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Hybrid version of the tilted axis cranking model and its application to ?®8a
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A hybrid version the deformed nuclear potential is suggested, which combines a spherical Woods-Saxon
potential with a deformed Nilsson potential. It removes the problems of the conventional Nilsson potential in
the mass 130 region. Based on the hybrid potential, tilted axis cranking calculations are carried out for the
magnetic dipole band if*Ba.

PACS numbgs): 21.10-k, 25.70.Gh, 27.66:]

[. INTRODUCTION calculations for optimized parameter set of Raf3].
The Woods-Saxon potential with the universal parameter
The transitional nuclei in the regioA=130-140 show set[14] works very well aroundh=130[15]. Moreover, it is

regularAl =1 bands, characterized by largéM1)/B(E2) expected that this potential, which has a realistic radial pro-
ratios, a lack of signature splitting and relatively low dy- file instead of the artificial> term of the Nilsson model, is
namical moments of inertifl]. These bands have an inter- more reliable when exploring mass regions where the Nils-
mediate character. They stand between the collective Kigh- SON parameters have not been locally optimized. Moreover,
bands of well-deformed nuclei, for which collective rotation the I dependence of the Nilsson potential is known to be

is the dominant mechanism of generating the angular moRroblematic when the mean field is cranked at high angular

mentum, and the magnetic rotation of near spherical nuclel/€0city- A TAC version based on the Woods-Saxon poten-

for which few highj particles and holes generate most of the;[llva(;I BZ‘: Zﬁe; d?g)ilrﬁgﬁgnbwh?:; 3\:2 ng:?/tthejfdﬁrlig thc')fe?]%g?r
angular momentum by means of the shears mechafsism - an app . he Nil ial y | P )
for example[2,3)). The question of how magnetic rotation It_ consists in adapting the Nilsson potential as close as Ppos-

) S . sible to the Woods-Saxon one. Instead of the parametrizing
changes into collective one has not been studied yet. So f

4he single particle levels of the spherical modified oscillator
only the magnetic dipole band itf®Ba has been investigated in the gtan[()jard way by means o? wand anl? term. the

[4] from this point of view. Another intriguing question iS pyprig model directly takes the energies of the spherical
the possibility of a chiral character of rotatidh]. Their  \yoods-Saxon potential. The deformed part of the hybrid po-
softness with respect to triaxial deformations makes the Nugential is an anisotropic harmonic oscillator. This compro-
clei in the A=130 region particularly good candidates for mise keeps the simplicity of the Nilsson potential, because
identifying this new symmetry type. coupling between the oscillator shells can be approximately
The tilted axis crankindTAC) model[6] has turned out t5ken into account by means of stretched coordingia
to be an appropriate theoretical tool for the description of theyg it amounts to a minor modification of the existing TAC
magnetic dipole bands. This model is a natural generalizatiopode, On the other hand, it has turned out to be quite a good
of the cranking mode[7] for situations where the axis of approximation of the realistic flat bottom potential as long as
rotation does not coincide with a principal axis of the densityihe deformation is moderate. The hybrid potential was used
distribution of the rotating nucleus, and_ thus the signature igg calculate the triaxial shapes of liquid sodium clusfasj.
not a good quantum number. Since introduced, TAC haghe results agree very well with later calculations using the
proven to be a reliable approximation for the energies an@orrect radial profile of the deformed part of the potential
intraband transitions in both normally and weakly deformec{lﬂ_ Another motivation for the hybrid potential is the con-
nuclei [3]. However, in the case of the four quasiparticle sigerably lower computation timébout a factor of 10as
magnetic dipole band if*Ba, the TAC calculationF4] pre-  compared with the full Woods-Saxon potential, which is im-
dicted the wrong parity and a too early termination of theportant for the TAC calculations, which demand to achieve

barltzj[B—_l()]. ) S self-consistency in two extra dimensiorithe orientation
®a is one of the best studied nuclei in this mass rang@ngles.

and the above mentionedll =1 rotational band is a good

test case for the TAC model. The purpose of the present

work is to identify the origin of the discrepancies and re- Il. TAC IMPLEMENTATION

move them. The version of TAC used [i4] was based on o , .

the Nilsson Hamiltonian with the standard set of parameters "€ TAC model is discussed in more detail[}3,6,18.
[11]. This parameter set is known to have problems in theThe brief presentation in this paper focqses at th'e suggested
A=130 region12,13 and a better set has been suggested ifmprovement of this approach. The starting point is the mean
Ref. [13]. We attribute the discrepancies of the TAC calcu-'€ld Routhiarl

lations for *?3Ba [4] with the later measuremenf8—10Q to

the general problems of the standard parameter set for the'For simplicity, only one type of particle is spelled out. The ex-
Nilsson potential in this region. We shall repeat the TACtension to both types is obvious.
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h'=hgpit Vael €2, 7,64) —A(P+P™) where(,M,) is the expectation value of the transition opera-
o ) tor with the TAC configuration ), the components of which
—AN—w(sindj;+cosdjs), (D) refer to the laboratory system. The intrinsic quadrupole mo-

mentsQl’L are calculated with respect to the principle axes

wherehg,, denotes the spherical part including the spln—orblt(l, 2. 3."The same holds for the magnetic moments

term andVye(e,,v,e4) the deformed part of the Nilsson
single-particle Hamiltoniafsee, e.g.[11]). The pairing field
in Eq. (1) is determined by the gap parametkrand the mi=pun(Ji p+(75.58-1) § ,— 73.82S; ), (4)
monopole pairing operatoP =X ,c,c, while the chemical

potential AN is needed to satisfy on average the partICIeWhere the free nucleonic magnetic moments are attenuated

number conservation. The two-dimensional cranking ter _ e
w(sin dj,+cosdjz) is the new element of the TAC, as com-nby a factor of =0.7. The reduced transition probabilities

pared to the standard cranking model, which is recovered for
U9=0 or 90°. The angle} fixes the tilt of the cranking axis
with respect to the intrinsic three-axis within the principal B(MLAI=1)=(M_;(M1))?,
(1-3 plane of the deformed potential. By diagonalization in
stretched coordinates, neglectind=2 shell mixing, this
TAC Routhian yields quasiparticle energies and quasiparticle
states, from which the many-body configuration
|w,e5,7,84,9) of interest is constructed. The mixing ratio is
The mean field is found for a given frequenesyand fixed
configuration by minimizing the total Routhian

B(E2AI=2)=(M_,(E2))2

_ (M_4(E2)) ©
E,(w:82!7!84!ﬁ):<w!82!7!84!ﬁ|h,|w182!7184!1§>( ) <M71(M1)> .
2
with respect to the deformation parametess (y,e,) and We apply the Strutinsky renormalization procedure to cal-

the tilt angled. The value ofA is kept fixed at two values: culate the total Routhian

80% of the experimental odd-even mass difference and zero.

At the equilibrium angled= 9, (minimum) the cranking E'()=E p(@=0)— Egmootit (@|h’| ), (6)
axis is parallel to the direction of the angular momentum
vectorJ=((j,),(j3)). After the minimum is found the vari-
ous electromagnetic observables of interest are obtained
means of the following semiclassical expressifh48]:

hereE, p=E,p(&2,7,£4,84) Means the liquid drop energy
nd Eg00m 1S the smooth part of the mean-field energy cal-
culated from the single-particle energiesaat0. This ver-

(I1—=21=2| M_,(E2)|Il) sion of the TAC has turned out to be quite successful for
well-deformed nucle{see[2,3,18 and references thergin
=(M_,(E2)) The new element of the present paper consists in the hy-

brid potential, which approximates the well-established de-
=1 /i( e_Z) \ﬁ(Q’)(sinﬁ)z formed Woods-Saxon potential, yet preserving the existing
4\ A A convenient TAC environment. For this purpose the spherical
1 part hg,n in Eq. (1) is replaced the spherical Woods-Saxon
+ —<Q§+Q’2)(1+(cosﬁ)2)}, Hamiltonian for the nucleus of interest. In the present work
4 the universal Woods-Saxon parameters are Used, e.g.,
[14]).
(I=11=1[M_(E2)[IT) Technically, the replacement is rather simple, because the
—(M_4(E2)) existing TAC code uses states of gdo@im as a basis. The

spherical Nilsson energief; are replaced by the spherical
ws)

5/(eZ\| . Woods-Saxon energies'’; . It turns out to be unproblem-
=\ E(X sin cosi atic to associate the quantum numbers of the two different
potentials. For a given combinatidnpj the third quantum
3 ., 1 , numberN is found by counting from the state with the lowest
X V(Qo)— 5(Q2+ Q%2 (3 energy. The fact that the spherical Woods-Saxon code uses a
harmonic oscillator basis permitted a check of the algorithm.
(=11 =1 M_,(M1)|I1) The major component of the Woods-Saxon wave function
agrees with the state found by our counting algorithm. In the
=(M_4(M1)) high-lying part of the single-particle spectruftnree shells
3 above the valence shell or highaéhere are occasional am-
_ ]2, Cog biguities in assigning the states. Small errors of this kind are
B 87T[<M3> sind —(uy) cosd], not expected to have any consequences at mod-
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FIG. 1. Proton single-particle levels as a function of deforma-
tion for the Woods-Saxoitbottom), hybrid (middle), and Nilsson
(top) models, respectively. Full lines present positive parity states
broken lines present negative parity states. The Fermi energy lies

about 51.3 MeV for the Woods-Saxon and the hybrid models and at

45.6 MeV for the Nilsson model.

erate or small deformation. The states do not couple strong|
to the states near the Fermi surface. They contribute only t

the smooth level density used in the Strutinsky renormaliza

tion, which will not be affected by small shifts of the levels.
Such a replacement of the spherical single-particle ene
gies is a common practice in large scale shell-model config

used as adjustable parametelr8]. The effect of the replace-
ment is illustrated on Fig. 1, which shows the deformation
dependence of the proton single-particle levels'dBa for

the Nilsson Hamiltonian with the standard and optimize

parameters, the Woods-Saxon and the hybrid Hamiltoniandg

The close similarity of the levels of the Woods-Saxon an

the hybrid models is obvious. The hybrid has a somewha

later and sharper crossing between the positive parity level

which also show stronger tendency to arrange into pairs o,

pseudo spin doublets. These treats are inherited from t
Nilsson Hamiltonian, which controls the change with defor-
mation. The main difference between the Nilsson Hamil-

u
ration mixing and similar calculations, where they are often
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previous TAC predictions and the experiment, as will be
demonstrated in the next section. Refereftd] demon-
strated that the optimized Nilsson levels and the Woods-
Saxon levels are very similar. The hybrid levels agree with
the optimized Nilsson levels with the same accuracy. Hence
one expects similar TAC results for the two models.

128B a

In the previous TAC calculations for thaAl=1 band
in %Ba [4] the four quasiparticle configuratichs
[7(h119)2v(hyyAdsz972)] for the negative parity and
[ 7(hy19)2v(h119)?] for the positive parity were found to be
the lowest ones in energy at the oblate deformatiore of
=0.26, y=60°. This deformation was determined at
=0.2 MeV by minimizing the total Routhian calculated from
the quadrupole-quadrupole interaction. With the present ver-
sion of TAC we find a significantly smaller prolate equilib-
rium deformation ofe =0.205 andy=0°. The lowest four
quasiparticle configuration now turns out to be
[ 7(h1yAds;297/2) ) v(h11Ads287/2))]. Figure 2 shows the
quasiproton and quasineutron levels for various cranking fre-
quencies at tilt angley=90° and for various angles at
=0.2 MeV. The equilibrium value oy, which minimizes
E’, is found to bed,=52.5° forw=0.2 MeV.

As seen, the different position of thg 4, orbitals in the
hybrid TAC has drastic consequences. The deformation
changes from oblate to prolate, resulting in a different con-
figuration of theM 1 band. This is not surprising in a region
where the energy difference between oblate and prolate
shape is small.

The calculations of thé\l=1 band in the present work
are built on this new configuration

at

Ill. THE M1 BAND IN

[ 7(h11/Ads/297/2) (Yh11Ads2097,2))],

hich is the lowest four-quasiparticle TAC solution. In

greement with the experiment, it has positive parity. The
excitation of four quasiparticles significantly reduces the
pairing gaps. In order to better grasp the influence of this

It_)locking on characteristics of the band, we did two calcula-

tions: one withA,=0.88 MeV andA ,=1.04 MeV corre-

éponding to 80% of the experimental even odd mass differ-
ence and one with zero pairing.
Electromagnetic transition properties present a stringent

test of the nuclear models. The experimental information

dabout lifetimes and mixing ratios of the magnetic dipole

and was accumulated in several experim@disl(). Figure
compares the experimen®&(M 1) andB(E2) values and
ixing ratios with the results of TAC model obtained for the
onfiguration[ m(hy1/Ads;297/2)) v(N11/Ads29772)) ] All elec-
‘omagnetic characteristics of the band are well reproduced
both the paired and unpaired calculations. Curiously, the
quenching of pairing influences to some extent B{&11)

tonian with standard parameters and the other is the lower

energy of the negative parity levels originating frém,. It

2Indicating the major components, we denote the mixed Nilsson

seems to be the reason for the discrepancies between th&te by @5,.97/).
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ment.
0o T 7 pairing is needed. It is noted that in the calculations the band
extends down taw=0.1 MeV andJ=11%4. In experiment
04| d e T o there is an irregularity arounid=12,13%. It may be caused
o 0'1 — 8' T — by mixing of the 13 state with another I'3state, which lies
' ' 2 8 o0 0 0 0 nearby in energyAE=0.045 Me\j and into which the 14
o [MeV] 8 [deg] also decay$10].

In [8-10], the Al=1 band was analyzed in terms of a
tion of rotational frequencyiw and tilt angled. Full lines corre-  PUré highK band using the familiar expressions for the
spond to positive parity, broken lines correspond to negative paritp(M1) andB(E2) values for the axial symmetric rotf®0].
states. In both cases the lowest two quasiparticle configuration@djusting three free parameters, thevalue, the intrinsic
involve one predominantlyds,9;,) and one predominantli,,, ~ duadrupole momen@,, and the gyromagnetic factdgy

state. The deformation parameters arg=0.205s,=—0.01y  —rl, @ good fit of the electromagnetic decay data was ob-
=0°, which are the equilibrium values at=0.2 MeV. tained. The quality is practically the same as in our calcula-

tion without parameters in Fig. 4. The TAC calculation con-
values but leaves almost unchanged B{&2) values up to tains much more physical information as, e.g., the specific
spin 18. The TAC calculation seems to slightly overesti- configuration on which the band is built and the band ener-
mate the deformation. gies. The knowledge of the intrinsic state can be used to
In contrast with the previous TAC calculation, it is pos- derive further structure information, e.g., the geometrical
sible to follow the band all the way up to spin/26Figure 4  coupling scheme shown in Fig. 5, which enables one to see
shows the measured and the calculated funclian) of the  how the total spin is formed from the quasiparticle orbitals
spin on the angular frequency. It is more sensitive to thednd how it changes with the rotational frequency. Appar-
changes of the pair correlations. While the unpaired calcula€ntly, most of the angular momentum gain along the band is
tion gives a nearly linear function with the moment of inertia Of collective nature, however the highguasiparticles from
J@=dJ/dw close to the measured one, the paired calculaProton and neutrondsg7;) andh, orbitals do also sub-
tion exhibits a substantially lower moment of inertia for low stantially contribute by means of the shears mechanism.
rotational frequencies and an upbend at higher ones. Th#&ith increasing frequency, the three-component of the spin
experiment is in between. This seems to indicate that the pairector J stays practically atJ;)~97%. However, this does
field is weak in this nucleus and a more refined treatment ohot mean that the corresponding TAC configuration behaves

FIG. 2. Proton(a) and neutrorib) quasiparticle levels as a func-
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2 - FIG. 5. Spin decomposition in terms of individual quasiparticle
- - contributions for two different rotational frequencies. Quasiparticle
0 S configurations are denoted by their predominant components.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
® [MeV] mized Nilsson potential leads to the larg@(M 1) values.
For theB(E2) values the effect of the increased deformation
FIG. 4. Dependence of the angular momentliml on the ro- IS compensated by the somewhat smaller tilt angjle
tational frequencyiw as obtained by paired calculatigfull line),

unpaired calculatior(dotted ling, and experimentcrosses The V. SUMMARY
experimental frequency is extracted from the measuyezhergy
data using the relationsw(l)=E,=E(I)—E(I - 1). The strength of the TAC model is that it can predict the

appearance okl =1 rotational bands and is able to describe
like a structureless higK- rotor. Figure 6 shows that the microscopically their electromagnetic decay properties. This
calculated dependenc@(w) of the tilt angle on the rota- is achieved by taking into consideration the orientation of the
tional frequency by no means follows curve expected for theotational axis with respect to the deformed potential, which
strong coupling limit. Thus, the present case lies in betweers fixed along a principal axis in the conventional cranking
a good shears band and a good highsand. TheAl=1  model. The intrinsic TAC configuration of a rotational band
band in 1?3Ba is an example for a rotational band of inter-
mediate nature. % T T T T T

1] 3 g
IV. COMPARISON WITH THE OPTIMIZED

NILSSON POTENTIAL /
The similarity of the single particle levels of the nonrotat- i /
ing hybrid and optimized Nilsson potentials suggests that theg s ’
rotational behavior should not differ much. This is born out = |
by the TAC calculations. The angular momentum and the 3o}
transition probabilities are compared in Table | for the case
of finite pairing. They are very similar. We find a larger 15 .
0.2 * ofa * 074 ’ 075 *

deformation ofe,=0.24 andy=8° for the optimized Nils-
son potential. The larger deformation causes an increase ¢ ¢ ——d
the collective moment of inertia but a decrease of the align-

ment of the four quasiparticles with the rotational axis

(shears mechanigmThe two effects contribute with oppo-  FIG. 6. Equilibrium tilt angled as a function of the rotational
site sign to the total angular momentum, which remains alfrequency# w. Full line, paired calculation; dotted line, unpaired
most the same. The weaker shears mechanism for the optialculation; broken-dotted line, strong coupling limit result.

06
o MeV]
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TABLE I. Tilt angle, spin, and EM observables of the hybrid lowest equilibrium configuration is found to be
potential(H) and the optimized NilssofON) models at their cor- [ 77(hy1,/ds/207/2) ) v(h11Ads2072))]. It has positive parity
r(_asponding equilibrium deformations for various rotational frequen-and a prolate axial deformation af,=0.20. The micro-
cies. scopic TAC calculations describes rather well the experi-
5 s mental energiesB(M1) andB(E2) values, as well as the
w[Mev] 9[ded J[a] B(M1) [uy] B(E2) [€°D°]  pranching and mixing ratios. The dipole band'#iBa has an

H ON H ON H ON H ON intermediate structure. A comparable amount of angular mo-
mentum is generated by the shears mechanism, active for the
0.20 525 50.7 13.8 138 131 168 020 0.20 hy,,and ds.97,) quasiparticles, and by collective rotation.
035 554 533 14.7 147 129 157 024 0.23 I|tis an example for the transition from collective to magnetic
0.30 57.7 554 156 156 126 147 0.26 0.26 rotation.

0.35 59.8 574 165 164 1.21 138 0.29 0.29 The hybrid potential turned out to be crucial for the good
040 61.7 59.3 174 17.2 1.17 129 0.31 0.32 agreement between the calculation and the data’8Ba.

The Nilsson potential with the parameters optimized for the
A=130 region gave similar good results. Both potentials

is found by searching for a local minimum on the multipa- S€€M 0 be a promising starting point for studying the in-

rameter surface of the total Routhian. Therefore, it is cruciafiguing interplay between triaxial deformation and the ori-

to calculate these surfaces as reliable as possible. In tHgtation of the rotational axis. The treatment of the pairing
present work the Strutinsky renormalization and a hybrig?€€ds improvement, because only the cases of a strong and a

single-particle potential were implemented in order to starg€r0 neutron pair field were studied.

from a deformed potential, which is reliable in a wide range

of N and Z The' hybrid potential cqmbings the spherical ACKNOWLEDGMENTS
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