]

I — K'=7" i
0.04 | K=25 7 1.0 F ----- K'=15" .
_ | ——— K=220 1
g 0.03 B 7 ;‘ 0-8 B m PNP ~~~\‘~\\ n
> o i HFB e ]
T 002 | - - S 0.6 T
o / — - ]
2 P <04 ]
0.01 S § I ]
\\ i 0.2 + .
0.00 ——¥—+—"~F—+—+——+— : 1
0.0 . . ;
0.08 | = . — — —
K=30 0 0.2 0.4 0.6
d 006 | e ] o [MeV]
> Experi
:3% 0.04 | ____.P),ilp:nmem ] FIG. 10. AH™B(gray) and APN?(black as a function ofw for
= [ e HFB neutrons in the&K™=7", 15, and 22 bands.
0.02 1
000 b o v duced strongly already at the band head and becomes zero at
02 03 04 05 06 07 w~0.3 (MeV). These values indicate that the pair field is

® [MeV] nearly instable, which causes problems to be discussed in
Sec. IV B 2. ThoughA"® is strongly reduced in the two-
FIG. 9. The ratio|[ (gx—9r)/Qo](w)| for the K™=25" and  quasiproton configuration&”=15" and 22 it changes
30" bands. The experimental values are taken from REf.Ob-  only weakly with w.
serve the different scales.
1. Routhians
calculated branching ratigsvhich of course do not rely on
the strong coupling assumptipim the same way. The theo-
retical ratios are obtained as

Both the PNP and RPA calculations fairly well reproduce
the Routhians at higlv. There, again the tendency is seen
that the dynamical pair correlations enlarge the energy dis-
tance between the bands. The exception iskifie= 15" for

(gK_gR)(w) _ \E 1 1 /B(M1) (21) ©>0.38 MeV. This discrepancy will be discussed in Sec.
Q0 16 Vkz 32 VBE2) VB 2.

Figure 13 shows that the pair correlation energies for
whereK, the value of the angular momentum at the bandthese lowerK values are larger and depend stronger on the
head, is kept constant antlis the calculated value of the rotational velocity than the ones in Fig. 7. The HFBPA
angular momentumQ, is chosen as in Ref7]. calculations cannot reproduce the backbend inKfie= 7~

The theoretical and experimental ratios are given in Figand 15 bands since\""®=0 for >0.25 MeV. It is seen
9. Since the ratio depends strongly on the orientation of the
proton and neutron angular momentum the good agreement ——1———————7

confirms our calculated geometry. The experimental errors 1.2 — B
of the branching ratios are too large to discriminate between - 1
the PNP and HFB calculation. 1.0 .
S N N
B.K™=7", 15", and 22" =08 _ ]
TheK™=7", 15", and 22 bands are analyzed and pre- § 06 T ﬁfg .
sented in the same way as th&=25" and 30 bands. & - ) 1
These bands, which correspond to the excitation of two to six < 04 B e .
guasiparticles from th& =0 ground configuration, have a r HFB §
reduced but nonzero static HFB pair field at the band head. 02 r T
The PNP is expected to be stable while the RPA can run into I 1
problems since one is close to the transitidi™®— 0. 00 F T
Figures 10 and 11 show the calculated valued ofThe 0 0.2 0.4 0.6
values ofAPNP are similar to the ones for tHé¢™=25" and ® [MeV]

30" bands in Figs. 4 and 5, excelit"=7", for which the
protons remain in the ground configuration. For the two FIG. 11. A"F8gray) and APNAblack) as a function ofw for
quasineutron band&™=7" and 15 the gapA'™® is re-  protons in the™=7", 15", and 22 bands.
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0.0 0.2 0.4 06 0.0 0.2 0.4 0.6
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FIG. 12. The energies in the rotating frafRéw) relative to the
ground state for theK™=7~ (upped, 15" (middle), and 22
(lower) bands. A term of 302 is added to theR values. The ex-
perimental values are taken from RET].

FIG. 14. Angular momenturd(w) for K™=7", 15*, and 22
The RPA solution for th& "=19" (middle) andK™=26" (lower)
are added. A factor of &b is subtracted from thd values. The
experimental values are taken from REf]. The RPA and HFB
results practically coincide in this picture.
as the kink in Fig. 12 and the upbend of the PNP calculation
in Fig. 13. The erratic behavior of the PNP pairing energy at o . )
largew can be understood by the fact that the energy surface AS S€en in Fig. 14, the calculations give reasonable agree-
has a shallow minimum and is therefore easily disturbed by"eNt With the ;xperlment. The neutron backbends in the
structure effects caused by quasiparticle crossings. Most 31{? =7 'and 15 are not reproduped in the HFB RPA
these crossings do not exist in the HFBPA calculations Calculation because the static pair gap collapses already be-

FB fore the backbend. This feature could be corrected by using a
becauseA,”™ =0. As a consequenceR depends more somewnhat larger pairing streng@,. The PNP calculation
smoothly onw, as the experiment does. We consider thegives approximately the right value @, for the neutron
fluctuations ofR as an error of the PNP approach, which backbend but gives a slightly too low value &fw) for the
mimics the dynamical correlations by a sta€N”. K™=7" band.

2. Angular momentum

-1

2

-4 F

Rpaired_ I:{unpaired [M eV]

PNP K=7
—— RPAK=7
PNP K=15
--- RPAK=15
PNP K=22
—-- RPAK=22

0.0

FIG. 13. The total pair correlation energies in the rotating frame

0.2

o [MeV]

0.4

Rpaired @) — Runpaireafor the K”=7", 157, and 22 .

0.6

In the K™=15" band, all the calculations underestimate
the angular momentum by-5#4 after the backbend ab
~0.38 MeV. We assign this increase to a configuration
change caused by a crossing betweelga proton orbital
and ah,,,, proton orbital. As a result &™=19" band con-
tinues theK ™= 15" band. This crossing occurs at the same
as the neutron crossing causing the normal backbend. The
same proton crossing occurs in te =22 band atw
~0.48 MeV which continues ask™=26" band. It is seen
in Fig. 14 as an upbend. The configurations of té&
=19" and 26 bands are listed in Table Il. The calculations
for the K™=7" band after the backbend also give a bit too
low angular momentum. It cannot be explained by the proton
crossing discussed. This may indicate that the missing angu-
lar momentum in th&K™=15" and 22 bands has another
origin than that suggested above.

3. Branching ratios

The good agreement with experiment in Fig. 15 for the
K™=15" and 22 confirms the geometry of our calculations.
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TABLE Il. The quasiparticle configurations used in
the article are taken from Ref. [7].
(Neutrons: 5/2[512],7/2%[633],7/27[514],9/2*[624], protons:
1/27[541],7/27[523],7/2"[ 404],9/27[514].)

K™ Neutron configuration Proton configuration =
[«5]
19" v{7127,7127} m{1/27,7/27,7/27 9127} fu:
26" v{5/27,7/12%,7/127 912"}y w{1/27,7/27,7/27 9127} i

Again, the large experimental errors of the branching ratios
do not allow to distinguish between the PNP and HFB cal- 70 . !
culations. ) 10 20 30
In the case of th&K”=7" band, the calculation wittA K
=0 reproduces the branching ratios better. We consider this IG. 16. Th ies in the rotating f lative to th
as accidental, because the presence of the upbend seen in thd 'C: 16- The energies in the rotating frame relative to the
. . P . . ground state as a function &f for w=0.45. TheK values plotted

I (w) curve of Fig. 14 is a clear indication of a finite pairing ,

- X .are 0 6 band, 7, 15, 22, and 25. The experimental values are taken
gap for the neutrons. The protons are definitely in thelrfrom Ref[7]
ground configuration with a nonzero gap. TRE=7" band '
has smalB(M1) values compared to oth&rbands. This is R
expected because the normally dominating proton contributation of J have approximately the same energyin the
tions to theB(M 1) value(19) are small for the ground con- rotating frame. Their energies in the laboratory frame for a
figuration and very sensitive to the size &f, Itis largely  given value ofJ do not differ much as well. That is so,
canceled by the negative neutron spin contribution. Hencesecause the energy needed for generating angular momen-

the resulting ratio is not reliable. tum along the two principal axes 1 and 3 is nearly the same.
This feature, which is reflected by many bands with different
C. Comparison of all K bands orientation being close to the yrast line, is characteristic for

he (N,Z) region where!’™W is situated.

In the upper and middle part of the 50—-82 proton and
82-124 neutron shells there are many orbitals with higher
values that strongly couple to the prolate deformed potential
whereas the lowf orbitals are occupied. Figure 19 shows

In Figs. 16—18 we compare the Routhians and the angule{
momenta of differentK bands at a fixed frequencw
=0.45 MeV. TheK=30 band is left out from the plots
since it starts at a highes. The bands with different orien-

0.03 : : : : the hy,, orbitals as an example. For the highorbitals the
] Coriolis coupling between states with and (0 +1, which
- K=7 generate a contribution td,, is weak, because the energy
g 0.02 - ) . : .
= ] distance is large and the coupling matrix-element
vd 0.01 L i (~j?—Q?) is small. This is very different from the nuclei
S + | situated at the bottom of the shell. For the |6Wwerbitals the
- 0.00 o e g e energy distance is small and the coupling matrix element
50 0.08 |- K=15 | 35 T T
& I‘é Sy
o) e ——
L 0.04 | I .
2 | ]
0.00 —
F 002 | K=22
,\?c ® Experiment Experiment
<3 —-—PNP ---- RPA
L 0.01 | e HFB 20 F —-— PNP 4
2 I 1 N [— HFB
0.00 2 1 " 1 " 1 L 1 "
00 01 02 03 04 05 , .
15
o [MeV] 0 10 20 30
K
FIG. 15. The ratio|[ (gxk—9r)/Qol(w)| for the K™=7" (up-
pen, 15" (middle), and 22 (lower) bands. The thin full lingHF) FIG. 17. The angular momentum as a function Kffor w
displays the cas& =0 for comparison. The experimental values are =0.45. TheK values plotted are Os(band, 7, 15, 22, and 25. The
taken from Ref[7]. Observe the different scales. experimental values are taken REf].
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T " T " T that all bands are not far from the strong coupling regime.
The largest deviation is found in th€=15 band wherel;
30 i ~17 atw=0.45. This is an effect of the configuration mix-
ing in the neutron system, which is induced by quasicross-
K=22 K=25 ings in a region of high quasiparticle level density. The total
20 | J J spin J is almost independent &, in accordance with the
discussion above. Generating the compondntand J; of
angular momentum costs a comparable amount of energy.
The slightly different behavior of th& =25 band is due to
10 . extra rotational alignment from the alignirig,, proton or-
=7 bital, see discussion in Rdi2].
K=0 Summarizing our calculations concerning an improved
treatment of pairing we find that) the conclusions of earlier
0 ' ; . ! — work [2] can be confirmed andi) the angular momentum
0 10 20 30 J(w) is insensitive to the pair correlations in the frequency
J; region after the first band crossing. This is at variance with
the results of Refd.3,6] for low-K bands, where a reduction
f several units of angular momentum by the dynamical pair
correlations was found. The reason is that the single particle
orbits near the Fermi surface, which contribute most to the
collective angular momentum, are blocked for the pair cor-

FIG. 18. The angular momentum component along the one an
three axis for differenk at w=0.45 as calculated with HFB. Thé
values plotted are Os(band, 7, 15, 22, and 25.

large. Hence it is easy to generate a contributiod;tor hus, : . . .
the strong coupling suppresses the angular momentum aligﬁglat'on by generating the higiK. The ratio |[ (g« .
ment along the collective one-axis, which causes the reduchR)/QO](“’)| is also rgasonably well reproducec_i which
tion of the moment of inertia relative to the rigid body value. Supports the calculated tilted geometry of our solutions.

On the other hand, it is energetically favorable to generate
a contribution toJ;, because there are many orbitals with a V. CONCLUSIONS
large | 2| near the Fermi surface and it does not cost much e included dynamical pair correlations into the tilted
energy to generate a particle-hole excitation with a IeK.ge axis cranking approach in two different ways: The pairing-
=Qp—(—=Qp). At the bottom of the shell these excitations RpA method, which allows for harmonic vibrations on top of
cost much more energy, because the orbitals with l&4e  the HFB mean field, and the particle number projection
are far away. The net result is that at the beginning of theyhich describes the dynamical correlations by an increased
rare earth region the moment of inertia is larger than the rigidsatic pair gap in conjunction with projection onto good par-
body value and generating angular momenta along the thrage number. We studied the highbands in*’8W by means
axis is unfavorable. In thepper partof the region, the mo-  of poth methods. As known from investigation of the band
ment of inertia is smaller than the rigid body value and g€Nhead energieRd], the HFB approach tends to underestimate
erating angular momenta along the one and three axis ife energetic separation between the bands. Inclusion of the
equally favorablgsee Refs[2,22)). The inclusion of pairing  gynamic correlations improves the energy of bands with zero
does not change this conclusion. _ static pair correlations relative to each other and to the bands

Figure 18 shows thé, andJ; components for differer  with pronounced static pair correlations. When the static pair
bands calculated with HFB at a typical frequensy=0.45.  fie|d is substantial we could not find a systematic improve-
Within +2#, the componend; is equal toK which means  ment of the relative energy due to the dynamical pair corre-

lation. This seems to be in contrast to the result Kor 0

or—T T T T T bands in Refs[3,6].

; 45 F \505\\_\9./"' - The pronounced reduction of the moment of inertia of
O - ,_,./" \5\4\3&.»- highK bands relative to the rigid body value, seen in the
2 44 [ T 7=74 | experiment, is not due to the pair correlations. It is caused by
— 43 Nl . orbitals close to the Fermi surface which in the mid and
XN 4 « ""__ upper part of its shell is disfavoring the generation of angular
S LSy T 123252 momenta perpendicular to the symmetry axis. It is typical for
‘o 41 . this region, that the generation of angular momentum along

[ e e e ] the symmetry axis by particle-hole excitation is equally fa-

0 005 01 015 02 025 03 vorable as compared to the rotational alignment, i.e., collec-

82 tive rotation along the perpendicular axisee Refs[2] and

[22]). The inclusion of pair correlations, both static and dy-
FIG. 19. The negative parity states in the 50-82 protons shelll@mic, does not significantly affect this feature of high-
The larger gaps between the levels in the upper part of the shePands, which is in contrast to lo-bands.
promote deformation alignment of angular momentum. The levels In bands where the static pair gap of the HFB treatment
are labeled with the asymptotic quantum numkiéis,m, Q. has collapsed to zero the RPA method is simpler to use than

044311-10



PAIRING CORRELATIONS IN HIGHK BANDS PHYSICAL REVIEW C 63 044311

0.1 T T T T ) T j 1 ' ' ' I
Direct 08 B 7]
0.0 — T ===
. pair “S=
= = 06
£ : T
|_|o _01 - E - ED\r.ec(
X Go4p LE -
L
-0.2 | 0.2+ 4
0 s Il " 1
_03 N 1 N 1 " 1 L 01 03 05
0.4 05 0.6 0.7 08 ® [MeV]

A[MeV]
_ drect FIG. 21. A determined fromEgie® and E,y;, respectively, for
FIG. 20. The energie€,, and the E;i® calculated fore  the K™=7- band, see also Figs. 4 and 10. There is only a small
=0.3 in theK™=7" band with\\=49.54. Both curves are nor- jfference except atr=0.5 where there is a pole in the energy
malized to zero at=0.4. function Egie®, see Fig. 20. These values dfwere found keeping
all other parameters constant at the self-consistent values found
PNP because there is no need to minimize the Routhian witfsing the full projection.

respect to thel and\ parameters. The pair gap introduced
in these PNP calculations causes irregularities in the energ . .
and angular momentum which are due to quasiparticle banéumbgr projected pairing energa;= — G(N| PTP|N) can
crossings. The RPA method, which does not have thes e written as the sum

crossings, describes the experimental results better. Thus, we

consider the irregularities appearing in PNP as an artifact of g — pdirect, pexchange (A1)
the approximation and RPA superior in this region. On the pair —pair "~ Tpair

other hand, when the HFB mean field pair gap is reduced but

not yet zero the RPA method has problems because of itghere the direct term

deficiencies near the transition to zero pairing. In these cases

it turns out to be important to check the quality of the qua-

siboson approximation when calculating the RPA contribu- direct . 2P uge'® 2
tion to the angular momentum. The PNP method is more Epair = — G(N[N) jdqo PR I (¢=0]|¢p)
stable in these cases. k>0 (Ui +vie?) 2
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APPENDIX: THE ROLE OF THE EXCHANGE TERM
IN PARTICLE NUMBER PROJECTION

N
T

The HFB pairing energy is usually calculated in Hartree
approximation, i.e., neglecting the exchange term by factor-
izing the pairing matrix elementP'P)~(PT)(P). This ap-
proximation is justified for the calculation of the pairing en-
ergy contribution without PNP. However, it was recently
suggested 23] that the neglect of exchange terms in per- . . . . .
forming PNP can lead to dangerous poles in the resu_ltmg 0 0 01 02 03 04 05 06
total Routhian surfacéTRS). Such an unphysical behavior ® [MeV]
of the PES was indeed found in our calculations and it was
traced back to the above mentioned factorization. For the g1 22, Routhiang calculated WIthESTe®! and E,,,;, respec-
sake of completeness we sketch the argumentation present@gly, for the K™=7~ band, see also Fig. 12. There is only a
in more detail in Ref[23]. marginal difference between both Routhians where all other param-

Using in the construction of the PNP stafé) (15) and  eters are kept constant at the self-consistent values found using the
the canonicalBCS-like) form [5] of the HFB statd ), the  full projection.

RDireO(
pair

R+200 [MeV]

\v]
T
|
I
1

pair
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where only the direct pairing energy ter#2) is taken into
Eﬁéﬁhangg—G<N|N>‘1f de account. The full energy has the expected parabolic shape
with the minimum whereas the curve of the direct term alone
2PZ vivietie displays an unphysical pole around<0.6 MeV.
(¢=0le). Such strange behavior does not happen often and usually

2 2 2i 2 2 2i
km (ug+ovee?)(us+vse? . ) .
(Uictice™ ) (U T o) there is only a minor difference between the extracted
(A3)  value at the minimum for the full and direct energee Fig.

These expressions contain the canonical BCS amplitud 251). Observables such as the energy are not strongly affected

Uy ,vy of the quasiparticle state and the matrix eleméhis y the exchange term except close to pdlsse Fig. 22

: : - : With the full pairing energy, we obtain a minimum for a
of the pair operator in the canonical basis. The bracket
P P slightly differentA and, therefore, a differei@ is needed to

(¢=0|@)=IT,-o(uZ+v2e?®) (A4)  match the experimental values. We found that &, of
0.121 MeV instead of 0.119 MeV should be used for the
is the overlap function between gauge rotated quasiparticlgrotons while theG, did not change when using the full
states. _ expression for the pairing energy.

One may encounter a zero denominatof € vze?#) in The probability of accidentally hitting a pole is not large
both energy term$A2),(A3), e.g., foruy,=v, and ¢= /2. but it happened a couple of times in our calculations. The tail
This is because the double zero in the denominator cannot kigee Fig. 2D of a pole can also affect the results and this is,
canceled by the corresponding single zero in the overlapf course, much harder to detect. The energy surface calcu-
(¢=0]|¢), Eqg. (A4). However, when summing up the two lated with only the direct term jumps when passing through
contributions(A2),(A3) to the full pairing energyE,; such  the pole. This is because a pole has gonéoinoud to the
unphysical poles do exactly cancel. area in the complex plane around which we are integrating.

Our calculations confirm the conclusion that a reliableThe pole would turn into a step function if it was possible to
calculation of the TRS with PNP has to be done with the fullperform the integration exactly. In order to avoid such un-
expression. In Fig. 20 the full neutron energy is shown as @hysical one should generally apply the full expression of the
function of the neutron gapX) and it is compared to the one PNP pairing energy.
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