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Many-particles—plus—rotor description of magnetic bands at high spin
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The high-spin parts of shears bands observed in '**!Pb are described by coupling several valence particles to
a deformed rotor core. To give the model enough freedom so that both the proton and the neutron spin vectors can
find their preferred direction, the use of five to six valence particles and holes is found to be necessary. Effective
parameters characterizing the rotor are deduced from the cranking model. The method is described and results
are presented concerning transition probabilities and energies in the high-spin regime for several rotational bands
in '’Pb. The possible termination of the rotational bands is also discussed.
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I. INTRODUCTION

Magnetic rotation [1] has been labeled a new mode of
excitation that differs from well-known excitation modes. It
occurs for relatively small deformations but gives rise to
regular sequences of states interpreted as the result of a gradual
alignment of two originally perpendicular angular momentum
vectors. The magnetic bands observed in the lead region have
been described as two protons preferring to align their angular
momenta with one axis and a couple of neutron holes that
align their angular momentum vector with a perpendicular
axis (see Refs. [1,2]). This coupling creates a large magnetic
moment perpendicular to the direction of the total nuclear
spin that gives rise to large magnetic dipole transitions. Spin
increases as the two spin vectors align, which creates a smaller
magnetic moment and a characteristic decrease of the magnetic
dipole transitions with increasing angular momentum. Because
the total angular momentum increases mainly due to the
alignment of two spin vectors, this mode of excitation has
been labeled the shears mechanism [3]. A special feature of
the shears mechanism is that the nuclear spin axis remains
at an essentially fixed angle when the spin increases. This
requires that both the high-j protons and the high-j neutron
holes have the freedom to build angular momentum both along
the symmetry axis and along the perpendicular axis.

As the magnetic bands reach the maximum spin that can be
built by the alignment, there is the question whether the bands
terminate [4,5], i.e., reach their end in an axially symmetric
state with the angular momentum pointing in the direction of a
symmetry axis of the potential in which case it is not possible
to build higher angular momenta within that configuration.
Such a termination would give rise to a decrease of the electric
quadrupole transitions, reflecting the changes in deformation
of the average nuclear field together with the reorientation of
the angular momentum vector. As an alternative to termination
it is also possible that couplings with states outside the valence
space are strong enough to generate higher spin states in a
collective manner in which case there would be no drastic
reduction of the electric quadrupole transitions [6].

The present work aims at gaining an increased insight
into the magnetic bands in the lead region while evaluating
an alternative model. Previous theoretical descriptions have
relied on the tilted axis cranking model (TAC) [1,7,8], which
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has been successful in describing the observed large magnetic
dipole transitions [2]. In this model the energy is minimized
with respect to the orientation of the cranking vector and semi-
classical formulas are used to calculate transition probabilities
within rotational bands.

In the alternative approach presented here, the cranking
model is used for the bulk of the nucleons, with several
valence particles coupled to the bulk using the particle rotor
model (PRM [9]). This approach yields wave functions in the
laboratory frame having good total spin. From these wave
functions, transition probabilities can be calculated not only
within bands but also between bands and rotational bands can
be followed as they cross the boundary from the tilted regime
to the principal axis cranking regime. The method involves a
core that has to be treated as a macroscopic rotor. Furthermore,
it relies on the possibility to find a proper division between the
core and particle spaces.

The basic features of the model are discussed in Sec. II. Our
method to extract the properties of the rotor are described in
Sec. I1I, followed by a comparison with principal axis cranking
(PAC), a discussion of how the shell correction method can
be introduced and a comparison between results obtained for
different divisions between the particle space and the core
space. Different configurations of '°’Pb are discussed in some
detail in Sec. IV and compared with experiment. Finally, in
Sec. V, the importance of allowing the neutron spin vector tilt
away from the perpendicular axis is demonstrated. In this first
article we concern ourselves only with the high-spin part of the
bands and discuss the evidence for an oblate to prolate shape
transition at high spin.

II. MODEL

The model presented here is based on single-particle
orbitals in a deformed potential in a similar way as the
two-quasiparticle plus rotor model of Ref. [10]. Compared
with Ref. [10], it is formulated for an arbitrary number
of (quasi-)particles but with the drawback that pairing is
neglected at present. It is illustrative to compare with the model
of Ref. [11], where also an arbitrary number of quasiparticles
is included but where the particle space is limited to a pure
Jj shell. Although the present model is formulated for triaxial
shapes, we have confined ourselves to axial symmetric shapes
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in the numerical calculations presented here. The Hamiltonian
can be written (cf. Refs. [10,12])
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where hg;, is a deformed single-particle Hamiltonian and
Ho(J1, J2, J3) is the particle-rotor Hamiltonian [9]. A con-
stant (" has been added that represents the energy of the rotor
at spin zero. The indices 1,2,3 refer to the body-fixed frame,
where we will use the 3 axis as the symmetry axis in the case
of axial symmetry (7, = J>). The energy is minimized with
respect to deformation and the moments of inertia for the core
are determined using cranking calculations as will be discussed
below. Thus the only free parameters enter in the description of
the mean-field potential where we have employed the modified
oscillator using the so-called standard parameters [ 13] and with
the shape of the potential parameterized using the (&2, ¥, €4)
parametrization. In the present code, the pairing correlations
are not taken into account. Indeed, without pairing it is much
more straightforward to formulate a consistent formalism.
However, pairing should be included for a precise description
of the properties in the low-spin region while it should be a
good approximation to neglect pairing for the high-spin states
considered here.

The diagonalization of hgp (¢2,y,¢€4) leads to single-
particle states written as expansions [12]

al ,10) =" cl)iq INL)
NjQ
with Q restrictedto...,—3/2,1/2,5/2, ... and thus signature

[14] «; = 1/2. The conjugate orbitals with signature o; =
—1/2 can be defined as (see Appendix A)
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If only protons are written explicitly the wave function |o)
describing the particle space is defined as

Z1 2
o) = (1_[ aI/w[) (Haf/z,}z) 0) .
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Each creation operator is labeled using two quantum numbers.
They specify the isospin (proton, 1/2 and neutron, —1/2) and
the signature of the particle, where the second number is also
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used to specify the ordering of the states within the symmetry
group. The rotated basis functions |&) can be written

@) = (—1)=(=1)"= (]‘[af/z,y,) <]‘[a1/2ﬁ_> 10)
i=1

i=1

where the first phase factor is a minus sign for each particle
rotated a full revolution and the second one comes from
permuting the order so that signature 1/2 states comes first. The
total wave function is thus divided into four different groups
consisting of signature «; = £1/2 protons and neutrons,
which is convenient when calculating matrix elements. The
number of neutrons and protons of a certain parity are
preserved quantum numbers in the model.

The total Hamiltonian H is diagonalized in the coupled and
symmetrized basis [9]
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where |I M K) denotes the usual rotation matrix. The normal-
ization constant N,k is equal to one except when K = 0 and
the rotated state |&) = e 2" |a) is the same as |a), which
happens when an even number of particles are placed in
time-reversed orbits. In this case a different normalization is
required, Nyx = 1/+/2.

In the axially symmetric case the basis states can be labeled
with their projections on the symmetry axis k =k, +k,,
where k, and k,, are the sums of the single-particle projections
Q2 for protons and neutrons, respectively. In this case the core is
not allowed to build spin in the direction of the symmetry axis
(the 3 direction), which leads to the restriction K = k. When
evaluating the matrix elements of H, the operators in Eq. (1)
are written using second quantization as sums of one- and
two-body operators (see Appendix B). In the calculation, the
configuration space in the different symmetry groups typically
consists of 5—-10 doubly degenerate orbitals from the deformed
single-particle Hamiltonian. Because all possible particle-hole
excitations within this space are considered the dimensions are
generally quite large for several particles. In these cases the
ARPACK routines [15] are used when solving numerically for
the lowest eigenvalues and corresponding wave functions.

The formulas for reduced transition probabilities are
straightforward to derive, leading to expressions that are
similar to those obtained for one particle in Refs. [12,16].
The resulting formula for the B(E?2) value is
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where the contribution from the core Q5)° is added to
the diagonal elements. The B(M 1) transition probability is
obtained as (in units of /ﬁv)
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Throughout this work we have used g; = 0.7g™ and g
is obtained from cranking calculations as will be discussed
below.

III. METHOD OF CALCULATION

A. Properties of the rotor extracted from cranking calculations

The particle-rotor formalism is based on a division of the
relevant degrees of freedom into two parts. The rotor part that
is assumed to be an even-even nucleus is given the freedom to
build angular momenta in three different directions. The cost of
doing so is parametrized in the simplest case by three different
moments of inertias. Indeed, with the basis of Eq. (2), this is
the only possibility. If, however the basis is recoupled so that R
becomes a good quantum number [17], it is possible to use an
arbitrary parametrization for the core energies, where the VMI
expression [18] is one possibility. Such a recoupling becomes
involved with many valence particles but is implemented in
the two quasiparticles + rotor code of Ref. [10] and will be
used below.

To calculate transition probabilities one needs the effec-
tive gyromagnetic moment of the rotor together with the
quadrupole moments. Our method consists of extracting
these macroscopic parameters of the rotor from a cranking
calculation. Once the gross properties of the rotor are obtained
one can couple it to several valence particles to obtain the full
dynamics of the system. This appears particularly appealing
for a description of magnetic bands where the most important
physics comes from the orientations of a few valence particles.

The rotor properties are obtained by solving the principal
axis cranking (PAC) [14] Hamiltonian

Hpac = hsp.(e2, v, €4) — wj1.
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From the solutions to Hpac we extract energies, quadrupole
moments, and gyromagnetic moments. In this work we have
considered axially symmetric deformations only where 73 = 0
and J, = J». To extract this moment of inertia, the energy of
the core is calculated as a function of spin. First the cranking
frequency is determined from the condition

A

VIA+1) =01 =Y (6] j1]e). 3)

1

where ¢ are the single-particle eigenfunctions of the cranking
Hamiltonian, Hpac, and where the summation is carried out
over the A, single-particle states which are occupied in the
core. Then the total energy in the laboratory frame is calculated
as

A,

Epac(1) = Z(‘ﬁﬂhsp +wji| )

L

(see Ref. [14] for details). To obtain the moment of inertia for
the rotor we fit Epac(Ji) with J2/27, + E* and use J; as
the moment of inertia for rotation around the 1 axis.

The effective gyromagnetic factor is obtained as

gR(Jl) - [gl,zr (j]r,l) + (gs,n - gl,n)<Sﬂ,l) + (gx,v)<Sv,l>]/J1

and the quadrupole moment as the sum of the single-particle
moments Q;‘l’fe(Jl) = le q2,.i- For a well-behaved core, gz
and Q57 are only weakly dependent on J; and can thus be
approximated by their average values within the appropriate

spin interval.

B. Comparison between the particle-rotor and the principal
axis cranking model

When comparing PRM calculations with cranking, the
energy for the lowest states are often somewhat higher in the
PRM. This is illustrated in Fig. 1 and can be understood by
considering two limits. When the moment of inertia of the rotor
J becomes large the couplings caused by H;, become small.
The wave function for the lowest state will then come close
to the Hartree-Fock vacuum obtained by occupying the lowest
single-particle states. The corresponding energy is not much
higher than the sum of the single-particle energies E , . In the
other limit when 7 becomes small it becomes expensive to use
the rotor so the valence particles couple to a good spin and the
wave function becomes a sum of several slater determinants
with an increased energy.

To illustrate the present method, the result of PRM
calculations are compared with cranked Nilsson-Strutinsky
(CNS) [4,13] calculations in Fig 2. Panel (a) of Fig. 2
shows the calculated energy for a configuration in 3Dy,
having no i3/, neutrons at a constant deformation of &, = 0.2
using the CNS model (lines). To be more precise, all orbitals
emerging from subshells below the Z = 50 and N = 82 gaps
are filled and in addition the lowest 10 and 6 proton orbitals,
respectively, of ds;>g87,2 and hyy), character and the lowest
10 neutron orbitals of /95 f7,2 character. This configuration is
used as a core in the PRM calculation and the dots indicate
the energy of the rotor fitted to this band. As seen a reasonable
fit can be obtained with a constant moment of inertia up to
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FIG. 1. (Color online) For two and four particles in a pure 7,3/,
shell, the energy calculated in the particle-rotor model for spin / = 0
is compared with the single-particle sum, E,,. As the moment of
inertia for the rotor grows, the particles take advantage of the rotor
and lower their energy by angular momentum fluctuations. A similar
picture illustrating the same effect can be found in Ref. [19].

around spin 35. Using this '3 Dyy, configuration as a core we

couple it to one neutron constrained to 14 orbitals (7 of each
signature) originating from the deformed i3/, shell and 10
additional low energy orbitals in the N = 6 shell. The result
is seen in the panel (b), where it is compared with cranking
calculations. The two models produce pretty similar results, the
main difference being a somewhat larger signature splitting for
the lowest K = 1/2 band predicted in the PRM. The difference
in the spin alignment between the particle-rotor and cranking
model was discussed in Ref. [20], where it was found that the
cranking model normally gives a smaller rotation-aligned spin
for an odd quasiparticle. The differences were investigated
for prolate shapes and found to be largest at low rotational
frequencies and with a Fermi level low in the i3/, shell. The
explanation for the smaller alignment in the cranking model
was found to be the approximation that the average field can
be characterized by a constant frequency vector.

In the calculation shown in panel (b) of Fig. 2,
the maximum spin contribution from the odd particle is
Ji"™ = 6.5 and the PRM results are thus rather dependent
on the core properties. However by adding more particles the
system becomes less dependent on core parameters. A few
more particles can be taken into account explicitly as shown in
panels (c) and (d) of Fig. 2. Panel (c) shows the result of
coupling four neutrons to the lggDy92 core and panel (d) the
results when using five neutrons. With the neutrons confined
to an approximately pure i3,, shell, their maximum spin
contribution is roughly j"* =20.0 and 22.5 in the cases
of four and five neutrons, respectively, which is a large part
of the total spin. The different calculations shown in Fig. 2
use a core with the same numbers of particles. However,
the effective single-particle potential for the core is the one
valid for the mass number A of the total system of core plus
valence particles. Therefore, because of the A dependence of
the single-particle potential, the core parameters 7;, Q»¢, and
gr become slightly different in each case.
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FIG. 2. Comparison of cranking (full and dotted lines) and
particle-rotor calculations (circles) for 0,1,4, and 5 i;3,, neutrons
coupled to a '3¥Dyy, core as defined in the text. Due to the expected
energy shift seen in Fig. 1 we have applied constant shifts of the
particle-rotor results, placing them so that they roughly agree with
the cranking results. Thus, as would be expected from Fig. 1 with
J ~ 60, the energies are shifted by 0—0.3 MeV. The deformation is
kept constant at &, = 0.2.
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In the calculations shown in Fig. 2 the CNS and the PRM
give similar results for the energies. In such cases the main
advantage of using the more computational demanding PRM
is the possibility to calculate transition probabilities between
all states.

C. The shell correction method

In Fig. 2 the total energy was obtained as the sum
of the single-particle energies counting from the bottom
of the modified oscillator potential. When comparing with
experiments, the energy is usually Strutinsky renormalized
[21] to the average behavior of a liquid-drop model. In a
similar way, the smooth part of the rotational energy differs
from the experimental energy. Therefore, one usually performs
a Strutinsky renormalization also as a function of spin and
replaces the average cost of rotating with the energy of a
rotating rigid body. This is particularly necessary when using
the modified oscillator because the average moment of inertia
is roughly 30% larger than the rigid body value [22]. This
correction is usually referred to as renormalizing the average
moment of inertia and appears to be a quite reliable calculation
scheme. In the CNS calculations, the total energy is therefore
calculated as [4],

Eoi(€2, €4, 7, J1) = Epac(er, €4, 7, J1) — Egru(€2, €4, v, J1)
2

J
+ Ep(€2, €, ¥) + —s “
27,

where J; is defined in Eq. (3). The smoothed single-particle
energy sum Egru(€2, €4, v, J1) = 3 €i(d1, €2, €4, ¥)|5=y, s
calculated using the Strutinsky procedure. Egy thus represent
the average energy when the shell structure is smeared out.
In this way one can reproduce the local variations which the
single-particle potential is fitted to and replace the average
behavior with a rotating liquid-drop model. The smoothed cost
is calculated for each deformation only along the yrast line and
for each value of the spin J, the same correction is then applied
to all calculated states. The rotating liquid drop energy, i.e., the
last two terms in Eq. (4) is described in Ref. [23] and consists
of using the LSD model [24] for the static liquid-drop energy
with the average moment of inertia 7;"#¢ calculated from a
mass distribution with a diffuse surface.

We expect the same problem of the smooth part of
the energy differing from experiment when using the PRM
together with the modified oscillator potential. However, in
this case it is difficult to calculate a Strutinsky average as a
function of angular momentum. Because the energies obtained
in CNS and the PRM are similar, it seems reasonable as a
first approximation to apply the same correction also in the
PRM, i.e., to add the last three terms of Eq. (4) taken from
a CNS calculation to the energy calculated in the PRM. It
should be noted that this procedure does not affect the wave
functions, reduced transition probabilities, or spin orientation,
which is the main interest of this work. The correction makes
the average moment of inertia roughly 30% smaller and allows
us to compare our results for the energies with renormalized
CNS calculations.
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D. The division between the particle space and core space

The division into a particle and a core space should be made
in such a way that the neglected couplings between the valence
particles and the core particles are small. To illustrate how
different divisions of core and valence spaces can be made,
calculations for lgngl 16 were performed. One of the magnetic
bands seen in this nucleus (band 3 in [2,25]) has been described
as built with one 73/, proton together with one hg/, proton
and four 713/, neutron holes at a small oblate deformation
(labeled ABCDI11 in Ref. [2,25]). At this deformation the
proton particles prefer to align their angular momentum with
the symmetry axis (3 axis) and the neutron holes with the
perpendicular axis. To describe this band using the PRM it is
possible to take all high-j particles as valence particles and
treat the remaining part as a rotor. Another possibility is to
assume that the spin vectors of the neutron holes stay oriented
perpendicular to the symmetry axis and treat them as part
of the rotor. These two different core choices are illustrated in
Fig. 3. When using the small core, the neutron holes are treated
as 10 neutron particles in a deformed i3/, shell. The rotor is
thus made up from a nucleus having two less protons and 10
less neutrons than 1§§Pb116, i.e., from a fixed configuration
that, relative to a 2g§Pb126 core, has two N = 4 proton holes,
six N = 5 neutron holes, and no i3/, neutrons. For the larger
core the cost of building spin cannot be parametrized with a

(a) protons neutrons

i ‘ g9/2 -

hg/z"""'"
Pp--0-O---
Jip--O-O---

Se_ o0 Bp--O-O---
d3/2 .
S i\, OO00-
(b) protons neutrons
i, e | S
13/2
hy,----@---

p1/2-_O-O---
f;/Z"O'O"'
]93/2"0'0"'

FIG. 3. (Color online) Two different choices of valence spaces
for '8Pb. Particles relative to the closed core nucleus 2 Pb are shown
with filled circles and holes by open circles. The boxes indicate the
particles or holes treated explicitly in the particle-rotor calculation. If
the core spin is only built from the j shells in this figure, the upper
choice of core has a maximum spin of /,,,x = 8 and the lower one has
I = 28.
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FIG. 4. (Color online) Calculations for '**Pb with a 7 (i13/2)" (h9/2) ' v(i13/2) ™ configuration at a constant deformation of &, = —0.15. Left

panel shows two protons and four neutron holes coupled to a rotor and in the right panel the neutron holes are treated as part of the core. To
be able to compare with PAC calculations the PRM energies has been placed by demanding that the bandhead / = 2 states has the expectation
value of &, of the dominating slater determinant in the wave function as their total energy. This means ignoring the correlation energy shown
in Fig. 1 and amounts to shifting the PRM energies in left panel by 974 keV and those right panel by 105 keV. Schematic figures illustrate the

coupling schemes in the different cases.

constant moment of inertia. The reason is the relatively small
rotational energy needed to align the spin of the i3/, neutron
holes with the cranking axis. In this case the method mentioned
in Sec. III A [17] is used to expand the basis states in a basis
where the rotor spin is a good quantum number that can then
be used to specify the cost to build each unit of rotor spin.
The energy versus spin curves for the calculations using the
different choices of cores are shown in Fig. 4 and compared
with the result of PAC calculations.

As seen in the right panel, where the neutron holes have
been treated as part of the core, the result of the PAC calculation
coincides with the first excited PRM band corresponding to an
antiparallel coupling of the two protons. This is to be expected
since the spin component along the symmetry axis is neglected
in PAC calculations. Therefore bands with the parallel and
the antiparallel coupling of the protons are degenerate in this

model. In the PRM calculation the spin component along the
symmetry axis is accounted for which leads to a lowering of
the energy compared to the PAC result.

The left panel shows the result when using the larger valence
space. In this figure more states have been included. Many
of these additional states correspond to excitations among
the neutrons. The general features of the magnetic band is,
however, the same, whereas the band with the antiparallel
coupling of the protons is hard to distinguish. With this
small core the dimension of the Hamiltonian becomes rather
large, e.g., the basis size is 84084 for both the even- and the
odd-signature high-spin states.

Figure 5 shows the calculated transition probabilities for
the two different core choices. For both choices the B(M1)
values decrease at higher spins, whereas the B(E2) values
increase. The trend for the B(E2) values would, however, be
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FIG. 5. (Color online) Gyromagnetic factors and transition probabilities for the two choices of cores indicated in Fig. 3. The gg factors
used to calculate the B(M 1) transitions are the mean values of those shown in the left panel of the figure. These mean values are also indicated.
For the B(M1) (middle panel) and B(E?2) (right panel) transition probabilities, dashed lines correspond to the larger valence space and full

lines to the smaller one.
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somewhat different for the highest spins if the deformation
was allowed to change as a function of spin as exemplified
for other configurations in Fig. 13 below. The calculation with
the smaller core produces smaller values both regarding the
B(E?2)and B(M 1) values. For the smaller core, discontinuities
are seen around / = 15 both in the B(E2) and B(M 1) values
indicating a new band starting at / = 15. This new band, which
mixes with the K = 11 band, starts as a K = 15 band, where
the neutrons contribute with 47 at the band head.

The angle the total spin vector makes with the symmetry
axis, 0 = arccos(‘/(lzz)/«/l(l + 1)), for the I = 27 state is
indicated in Fig. 5. A larger angle is calculated when the
neutrons are treated as part of the core and thus constrained to
point in the direction perpendicular to the symmetry axis. This
indicates that the neutrons use the freedom gained when treated
explicitly to tilt somewhat toward the protons. A smaller tilt
angle also leads to smaller B(E2) values according to the
approximate relation [2]

15
1287

Thus, the inclusion of this degree of freedom in the model,
i.e., the possibility for the neutrons to tilt toward the symmetry
axis, gives a substantial correction to the reduced transition
probabilities.

The effective gg factors obtained from CNS calculations are
illustrated as a function of spin in the left part of Fig. 5 for the
two choices of core spaces. If the neutron i3, holes are treated
as part of the core, they give a negative contribution to the
effective gp factor that makes the total gz value negative.
The value ggp = Z/A, which is sometimes used for gg [9],
is also indicated. As seen from this figure, the parameters
describing the core may differ substantially from macroscopic
estimates. Another strategy is then to extract parameters
like moments of inertia directly from experiments. However,
when treating many particles explicitly this may be difficult
because the preferred deformation of the core nucleus may
be very different from the one for core + valence particles.
Therefore, we have chosen to calculate the core parameters
microscopicly. With these recipes, the very different divisions
between core and particle spaces lead to rather similar
results and the remaining differences can to a large extent be
understood as being due to restricting the neutrons to point in
the direction of a principal axis.

The experimental transition energies are compared with
the calculated ones in Fig. 6. A good description of the
transition energies are obtained after the backbend at spin
I = 26. However, because there are no transition probabilities
measured when all particles are aligned, no comparison with
experimental B(M 1) or B(E2) values is possible.

B(E2) =

(eQ20)? sin* v.

IV. MAGNETIC ROTATION IN *Pb

In '’Pb transition probabilities have been observed [26]
above the backbend which makes it possible to compare with
unpaired calculations for these states. In all of our calculations
for this nucleus we use the same neutron configuration having
three i3/, holes treated explicitly and six additional holes in
the N = 5 shell withrespect tothe N = 126 closed shell. Thus
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FIG. 6. (Color online) Spin versus transition energy for band 3
in '®Pb and comparison with the calculations in Fig. 4. It is only
in the region above the backbend that the experimental moment of
inertia becomes close to the unpaired value and where one can expect
a quantitative agreement with the PRM calculations.

the model space is chosen as in panel (a) of Fig. 3 but with
only three 73/, holes.

A. Shapes and possible terminations in *’Pb configurations

Figure 7 shows deformation trajectories for four different
proton configurations calculated in the cranked Nilsson-
Strutinsky (CNS) formalism. When reaching the maximum
spin that can be formed in the valence space, I,ax, config-
urations having just one high-j proton show larger tenden-
cies to terminate than those with two high-j protons. For
the n(i13/2)1(h9/2)1 configuration, the two high-j protons
can contribute with at most (13/249/2)h = 11/ and the
two proton holes with (3/24 1/2)h if they are allowed
to spread over the ds;» and sy, subshells. Similarly, the

€, sin(y+30°)

0 0.05 0.1 0.15 0.2
€, cos(y+30°)

FIG. 7. (Color online) Deformation trajectories calculated using
the CNS model. The curves show how the deformation changes as
a function of angular momentum in steps of 27 for three different
configurations.
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FIG. 8. Tilted Fermi surface plot indicating how the neutron spin
is built close to termination. The deformation is the one relevant for
the bands with just one high-j proton (see Fig. 7).

maximum contribution from the three i;3,, neutron holes
is (13/2+11/24+9/2)h = 16.5h and from the six low-j
neutron holes (5/2+4+3/2+3/24+1/2+1/2—-1/2)h = 6k
if they are assumed to be equally distributed over the two
signatures. We thus arrive at I, = 35.5 for this configuration.
The same arguments in the case when the proton configuration
has only one high-j proton (&9, or i13/2) leads to In.x = 28.5
and 30.5, respectively. However, Fig. 7 shows that these
configurations can be followed to higher spins, which is mainly
caused by mixing between the N = 5 neutron orbitals. Thus
these 7T(h9/2)l and (i3 /2)' configurations come very close
to termination at / = (31.57,32.57) and I = (33.57,34.57)
for the two signatures where the neutron configuration is
essentially the one illustrated in a tilted Fermi surface plot
in Fig. &, i.e., with one neutron hole in hg,, so that the
maximum neutron spin becomes 26.5 instead of 22.5. For
the 7 (i 13/2)1(}19/2)1 configuration, these couplings (and also
the couplings within the N = 4 proton holes) become even
larger so that the corresponding rotational band can be
followed far beyond the I,,,x values calculated above.

In the present work we assume axial symmetry in the
PRM calculations, which according to the CNS calculations
(Fig. 7) should be reasonable for all states with the exception
of the highest spin states for the bands having just one
high-j proton. In the triaxial case the dimensions grow
rapidly because each basis state can be combined with several
K values, which makes calculations time consuming. We also
assume that the effect of the pairing interaction is negligible,
which is supported by the fact that in the high-spin regime we
consider, the moments of inertia are well described in unpaired
calculations (see Fig. 6 and Fig. 10 below and also Ref. [5]).

B. The (hy/;)* configuration

Figure 9 compares CNS calculations with the result of the
PRM in the case of two hg/, protons coupled to our neutron
configuration. The deformation trajectory of this configuration
falls close to the the one for the 7 (i13/2h9/2) configuration in
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FIG. 9. (Color online) Comparison between PAC (upper left
panel) and PRM (lower left panel) for the configuration with 2 hg/,
protons. The deformation is kept fixed at &, = —0.16. The orientation
of the different spin vectors calculated in the PRM is illustrated at
I =20.5 and I = 30.5 in the panels to the right.

Fig. 7. The lowest band in the CNS calculations is obtained
when placing the two protons in opposite signatures, thus
coupling their spin in opposite directions and a corresponding
band is lowest also in the PRM calculations. This is contrary
to the case with the two protons in different shells (see
Fig. 4) where the parallel coupling was favored in the PRM
calculations. The yrast m(hg /2)2 band splits into two at low
spins which is due to the signature splitting of the highest i3/,
neutron level. The antiparallel coupling of the two protons
produces no large B(M 1) values. To obtain a band with large
B(M1) values the protons have to align their spin vectors. In
the CNS model, this can be achieved by exciting one of them
within the hg/, shell so that both are in orbitals of the same
signature. As seen in the top panel of Fig. 9 this produces
a Al =1 band labeled A at a higher energy. In the PRM
calculation shown in the lower panel this excitation energy
is reduced making this band close to the lowest one when
approaching I = 30. Because this magnetic band is not the
lowest (ho /2)2 band it may be more difficult to observe than
magnetic bands formed with the two protons in different shells
or with only one high-j proton. At I = 31.5 M1 transitions
within the magnetic band are calculated to be of similar
strength as M1 transitions connecting it with the lower band.
Approaching lower spins the strength of transitions between
the bands decreases rapidly. At higher spins (around / = 30)
the results obtained from the CNS model agree quite well
with the PRM. This is to be expected since with increasing
spin the orientation of the total angular momentum is driven
into the direction perpendicular to the symmetry axis where
the PAC descriptions should work well.

In the PRM, spin projections on any axis is always zero.
Therefore, to compare the spin orientation, expectation values
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TABLEI. Effects of truncation of basis states on the energy levels
of 1Pb. The energies for the 7 (i13/2)' (ho)2) ' v(i13/2)~> configuration
at spin 20.5 and 30.5 is indicated as a function of the number of
basis states used for the i;3/, proton. The deformation is kept fixed at
&, = —0.14. The number of basis states for the hq,, proton is fixed
at 12 and the for the neutron holes, the 256 lowest excitations within
the deformed 7,3/, shell is used as a basis.

E-0.00481(1+1) [MeV] E-0.00481(I+1) [MeV]
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Number of basis states E(20.5) E(30.5)
4 —18.236 —14.353
6 —18.255 —14.574

10 —18.258 —14.684

14 —18.258 —14.697

16 —18.258 —14.698

18 —18.258 —14.698

24 —18.258 —14.699

30 —18.258 —14.699

FIG. 10. (Color online) Calculated rotational bands in '*’Pb
together with experiment. The experimental data is taken from [2,27]
where this band is labeled band 1. There is an additional high-spin
band observed in this nucleus which has not yet been linked to the
low-spin structures.

of the squares of the spin projection operators are calculated.
The results for the (h9/2)2 bands are illustrated in the right
panels of Fig. 9. At spin I = 20.5, the magnetic band labeled
A has a large proton spin projection on the symmetry axis,
which makes the total spin vector tilt toward the symmetry axis.
The total spin increases due to the alignment of the protons
with the collective spin component and also because of an
increase in collective spin. At spin 30.5 the collective spin
vector contributes with approximately 10 units for both bands.

C. PRM description and comparison with experiments

Figure 10 shows calculated configurations of '’Pb com-
pared with experiments [27]. The total energy for each
configuration and spin has been minimized with respect
to &, deformation using a mesh consisting of six different
values (&, = {—0.06, —0.08, —0.10, —0.12, —0.14, —0.16} ).
For the larger deformations the fit used to extract the moment
of inertia for the core could be done with a good accuracy with
a maximum discrepancies for any point less than 0.05 MeV.
For smaller deformations the core becomes less collective and
a smooth fit becomes more difficult. The biggest discrepancies,
which are about 0.2 MeV for some points, are found for
the smallest deformation. All configurations have the same
neutron configuration.

The valence neutrons are treated as 11 particles in a
deformed (i3/2) shell. The valence protons are also confined
to different deformed high-j shells. In the cases where there
is a single hole in the N = 4 shell the valence space for the
hole is taken to be the entire N = 4 shell with the exception
of orbits of gg/» character. The total energy calculated using
different valence spaces is shown in Tables I and II. At the small
deformations considered, the j shells are not so mixed and the
strongest couplings of H;, occur between orbitals originating
from the same deformed j shell. Therefore, increasing the
valence space much beyond the single deformed j shells is
found to have a small effect on the energy.

The 7 (i13/2)" (ho/2)! configuration has been suggested for
the experimental band on the basis of TAC calculations [28].
This assignment is consistent with the fact that the lowest
state observed has I = 25/2, which coincides with the band
head spin obtained from the parallel coupling of the two
high-j protons and the odd ij3,» 2 = 3/2 neutron. This is
also the dominating component (~=40%) in the calculated
wavefunction. However, this amplitude might change if pairing
was included in the model.

Comparing energies in Fig. 10, all bands have similar slopes
as the experimental band after the backbending around spin
20. The bands with just one high-j proton develop a signature
splitting at the highest spins that is not seen in the experimental
band. However, when performing CNS calculations for the
7(i13/2)" band we found that this signature splitting is reduced
when triaxial deformations are allowed. Figure 11 compares
calculated transition energies for the 7 (i13/2)" (h9/2)" and the
(i3 /2)1 configurations with the experimental ones. As seen
from this figure there is no sign of signature splitting in the
experimental data.

Figure 12 shows the calculated and observed [26] B(M 1)
values for in-band transitions. The B(M 1) values increase with
the number of particles having a angular momentum pointing
in the direction of the symmetry axis and decrease as the

TABLE II. Same as in Table I but as a function of the number of
basis states used for the hg/, proton while the number of basis states
for the i3/, proton is fixed at 14.

Number of basis states E(20.5) E(30.5)
4 —18.231 —14.468
6 —18.249 —14.540

10 —18.258 —14.689

12 —18.258 —14.697

16 —18.258 —14.698

18 —18.258 —14.698

22 —18.258 —14.702

28 —18.258 —14.702

30 —18.258 —14.702
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FIG. 11. (Color online) The calculated 7 (ij32)' (hop2)! and
7(i132)" configurations of 199Ph compared with the experimental
band 1 in a spin versus transition energy plot.

proton and neutron angular momenta align. The calculated
B(M1) values for the 7 (i13/2)" (ho/2)! configuration are larger
than the ones obtained using the TAC model [26,28]. Close
to spin 20, TAC gives B(M1) ~ 9,u12\,, whereas the PRM
gives B(M1) = 10.8u% at spin 20.5. At higher spin the
differences increase. For example at spin 27.5 the PRM
gives B(M1) = 7.7,11%,, whereas TAC predicts B(M 1) =~ 4,u%v.
Small differences can be expected and may be a result of the
different models. One difference is that a constant deformation
of ¢, = —0.1isused in the TAC calculation, whereas we obtain
& &~ —0.14. However, the sharper decrease with angular
momentum obtained in the TAC model is an indication that
there may be differences in the alignment process.

The best agreement with experiment for the B(M 1) values
is obtained for the band with just one i;3,, proton that has
positive parity. The experimental band has been suggested
to have negative parity but the parity is not determined
experimentally [2].

1

2
N

B(MI) [

Initial spin, / ; [7]

FIG. 12. (Color online) B(M 1) values for the calculated bands in
199Pb and comparison with experimental values [26].
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FIG. 13. (Color online) Calculated B(E?2) values for the *°Pb
configurations in Fig. 10 compared with observed values [26].
Deformation changes in steps of Ag, = 0.02 causes the staggering
seen in the theoretical curves that probably would become smoother
if more deformation points were used when minimizing the total
energy. The approximation that the initial and final states have the
same deformation, corresponding to the deformation of the initial
state, is made when calculating B(E2) and B(M 1) values.

Figure 13 shows the calculated and observed [26] B(E2)
values. The experimental values show a rapid decrease toward
the highest spins observed. A similar decrease is seen for the
configurations having just one high-j proton, which is due to
the decrease of the quadrupole deformation with increasing
angular momentum. According to the CNS calculations these
configurations become triaxial at the highest spins observed,
which leads to a substantial reduction of the B(E?2) values.
Thus one might expect a larger decrease and thus a closer
correspondence with experiment if triaxiality was taken into
account in the calculation. The 7 (i13 /2)1 (ho /2)1 configuration is
calculated to be more collective than the other configurations
and does not show the rapid decrease, which leads to large
discrepancies with experiment at the highest spins.

To investigate whether the sharp decrease of the ex-
perimental B(M1) values could be reproduced using the
assigned 7 (i3 /2)1 (hy /2)1 configuration, and with a reasonable
adjustment of the model parameters, we compare different
calculations in Fig. 14. The curve denoted by A is obtained
for a constant deformation of &, = —0.14, which is the
self-consistent value obtained by minimizing the energy with
respect to quadrupole deformation for spin values / < 30.
By reducing the deformation substantially to &, = —0.06 the
protons become less strongly coupled to the symmetry axis
and align more with the total spin vector which reduces
the B(M1) values at the higher spins as seen for case B.
Note that in the previous TAC calculations for these bands
[2,28] using the theoretical model described in Ref. [29] the
deformation is largely treated as a free parameter in the sense
that the quadrupole coupling parameter is fitted to reproduce
experimental deformations. With a deformation of &, = —0.06
the B(M1) values can be further reduced by decreasing the
moment of inertia for the core by 30% as seen in case C.
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FIG. 14. (Color online) B(M 1) transitions for the 7 (i132)! (hy2)! configuration of ’Pb. The curve denoted A is obtained using a constant
deformation of €, = —0.14. For curve B a much smaller deformation of ¢, = —0.06 is used. For curve C, ¢, = —0.06 and the core moment of
inertia has been lowered with 30% with respect to case B. Experimental values for band 1 are shown with error bars. In the panels to the right
the spin orientation in the three cases, A, B, and C, is illustrated for / = 20.5 and I = 30.5.

A decrease of the moment of inertia could be achieved for
example if the A9/, subshell was lowered so that the neutron
core was essentially confined to the low-j fs5,2, p3/2, and
P12 subshells, see Fig. 8. However, as seen in in Fig. 14 the
resulting change in the B(M 1) values is pretty small, indicating
that the results are not so sensitive to the moment of inertia
used for the rotor.

The calculated B(M1) values depend mainly on the
geometry of the spin vectors as illustrated in the right panel of
Fig. 14. At spin 20.5 the different parameter choices A, B, and
C predict almost the same spin orientations being reflected in
the almost identical B(M 1) values. At spin 30.5, differences
in the alignment occur for the different parameter choices.
A smaller moment of inertia for the core makes it favorable
to build more spin by aligning the neutron and proton spin
vectors. The amount of core spin obtained at spin 30.5 for
&, = —0.14 isroughly 1/ (R2) = 8 units, which is a reasonable
value considering the I, values discussed above. In our
calculations the core spin is always constrained to point in the
direction perpendicular to the symmetry axis. Thus at higher
spins we tend to get a situation where the proton spin is forced
to point in the direction of the rotor spin. If this constraint
was dropped it is possible that the core spin would tilt toward
the symmetry axis, which could lead to a decrease of both the
B(M1) and the B(E?2) values. This situation may then be more
in agreement with results obtained from TAC calculations
where an almost constant tilting angle is calculated [2].

V. THE TILTING OF THE NEUTRON SPIN VECTORS

For the magnetic bands the anisotropy of the distribution
of the proton angular momentum projections on the symmetry
axis k, causes a division of the total wave function into two
uncoupled parts. This is easy to realize because in the axially
symmetric case couplings only occur between basis states

differing by Ak, < & 1. Thus if the wave function can be
divided into two parts with positive and negative k, values,
respectively, which are separated by Ak, > +£1, these parts
will not couple.

In this case the total wave function can be written as
(w!y = L2(|q>+) + |®_)), where the signs indicate that |®_ )
and |®_) contain only positive or only negative values of k,,
respectively. Explicitly the |®, ) wave function can be written

21 +1
(@4 = Y daNary| 5 MK )lokky)
a,k,>0
21 +1 .
baNa —F (-1 -k IM — K)e /2™
+ Y Ky ez DT e
ak,<0
X otk ks ),

with an analogous expression for |®_). These wave functions
are related through the operation |®_) = e "27e!/27|d ).
Because |W') is an eigenstate of the Hamilton operator,
H\L@(|q>+> + D)) = J%Euqm + |®_)). If the anisotropy
is sufficiently large H|®,) and H|®_) can be expanded
in states having only positive respectively negative values
of k,. In this case, the eigenvalue relation separates into
two uncoupled equations H %KDQ = \%E |®4), showing
that |®y) are also eigenstates of the Hamiltonian with the
same eigenvalue. The %(|Cb+) — |®_)) wave function can
be expanded in basis states of “wrong signature,” i.e., basis
states that combines the two terms in Eq. (2) with the wrong
sign. Thus if the two solutions |®.) are degenerate the | D)
state can be obtained by solving the PRM within the basis of
“wrong signature” and then adding this solution to the normal
solution. This method was used in Ref. [30], where the case
of two particles coupled to a rotor was studied and compared
with TAC results. Even in cases when the wave function does
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FIG. 15. (Color online) Panel (a) shows calculated k,- and k,-
distributions for the 7 (i13/2)! (ho2)' v(i13/2) ™ configuration of '*’Pb

at a constant deformation of &, = —0.14. The same distribution is
illustrated in panel (b) for the 7 (ij3/2)' (N = 4)"'v(i132)~> config-
uration at a constant deformation of ¢, = —0.10. AE indicates the

calculated energy difference in MeV between the two wave functions
with the correct and the “wrong” signature. If the deformation
is reduced substantially (s, = —0.06) the 7 (i13/2)" (ho2) ' v(i132) 7
configuration obtains a slightly larger maximum asymmetry in the
neutron distribution, ((W, | j?|W ) = 4.1 at I = 28.5).

not not split up in components with positive and negative k,
values, we will define |®_ ) using the same procedure.

The wave function |®,) is illustrated for two of our
calculated bands in Fig. 15. This figure shows the probability
distributions with respect to k, both for |¥’) and |®) /2
for different / values and the corresponding distribution for
the neutrons. For the 7T(i13/2)1(h9/2)1U(i13/2)_3 conﬁguration
in panel (a) of Fig. 15 it is seen how the protons gradually
tilt away from the symmetry axis toward the neutrons.
The neutrons obtain a maximum asymmetry at spin 30.5,
where (W, [j’|W,) = 3.5, but this value becomes smaller
when the total angular momentum increases. At I = 30.5
the total (W, |j,|W )-value is 13.2, which is larger than the
maximum projection obtained for the protons alone. Thus
these calculations are consistent with the predictions of the
shears mode [3] in the sense that total angular momentum is
formed not by an alignment of the proton spin vector along
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FIG. 16. (Color online) Tilt angle as a function of spin for
the '”Pb configurations in Fig. 15. The tilt angle is obtained as

arccos[(¢+1jz1p+) /1T + 1)1

the perpendicular direction but rather by the simultaneous
alignment of the proton and neutron spin vectors along the
total spin vector. The angle the total spin vector makes with the
symmetry axis is shown in Fig. 16. In the TAC calculations, this
angle is essentially independent of spin. The angle calculated
in the PRM for the 7(i132)' (hys2)" configuration increases
somewhat from ¢ = 53° at spin 20.5 to ¢ = 66° at spin 31.
This increase is most likely caused by the increase in rotor
spin (compare Fig. 14).

The k distributions for the 7(i132)' (N = 4) " v(i132)
configuration is shown in panel (b) of Fig. 15. In this case
the asymmetry caused by the single i3/, proton is not enough
to generate a splitting of the wave function at the highest spins.
Thus although the &, distribution still shows two bumps for
positive and negative k, values at I = 30.5, the two branches
are no longer uncoupled. The corresponding tilt angle is
illustrated in Fig. 16.

In our numerical calculations we found that diagonalizing
the PRM Hamiltonian in the basis with the wrong signature
gives eigenstates that interpolates the ..., I, I 4+ 2, ... states
tothe..., I 4+ 1,1 + 3, ... states in a smooth way. The energy
difference between the interpolated solution with the wrong
signature and the ones with the correct signature at a certain
spin can then be taken as a measure of the signature splitting.
When these two solutions are degenerate, it implies that the
wave function can be separated into two uncoupled branches.
In panel (b) of Fig. 15 it is seen how couplings may appear in
the high spin regime when the K value is reduced. These
couplings breaks the degeneracy and a signature splitting
appears at higher spins in Fig. 10 for the corresponding
configuration. It is also interesting to notice that the above
scenario is not restricted to bands having large K projections.
For example, it is possible to have two protons of different
parity coupled to K ~ 0 and neutrons with angular momenta
pointing on a perpendicular axis. If the k, values of the
individual protons are sufficiently large they will generate
an asymmetry giving rise to solutions |®.) and a vanishing
signature splitting. Thus also in this case with K ~ 0 one
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would expect regular A/ = 1 sequences as exemplified for
bands with the antiparallel coupling of the two protons seen in
Fig. 4. If the two protons are in the same shell and coupled to
K ~ 0 no such division can be made and one thus expects
regular Al =2 sequences as seen for the lowest band in
Fig. 9.

VI. CONCLUSIONS AND DISCUSSIONS

A particle+rotor model (PRM) has been developed where
several particles are coupled to a rotating core. The core is de-
scribed as a triaxial rotor while the basis space for the particles
are the orbitals of a deformed single-particle potential. The
limit of the number of particles that can be treated explicitly is
determined by the dimensions of the matrices that are set up
and diagonalized. The core parameters are determined from
cranking calculations. Although this is straightforward in the
axial case, it becomes questionable how to extract three mo-
ments of inertia in a consistent way for triaxial nuclei. For this
reason and also because of the large matrix dimensions in the
triaxial case, we have confined ourselves to axial nuclei in this
first application. In principle, it would be as straightforward
to consider quasiparticles rather than particles but the division
between the particle space and the core space would be less
transparent. Therefore, and because we are mainly interested
in high-spin states, pairing is not included in the present
applications.

The formalism has been applied to describe the magnetic
bands in the lead region. It turns out that the core parameters
become very different depending on the core space but the
final results become similar for different divisions of valence
and core spaces. There are, however, important differences
that can be understood mainly from the freedom given to
the particles to tilt away from the cranking direction. In the
magnetic bands in lead nuclei, it is evident that the spin vectors
of the high-K protons start out as pointing along the symmetry
axis and only slowly gets more aligned along the perpendicular
cranking direction. However, the tendency for the spin vectors
of the high-j neutron holes to tilt toward the symmetry axis
can be accounted for only if they are included in the particle
space. Although this tilting appears to have only small effects
on the energies, it is much more important for the transition
probabilities. The final result appears to be a shears effect
where the tilting angle of the total spin vector is relatively
constant in a large spin interval.

The feature of the PRM to treat some particles explicitely
while other particles are only included as building blocks of a
core is clearly somewhat artificial. This is not the case for the
TAC model, which thus has some advantages compared with
the present PRM calculations. However, the fact that the most
important single-particle angular momenta are considered
explicitely and coupled according to the laws of quantum
mechanics in the PRM model is often important or even
crucial. For example, while the TAC model assumes signature
degeneracy, the splitting of the two signatures is calculated in a
consistent way in the PRM model. Thus, it is possible to follow
how the two signatures of some magnetic bands might slowly
split apart when the bands come close to their maximum spin
values, corresponding to a transition from a tilted solution
to a PAC solution. This appears especially important for
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calculated bands with only one high-j proton that have not
been considered previously. A transparent understanding of
this splitting and the underlying coupling between different
basis states is obtained by considering the K distribution of
the wave functions.

Another important special case is with both of the high-j
protons in the same high-j orbital. It then turns out that the
magnetic band is not lowest in energy that put doubts on some
of the assignments for observed bands in, e.g., '?*Pb. Although
we cannot make any firm new configuration assignments in
199Pb the (to our knowledge) first comparison of calculated
B(E2) values with experiments presented here gives new
insight into the configurations of the bands. The experimental
B(E2) values decrease toward the highest observed spins
as would be expected for a terminating band. However,
our calculations suggest that the usual interpretation with
configurations having two high-j protons are too collective
to terminate at these spins. We also demonstrate that less
collective configurations with only one high-j proton gives
a better agreement with the experimental B(E2) values.
However, to make any firm assignments one would have
to make a more extensive study and consider more data
from several isotopes. More data on transition probabilities
in the high-spin regime where all high-j angular momenta are
essentially aligned would be especially valuable.

In addition to the applications on magnetic bands exempli-
fied above, it should be possible to apply the present many-
particles—plus—rotor formalism to describe other high-spin
phenomena such as the wobbling motion and chiral rotation
or to get a better understanding of the relative properties
of superdeformed bands. The model enables an intuitive
description of the coupling of the particle angular momenta
in different kinds of rotational bands.
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APPENDIX A

The expression for rotated creation operators may be
obtained using Schwinger’s oscillator model of angular mo-
mentum. The derivation below uses results from chapter 3.8
of Ref. [31].
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This phase factor differs with a sign from the one in [9] since
the rotation is performed in the opposite direction.

APPENDIX B

As an example on how to evaluate matrix elements between
our basis states we take the j; operator. This operator acting
between two of our basis states may be written

J3Wh k) = N'N[8x k(@1 31a) + (= 1)K 8x _x

x (o' | j31a)],

(Wi

where we have used the relation e'27 =112 jlei o7 =i —
j32. The total Hamiltonian H;, can be divided into groups of
operators that fulfill e/2"e~12" Fel2"¢=/2" = F (see Ref. [9]
for details). The j§ operator itself may be expressed as a sum
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over one- and two-body operators

i3 =Y _(iljsli)aita;(kl jslhag a

ij.k,l
= Y (iljsli)tkljalha; ajai a

i,j.k,l
= > (iljsIhafar—2 > iljali)tkljsll)

il i<k,l<j

— (klj3lj) (il jsl)a; afaja.
This form with a restricted summation is convenient when
calculating matrix elements (for details see [32]). The same
procedure as outlined here can be used for all matrix elements
of H,. Reference [12] describes how to evaluate the single-
particle matrix elements when using a basis of stretched

harmonic oscillator wave functions, which is the basis used
in our numerical calculations.
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