PHYSICAL REVIEW C

VOLUME 50, NUMBER 4

OCTOBER 1994

Signature splitting in nuclear rotational bands: Neutron i,3/, systematics

W. F. Mueller, H. J. Jensen,* W. Reviol, L. L. Riedinger, C.-H. Yu,! and J.-Y. Zhang

Department of Physics and Astronomy, University of Tennessee, Knozville, Tennessee 37996

W. Nazarewicz?
Joint Institute for Heavy-Ion Research, Oak Ridge, Tennessee 37831,
Department of Physics and Astronomy, University of Tennessee, Knozville, Tennessee 37996,
and Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

R. Wyss
Manne Siegbahn Institute, S-10405 Stockholm, Sweden
(Received 19 October 1993; revised manuscript received 20 June 1994)

Experimental values of signature splitting in vi,3/, rotational bands in odd-N even-Z nuclei in
the Z = 62-78 region are collected and presented. A procedure is introduced to calculate signature
splitting within the cranked deformed Woods-Saxon model. In the theoretical treatment, deforma-
tion parameters are obtained by minimizing the total Routhians of individual vi,3,, bands, and
the procedure accounts for the possibility that the two signatures have different deformations and
pairing gaps. Experimental signature splitting data for vi;3,2 bands in Dy, Er, Yb, Hf, W, and
Os nuclei are compared with calculated values. The sensitivity of calculated signature splitting to
changes in deformation, pairing, and other model parameters is presented.

PACS number(s): 21.10.Re, 21.60.Ev

I. INTRODUCTION

As experiments on high-spin states in nuclei become
more sophisticated, a larger quantity of data on the be-
havior of nuclei at high angular momentum becomes
available. This evolution helps to extend the known level
schemes both to higher spins and also to more observed
rotational bands. The classification of observed bands
and their association with available single-particle con-
figurations are always challenges, especially at the limits
of experimental detection where information on all of the
quantum numbers of a state or a band is very difficult to
obtain. In this paper we stress the importance of energy
signature splitting in rotational bands, that is the shift
between the energetically favored and the unfavored se-
quences of levels. For the heavier part of the deformed
rare earth region, we analyze the trend of signature split-
ting as a function of proton and neutron number, and
we concentrate in the discussion on the neutron systems
which are dominated by the i3/, orbital. The discus-
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sion includes detailed theoretical calculations of signa-
ture splitting. A similar analysis and discussion will be
presented at a later time for the proton hg,; orbital.

For a specific analysis of the vi,3,, signature splitting,
it is reasonable to select the nuclei with odd-NV and even-
Z. Throughout the considered Z = 62 — 78 region, the
yrast band is built on the neutron i,3/; orbital. At low
values of rotational frequency, w, the neutron Fermi level
is near the @ = 1 substate of the viy3/, shell for N ~
89,91 and so the magnitude of signature-splitting energy
is large. The splitting decreases as IV increases, but does
not reach zero even at N = 107 where the Q = % orbital
approaches the Fermi level. An earlier analysis of the
trend of the vi 3/, splitting in this region was performed
by Shastry et al. [1] for nuclei with N = 91 to 101 and
Z = 68 to 78. Here we extend this trend in both N and
Z.

For the theoretical calculation of signature splitting,
we take advantage of the fact that the cranked-shell ap-
proach works overall very well in explaining the high-
spin features of deformed nuclei. However, it is an open
question whether current models can reproduce an ex-
perimental quantity as “fine” as signature splitting. The
magnitude of signature splitting is expected to be very
dependent on several properties such as the nuclear defor-
mation, pairing, and shell filling. This makes it difficult
to calculate signature splitting with an accuracy com-
parable to that determined experimentally. There have
been earlier theoretical treatments of signature splitting
based on the cranked shell model (CSM), e.g., Shas-
try et al. [1]. However, it is clear [2,3] that not only does
the deformation of the nucleus vary significantly with the
nature of the quasiparticle orbital on which the rotational
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band is built, but also the deformation can be different
for the two signatures, especially for high-j orbitals like
those studied here. This difference was not addressed
in Ref. [1]. (An extreme example of the deformation-
dependence of signature splitting is discussed in Ref. [4]
for the gg,2 signature partners in Rb.)

Total Routhian Surface (TRS) calculations [5,6] have
demonstrated this variation of deformation and led to
considerable success in explaining experimental data (see,
e.g., Ref. [7]). The calculation of energy signature split-
ting and the comparison to the experimental trend ap-
pears to be one of the best ways to test such shape-
dependent predictions to a fine enough detail. In this
paper, much care is taken to calculate the signature split-
ting in a microscopic manner, utilizing the difference in
deformation and pairing between the two signatures.

In a future publication, we will present the trend in
the signature splitting in bands built on the proton hg/,
orbital for nuclei in the same region. The yrast band
in odd-A isotopes of Ir and Au is built on the mixed
7(hg 2 ® f7/2) high-j orbital (commonly labeled as %[541]
or hg/3), and the energy splitting is large. For lower val-
ues of Z, the signature splitting increases as the mwhg,;
orbital moves above the Fermi level and becomes more
of a pure particle state. The splitting is so large that the
unfavored signature is not regularly seen, especially since
the mhg,, band moves up in excitation energy. Neverthe-
less, there are a number of cases where both signatures
are observed, which allows the possibility to test further
our calculations on a situation more complex than that
for viy3/3. In the latter case, i3/, is a unique-parity or-
bital and thus mixing with other configurations can be
discounted, at least in the considered range of deforma-
tion and spin. However, in the proton case, the presence
of close-lying hy/, orbitals makes it difficult to extract
accurate deformation parameters for hg/;. Consequently,
we choose to demonstrate the success of this technique
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first for viy3/; signature splitting before proceeding to
the more difficult whg,, case.

The characteristic signature splitting of a high-j or-
bital can be used as a fingerprint in the identification
of two-quasiparticle bands, and furthermore as a probe
of the deformation-driving characteristics of the other or-
bital in the coupling. As discussed in our preliminary pre-
sentations of the signature-splitting systematics [8-10],
the analysis of bands in odd-odd nuclei can benefit from
this approach. For example, the vi;3/3mhg/; band can be
identified by the characteristic signature splitting of the
Vi3 orbital. Upon closer examination, we have learned
that this characteristic splitting is often decreased signif-
icantly in the odd-odd case (compared to the adjacent
odd-N even-Z case) for vi 3/, bands due to the coupling
to the deformation-driving mwhg,; orbital [8-10]. Thus,
energy signature splitting could be used as a probe of
these deformation-driving effects in odd-odd or even-even
nuclei, if theory is able to accurately predict this quan-
tity. The comparison with the odd-A single-quasiparticle
trend is clearly important to test before trying to use the-
ory in more complicated couplings.

II. GENERAL CONSIDERATIONS

Signature (a) is the quantum number associated with
the rotation operator: R, (7)Y = e(7i)y) = e(~ima)y),
A symmetry of the nuclear wave function with respect
to R.(m) relates states separated by AI = 2. For sys-
1

tems with odd particle number, a signature of o = ;

corresponds to rotational bands with I = %, %, %,
and a = ——21; for I = %, %, %, .... As mentioned in
Sec. I, a “splitting” can occur between bands differ-

ing only in signature. An example of such a splitting
in a viy3/; rotational band is given in the left portion
of Fig. 1 for 155Dy. The rotational sequence on the left
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(right) has a = +3 (a = —1). As evident from Fig. 1,
thea = +% sequence is favored in energy when compared
to the o = —% branch. This large amount of energy dif-
ference is expected for N = 89 nuclei, where the neutron
Fermi level lies in the vicinity of the Q = % i13/2 orbital.

To extract an experimental signature splitting (Ae’),
an observed rotational band is transformed from the lab-
oratory frame to the rotating frame of the nucleus [11].
This is done by calculating the Routhian of the rotational
band:

E¥ = E(I) - hwl,, (2.1)
where E“ is the Routhian energy, E(I) is the energy

of the level with spin I, hw = FZEHI=PE (1) =

v I(I+1)— K2, and K represents the projection of an-
gular momentum on the nuclear symmetry axis. Then
Ae' is the difference in energy at a given frequency be-
tween the unfavored and favored signatures:

Ae' = E¥ — EY.

(2.2)

The Routhians for the two signatures of the vi,3/, bands
in 1%*Dy are shown in the right portion of Fig. 1. The
large shift in energy in the unfavored band relative to
the favored translates into an energy displacement in the
rotating frame. Note that the Routhians shown in Fig. 1
are relative values, after a reference describing the rota-
tional contribution has been subtracted (using the stan-
dard Harris parametrization involving Jy and J; values).
However, the signature splitting (Ae’) is independent of
this choice of rotating references, since Ae’ is a differ-
ence in Routhian energies at a given w and the reference
energy therefore cancels.

Signature splitting appears within the strong coupling
limit of the particle-rotor model as the 2K-order correc-
tion due to Coriolis perturbation [12]. The corresponding
term can be written as

(I + K)!
I - K)!

X (A2K+Bzxj2 +02Kj4+ ) )

AEr = (-1)T+K

(2.3)

e; (MeV)

FIG. 2. Single-particle dia-
gram for neutrons using the
Woods-Saxon potential as a
function of B2 (B4 =0, v = 0).
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where I = /I(I+1) and the expansion coefficients
A,B,C,...donot depend on I. A similar perturbative es-
timate can be carried out in the framework of the crank-
ing model. Here the Coriolis perturbation is represented
by the cranking term, —Awl,. For a high-j Nilsson or-
bital, signature splitting appears as the 2Q-order effect
in the w expansion. To be more specific, for low values
of w, A€’ is proportional to w for Q = %, it behaves
as w3 for Q = %, and so on. This leads to decreas-
ing signature splitting with the filling of the high-j shell;
the Coriolis perturbation becomes weaker with increas-
ing N. An important contribution to Ae’ comes from
shape changes. For example, in the lowest order Ae’ de-
creases with quadrupole deformation, 3s, as (3z) ™2+ if
pairing is neglected. In the limit of rotational alignment
the signature splitting (for an @ = % configuration) ap-
proaches a maximum value of Ae’ = fw, if one neglects
the relative variations in the mean field for the signature
partners due to deformation and pairing. It is interesting
to note that the phenomenon of signature splitting has
a classical interpretation in terms of the Cs,, bifurcation
caused by the Coriolis force [13].

III. EXPERIMENTAL SYSTEMATICS
FOR V'I:ls/g BANDS

Bands built on 7,3/, neutron orbitals are observed in
odd-N nuclei with Z = 62 — 78. This presents an excel-
lent case for following the systematic trend of signature
splitting over a wide range of N and Z values. As seen in
the single-particle diagram of Fig. 2, the neutron Fermi
levels move from low in the shell (for N = 89) to the
higher-Q vi;3,, orbitals at N = 107, the limit of this
survey. The vi 3/, data present a good case for detailed
calculations since this is the only positive parity state in
the region, and so there is little mixing with other states.
The experimental values of signature splitting, Ae’, are
extracted from all known vi,3/, rotational bands for odd-
A nuclei in the rare-earth region and shown in Fig. 3 and

Table I. These Ae’ values are listed for v = 0.2 MeV,
which is well below the first band crossing in each case.

The systematic trend of vi;3/, signature splitting is a
smooth and clear function of both the neutron and pro-
ton numbers. The signature splitting decreases as the
neutron number increases, which is a result of the Fermi
level moving to the higher 2 orbitals in the vi;3/5 shell,
as discussed above (see Fig. 2). This results in a re-
duced mixing with the %[660] configuration, and thus
produces a smaller signature splitting. The Ae’ values
smoothly drop for each increasing value of V and thus
successively higher values of 2, at least up until N = 99.
The similar Ae’ for N = 99, 101, 103, and 105 is a re-
sult of the Fermi level being in a transition region from
down-sloping to up-sloping single-particle orbitals. Even
for a given value of N, there are large (but smooth) varia-
tions in the viy3/, signature splitting among the isotones,
which is a result of deformation differences. As discussed
above, for a given N, a smaller 3, value leads to increased
mixing of the viy3/, orbitals of higher @ with that of
Q= % This increased {2 mixing gives a larger signature
splitting for that isotonic chain. To illustrate this correla-
tion, we present in Fig. 4 the calculated [14] quadrupole

TABLE 1. Experimental energy signature splitting, Ae’
(in keV), for the vi 3,2 bands in odd-A4, odd-N nuclei. The
values are extracted at fiw = 0.2 MeV. For experimental ref-
erences, see caption to Fig. 3.

Sm Gd Dy Er Yb Hf W Os Pt Hg
80 494 426 464 - - - - - -
91 - - 303 361 454 - - -
93 - - 179 276 331 392 - - - -
95 - 98 171 214 278 - - - -
97 - - -~ - 134 166 198 213 210 -
99 - - - 32 53 101 99 81 -
101 - - - 20 38 79 107 90
103 - - - - 31 - 104 T1 -
105 - - - - - 61 118 85 67
w7 - -~ - — - 3 43 36 0
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FIG. 4. Deformation parameters at Aw = 0.2 MeV for the vi 3/, signature partners of odd-N even-Z isotopes of Dy-Os.
These values in the left panels were extracted from Yb-mesh TRS calculations, the Hf, W, and Os values in the right panels
are from the Pt-mesh TRS calculations. The open symbols refer to the favored signature (o = %), and the solid symbols to the
unfavored signature (@ = —3). See text for description of the Yb and Pt meshes.

deformations for the favored (ay 3) and unfavored
(af = —1) viya)2 orbitals throughout the region. Note
from Fig. 4 that the B; values in N = 91 (2 = 2) iso-
topes, for example, decrease from Dy to Yb, respectively.
By comparison, the corresponding experimental Ae’ for
the vi;3/; bands in these nuclei increase, indicating some
relationship between deformation and signature splitting.
It is one purpose of the calculations described in the next
section to test the exact nature of that relationship.

IV. CALCULATION OF SIGNATURE SPLITTING

The experimental trend of vi;3/; signature splitting
(shown in Fig. 3) is strongly dependent on Fermi level
and deformation, as demonstrated in Sec. III. Shas-
try et al. [1] obtained good agreement between the Yb
part of their systematic data and CSM calculations.
They used deformation parameters (ez, €4, and ) ex-
tracted from minimized potential energy calculations,
and then calculated vi,3/; signature splitting in a stan-
dard CSM approach using average values of the deforma-
tion parameters of the two signatures. In this section, we
describe calculations which attempt to reproduce a wider
set of collected data on vi 3/, signature splitting. Fur-
thermore, a more detailed theoretical approach is taken
here than in Ref. [1], in order to include the fact that
at high spins the two signatures of the vi,3,, band have
somewhat different deformation parameters and pairing

fields.

As shown in the previous section, signature splitting
is obviously dependent on deformation and shell filling.
Furthermore, deformation and Fermi level are very inter-
dependent and also functions of pairing as well. Small
changes in deformation can alter the single-particle level
density near the Fermi level, which clearly affects the
pairing energy of the system. Because of this interde-
pendence, the most proper procedure to calculate Ae’
would be one in which the total Routhian energy of a
particular state is minimized with respect to deformation
parameters and pairing, with the appropriate quasiparti-
cle configuration blocked. Such a microscopic calculation
has not been completed at this time, so instead we have
developed a procedure that includes self-consistency in
separate steps.

Certainly, signature splitting of a rotational band can
be extracted from TRS calculations by taking the dif-
ference between the calculated total Routhian energies
of the unfavored and favored signatures. However, there
are clear difficulties associated with this approach. The
TRS calculation was developed in order to extract the
nuclear deformation (32, B4, and v) as a function of ro-
tational frequency for different quasiparticle configura-
tions, and for this purpose the approach is quite success-
ful. However, our TRS calculations were not optimized
for calculating Routhian energies. In the execution of
the TRS calculations, neighboring nuclei are organized
into groups, referred to as meshes, in this paper. These
meshes tend to be limited in the number of nuclei that
they contain, because it is not feasible to perform a com-
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plete minimization of deformation and energy over a wide
range of nuclei. For each mesh, the Woods-Saxon param-
eters are optimal for the central nucleus of the mesh and
are used in the calculation of the single-particle levels for
all the nuclei in the mesh. This produces slightly im-
proper single-particle levels and wave functions for the
other nuclei, particularly at the edges of the mesh. An-
other source of uncertainty is that the total Routhian
energies are calculated only at prescribed points of a de-
formation grid, and values at a minimized deformation
between the grid points must be interpolated. Futher-
more, to simplify calculations, pairing in TRS is treated
self-consistently only at w = 0, and for w > 0 is varied
according to a simple phenomenological formula.

We have developed an approach for calculating signa-
ture splitting that uses the features and flexibility of an
HFB-based cranking model.! In this approach the total
signature splitting is decomposed into two components:

Ae' = AEges + AE . (4.1)

AEges is the difference in vacuum (or bandhead) energy
resulting from a difference in deformation between the
two signature partners, and A F,.; is the energy difference
that results from the different dependence of rotation for
the signature partners of a band.

The TRS calculation provides a “realistic” (i.e.,
frequency-dependent) estimate of deformation for a given
rotational structure. Therefore, in our treatment, defor-
mation parameters are extracted from TRS at the ro-
tational frequency, wg, that is of interest for calculating
signature splitting, and then are used for the calculations
of AE, -

The CSM code used in this analysis is based on the
pairing self-consistent cranking model with a Woods-
Saxon potential [15]. The deformation parameters from
TRS for the favored and unfavored signatures of a high-j
configuration are used in separate cranking calculations
for the blocked configuration to extract the Routhian en-
ergy for each signature. The quantity AFE,.¢(wo) then is
the difference between the change in energy due to rota-
tion at frequency wq for the unfavored signature and that
for the favored signature:

AEro. = Bl — Bl = [E*(wo) — E*(w = 0)]
— [Ef (wo) — Ef(w =0)]. (4.2)

To obtain the energy difference of the vacua of the two
states (AFg4er), we use the Strutinsky renormalization
procedure. The difference between the vacuum energies
of the unfavored and the favored signature is the energy
difference resulting from different nuclear deformations

'The term HFB (Hartree-Fock-Bogolyubov) should be un-
derstood in the sense of the general Bogolyubov transforma-
tion which defines quasiparticles at high spins in the presence
of a pairing field. The particle-hole mean field is, in our model,
not computed self-consistently, but rather approximated by
the w-independent deformed Woods-Saxon potential.

(AEgef). The improvement of this new technique over
previous methods of calculating signature splitting re-
sults from the fact that (a) a self-consistent pairing treat-
ment can be used with the TRS calculated deformation
parameters and (b) different deformations and pairing for
the two signatures are included.

V. CALCULATED vi;3,2 SIGNATURE
SPLITTING

Signature splittings for known vi;3/, rotational bands
in Dy, Er, Yb, Hf, W, and Os isotopes were calculated at
Aw = 0.2 MeV using the method introduced in Sec. IV.
We do not perform these calculations for the elements
at the limits of this experimental survey (Sm, Gd, Pt,
and Hg) due to increasing softness toward «y deformation
and/or the presence of prolate-oblate coexistence effects.
There are two meshes of TRS calculations that contain
nuclei in our region of interest. One mesh uses 68Yb as
the central nucleus [14] for which Woods-Saxon param-
eters are optimized. This mesh contains calculations for
nuclei with Z = 64 — 74 and N = 84 — 104. A second
mesh is centralized around 82Pt [16], with calculations
for nuclei with Z = 72—82 and N = 94—118. We refer to
these two as the Yb mesh and the Pt mesh, respectively.
The deformation parameters at iw = 0.2 MeV for these
nuclei were obtained from these two groups of TRS cal-
culations and are summarized in Fig. 4. For Hf (Z = 72),
there are experimental data for N = 93 — 103, but the
Pt mesh does not extend down to 8°Hf (N = 93). Like-
wise, there are experimental data for W (Z = 74) with
N = 97 — 107, but there are no Yb—mesh deformation
parameters for W isotopes with V > 103. In comparing
the deformation parameters from the Yb and Pt meshes
for the overlapping nuclei, one finds that the parameters
from the Pt mesh are about 5% smaller then those from
the Yb mesh. This difference is primarily due to the dif-
ferent size of the central nucleus in each mesh.2 Slightly
different pairing treatments, and other minor differences
between the mesh calculations also contribute to the dif-
ference in the deformation parameters.

With the exception of Os, the trend in deformation as a
function of neutron number is similar for all the elements
studied. There is a steady increase in quadrupole defor-
mation (f2) with neutron number for each element up to
N = 101, after which 3; begins to decrease. For N > 101
up-sloping orbitals are being filled (see Fig. 2), which re-
sults in a decreased quadrupole deformation. For these
cases the deformation variations in the hexadecapole (34)
and triaxial () degrees of freedom are small in compar-

2In the TRS calculations the function that defines the shape
of a nucleus depends on the nuclear radius and, hence, on the
mass of the central nucleus of the mesh. More specifically,
R x A:I?(l + E,\“ ax,Yx.). For R to remain the same for
a given nucleus, the mesh with the heavier central nucleus
will predict a slightly smaller deformation than a mesh with
a lighter central nucleus.
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ison to that for B;. It is clear that for these isotopes
the difference in deformation between the two signatures
is small. The calculated AFEges values are displayed in
Fig. 5 and Table II, and AFEjyes is, in general, small com-
pared to AE,,;. Concerning Os isotopes, the deformation
parameters for the unfavored signature follow the same
trend as in the other elements. The favored signature in
Os, however, does not have the same steady increase in
B2; also it shows a v value more negative compared to
the other elements.

While the desirable way to calculate signature split-
ting is to treat pairing self-consistently, there are prob-

TABLE II. Calculated signature splitting (in

lems that can make this task difficult. In many isotopes,
particularly Hf, W, and Os, the cranking calculations
predict a band crossing near or before iw = 0.2 MeV,
which makes the adiabatic results near these crossings
unreliable [17]. There are also some cases where a pair-
ing collapse occurs at the band crossing, which makes
it impossible to extract a proper Routhian energy. An-
other problem is that there is a lack of convergence on
the proper Fermi level, A\, when ) is near a level degen-
eracy. We used a non-self-consistent pairing treatment
to calculate AFE,.: for those nuclei where these problems
arose. In those cases, the pairing was assumed to be

keV) at fiw = 0.2 MeV for the vi 3/, bands in

odd-N even-Z isotopes of Dy—Os. For Hf and 'W columns, the upper value in each row represents
the signature splitting calculated using deformation parameters from the Yb mesh TRS calculations,
and the lower value in each row from deformation parameters in the Pt mesh. See text for description

of Yb and Pt meshes.

N Aeles Ael, Total Ae’

Dy Er Yb Hf W Os Dy Er Yb Hf W Os Dy Er Yb Hf W Os
89 11 13 - - - - 58 601 - - - - 595 614 - - - -
91 -11 -8 9 - - -~ 412 439 450 - - - 401 431 459 - - -
93 o0 7 -11 ~° - - 272 304 340 3% _ - 272 311 329 3% -
95 —61 —31 —-58 2% - - 182 208 250 3% - - 121 177 192 2% - -
R I Rl B I s
101 - - - AT gy o - B e . - L% %,
103 - - - & Tger _ _ _ it B 0 B ¥ o4

—6 —_18 25 49 19 31

105 - - - - 5197 - - - - g =81 - - - - 116
w7 - - - - -, 8 - - - - - -6 - - - - - 24
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TABLE III. Calculated pairing (in keV) for the favored
(Af) and unfavored (A.) signatures of the vi 3/, bands
of 5Dy and '®*Yb. NSC denotes the pairing result
with a non-frequency-dependent pairing treatment, with-
out blocking. SC @ 0 denotes the pairing result from a
frequency-dependent self-consistent pairing calculation with
blocking at fw = 0, and SC @ 0.2 is a similar result at
hw = 0.2 MeV. §A is defined to be A, — Ay.

155Dy 167Yb
NSC SsC@0 SC@o0.2 NSC SC@0 SC@o0.2
Ay 906 664 544 831 610 395
A, 912 671 639 824 605 514
dA 6 7 95 -7 -5 119

frequency independent and calculated from BCS theory
without blocking at Aw = 0. The AFE,, calculated us-
ing this approximate treatment and the successful calcu-
lations of AFE;, using the pairing-self-consistent treat-
ment are compared in Fig. 5, along with AFE4es. While
the pairing treatment is quite different in both calcula-
tions of AFE;., the results are very similar. This can be
understood by looking at the specific examples referred
to in Table III. For both %Dy and '®7Yb there is a
dramatic difference in pairing energy between the two
models due to blocking. Also note that the difference in
A between the two signatures (6A) is small at Aiw = 0
for both nuclei, but quite large at iw = 0.2 MeV for the
self-consistent pairing treatment. The energy of the band
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at hw = 0 is very sensitive to changes in A. However,
Ae’ is a difference between two Routhians, therefore the
absolute A value is not as important as the relative A
value between the two signatures, which for both pairing
models is quite small at iw = 0. With increasing Aw,
the Coriolis term (—wl,) becomes increasingly impor-
tant, therefore the pairing differences at fiw = 0.2 MeV
(and higher frequencies as well) do not have a significant
effect on Ae’ (see discussion below).

Figure 6 shows the comparison between the calculated
signature splitting and Ae’ extracted from experimen-
tal data. The calculated Ae’ [Eq. (4.1)] is obtained us-
ing the non-self-consistent pairing treatment. For the
nuclei where the Yb and Pt meshes overlap, the cal-
culated Ae’ using the different deformation parameters
from the respective meshes agree well. Also, the calcu-
lated Ae’ values calculated by this method are in good
agreement with experiment, except for N = 101 W and
Os, N = 99 Os, and the light Dy nuclei. The calculated
signature splitting in these W and Os nuclei is generally
too low. Part of this effect can be associated with theo-
retically overestimated quadrupole deformations around
the deformed N = 102 gap in the single-particle orbitals
(Fig. 2). Indeed, precisely at N = 100,102 the calcu-
lated equilibrium values of 3; for the ground-state config-
urations of even-even rare-earth nuclei are systematically
higher as compared to experimental data, and the devi-
ation strongly increases when going from Yb to Hf (see
Table 1 and Fig. 6 in Ref. [18]). The largest deviations
between experimental and theoretical signature splitting

S 7001 Dysprosium T Erbium 1 Ytterbium 1 Hafnium i Tungsten ,
[}
- s}
N’
*
< o, a \ 3
-t_ 300+ -\u g 2 t s\ L \. 1 |
e '\ ¢ AN .
1N ~ . N
< 100} e + T ¢ + NG N\ .
i S e P .ot
kN
<Q 100} 1 3 - + 4
89 01 93 05 97 99 89 91 93 95 97 99 OI 93 95 97 99 101 93 95 97 99 101 103 97 99 101 103 105 107
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FIG. 6. Experimental and calculated vi,3,2 signature splitting at hw = 0.2 MeV for isotopes of Dy—Os. The experimental
data (labeled by solid symbols) are the same as in Fig. 3, and the calculated values (open symbols) were obtained using the
procedure presented in this paper. The upper panels show the calculated Ae’ using deformation parameters produced from the

Yb mesh, the lower panels Pt mesh parameters.
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occur for light Dy, where the calculated signature split-
ting is as much as 131 keV larger than the measured
value (for N = 89). There seems to be the trend of in-
creasing deviation for decreasing neutron number. This
is not surprising since these systems are deformation soft
and, therefore, most susceptible to shape changes as a
function of rotation. These deviations are greater than
the uncertainties of the calculations, as discussed in the
following paragraph.

The experimental uncertainties on viy3/; signature
splitting are small. It is important, therefore, to estimate
the uncertainty in the calculated Ae’. Even though our
calculational method minimizes interpolation uncertain-
ties in TRS, there are still uncertainties in the calculated

deformation parameters, since they are obtained from an
interpolation between points of the mesh. For example,
uncertainties of +0.007 and +0.002, respectively, in the
B2 and B4 values are quoted Ref. [18] in a bandhead po-
tential energy surface calculation which had a finer step
size than the calculation in our analysis. While it is
not documented, a conservative estimate for the uncer-
tainty in v would be £1.5°. To test the sensitivity of the
calculated Ae’ to changes in deformation, we repeated
calculations using deformation parameters within twice
the above uncertainties of the TRS parameters. These
calculations were performed for two nuclei, *’Dy and
167Yb, and are summarized in Figs. 7 and 8. The re-
sults indicate that variation in (34 has very little effect on

T T T T T L D B S B B B R | | B A RO A A B B B B |

S 100 | AT Ta -

2 sl /AT YD T -

< RS L5 T - 4 .
= [A\\A\\ . /A o 1l A\A\\\ N FIG. 8. Calculated Rf)uthlan
3 0 APy B R N A, and bandhead energies for
\% L T e . i A i 167Yb as functions of varia-
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= | 1 Y i formation parameters [2(wo),
5 P PN - R

K | 1 f: | | Ba(wo), and ~y(wo) were ex-

-100 -

1 bttt -+ b+ tracted from TRS calculations
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the bandhead and rotational energies for both *"Dy and
167Yb. Changing 3, for both signatures simultaneously
results in very little change in total Ae’. For example, de-
creasing (B, by 0.007 for both signatures of *"Dy causes
a decrease in AFg.s by approximately 12 keV, and an
increase in AFE;ot by 11 keV, which gives a change in
total Ae’ of only —1 keV. Varying 3, for only a single
signature results, of course, in a greater change in Ae’,
although certainly not large. A decrease of 0.007 in 3,
for the favored (a = }) signature in "Dy results in a
net change of —16 keV to the total Ae’. Variations in v
likewise have only a small effect on Ae’, since the changes
in AEg.s and AE,.; are nearly equal and opposite. The
exception to this is the unfavored signature (o = —%

in '%7YDb in which both AEg4 and AE,. increase as -y
increases. A Ay = 3° increase in 7 for the unfavored sig-
nature in '87YD results in an increase in Ae’ by 46 keV.
This is the largest deviation in Ae’ by changing a single
deformation parameter within the chosen uncertainties
in either 57Dy or 67Yb.

The A dependence of the results were tested by per-
forming cranking calculations with varying pairing ener-
gies. The results of these calculations are presented in
Fig. 9, and indicate that for systems with Fermi levels
low in the vi,3,5 subshell AE;.; is not extremely sensi-
tive to pairing changes. Variations of 50 keV in pairing
energy produces a maximum change in Ae’ of 11 keV for
167YD and 5 keV for *7Dy.

From the results shown in Figs. 7, 8, and 9, it is clear
that the discrepancies between the calculated and exper-
imental Ae’ for the lighter nuclei in this analysis are not
due to small errors in deformation or pairing. One source
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for the deviations between theory and experiment may be
due to coupling of y-vibrational modes to the vi 3,5 ro-
tational bands. As discussed by Matsuzaki et al. [19,20],
calculations of Ae’ with a generalized v vibration cou-
pling to vi;3/, bands can lead to reductions of as much
as 70 keV in the vi,3/; signature splitting.

Another contribution to the signature splitting is ex-
pected to come from the higher-multipolarity part of the
pairing interaction, e.g., quadrupole pairing. As illus-
trated by Diebel [21] a small change of the quadrupole
equilibrium deformation of a one-quasiparticle orbital |2)
is expected due to the state dependence of the pairing
gap,

A; = Ago + (Q20)iA20 + (Q22 + Q2-2): A2z

The shift in equilibrium deformation caused by
quadrupole pairing can lead to a contribution to the de-
formation part of the signature splitting, AFEges. On the
other hand, the K™=17% part of the quadrupole inter-
action is known to reduce the strength of the Coriolis
coupling,

—w(a|jz|B)(vatp + vavg) = —w(alsz|B)
X(’U.QU3 + ’Uav,g)(l — Paﬁ),
(5.2)

(5.1)

where the reduction factor P,s (usually positive) de-
pends on the position of the Fermi level in the shell
(see Ref. [22], Egs. (12), (34), (35)). Consequently, the
K™=1% component of quadrupole pairing is expected to
contribute directly to AE,,;. In order to make a quan-
titative statement on the magnitude of both corrections,
deformation and pairing self-consistent calculations in-
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FIG. 9. Calculated Routhian energies for '*"Dy and ®"Yb as functions of variations in pairing energy. The BCS pairing

gap, ABcs, was used to compute Frot(wo) at fiwo = 0.2 MeV.



volving monopole and quadrupole pairing interactions,
such as those of Ref. [23], are needed.

Other reasons for these deviations in the calculated
A€’ values include a difference in the overall band-
head renormalization due to the zero-point rotational
energy [18,24,25], an approximate treatment of rotation
(assumption of good quantum number K), the pres-
ence of configuration-dependent pairing forces (see, e.g.,
Refs. [22,26]), and the effect of w-induced terms in the
self-consistent Hamiltonian [27,28].

VI. CONCLUSIONS

The energy splitting between the two signatures of a
rotational band based on a high-j orbital is a measur-
able, regularly varying with N and Z. The experimental
trend for the viy3/; orbital in Z = 62 — 78 nuclei in-
dicates that Ae’ is as high as 500 keV low in the i;3/2
shell (N = 89) and decreases to 30 — 40 keV at N = 107
(when the Fermi level is near the £ = J orbital). Before
proceeding to an analysis of the more complicated trend
for mhe/; (complex due to the close-lying hy;/; orbitals),
we apply a detailed theoretical analysis to the vi;3/; Ae’
trend. A microscopic calculation is performed in a way
in which (a) pairing can be treated self-consistently and
(b) deformation and pairing are allowed to be different
for each signature. Deformations for this wide range
of studied nuclei are extracted from two different TRS
meshes, which give a consistent 5% difference in defor-
mation for the overlapping isotopes. However, this dif-
ference affects both signatures and thus the variation in
calculated Ae’ is small. The TRS-predicted deformation
difference between signatures would have little effect on
most measurable quantities but impacts the signature-
splitting calculation a great deal. Also, for the cases
studied, pairing energy had very little effect on the signa-
ture splitting, because for both the self-consistent and the
non-self-consistent calculations, the difference in pairing
energy between the two signatures was small at fw = 0.
Good agreement is obtained between the experimental
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and theoretical results for isotopes of Er, Yb, Hf, W, and
Os, with the exceptions of 17W, 1750s, and 177Os. The
difference between theory and experiment for these three
isotopes is likely due to a slightly improper N = 102
gap in the single-particle level energies. Suggested [18]
uncertainties in deformation values extracted from TRS
mesh calculations are incorporated to test one compo-
nent of the uncertainties in the final Ae’ values. We find
that the deviations (as large as 131 keV for N = 89 Dy)
cannot be explained by reasonable uncertainties in ex-
tracted deformation or pairing parameters, but instead
may be related to effects not included in the model (e.g.,
dynamic couplings to v vibrational modes or quadrupole
pairing). In spite of these differences for the “softest” nu-
clei in this survey, it is clear that the agreement between
experiment and theory allows one to proceed to the next
level of investigation. In the next publication, the trend
of signature splitting for whg,; bands in Z = 69 to 79
nuclei will be presented and compared to calculations.
Such a comparison is important for addressing the often
peculiar features of hg/; proton bands. And, our overall
goal is to demonstrate that signature splitting is reliable
and calculable enough to use as a fingerprint in multi-
quasiparticle bands as we proceed to the identification of
a greater variety of rotational structures in experiment.
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