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High-K bands have been observed in the ' ' Yb isotopes following the ' Sn( Ca, s:np)
reaction. The vhzz/q band in Yb has been extended to higher spins. The high-K bands in
the even-even isotopes were observed for the first time and show very high B(M1)/B(E2) ratios.
Con6guration assignments for the new bands are proposed. The results are interpreted within the
tilted cranking model.

PACS number(s): 21.60.Cs, 21.10.Re, 27.70.+q

I. INTRODUCTION

The recent development of the "tilted axis crank-
ing" (TAC) model [1,2] has revived the interest in the
signature-degenerate AI = 1 rotational bands. In that
semiclassical model, the axis of rotation is no longer con-
sidered to coincide with one of the principal axes of the
nuclear quadrupole deformation, but to be parallel to
the total angular momentum vector. As a consequence,
the intrinsic signature is undefined. In this case no en-

ergy staggering should be expected between odd and even
spin states. The Yb region around mass 166 presents
some of the best normal-deformed axially symmetric ro-
tors known, and is therefore suitable for the observation
of "tilted bands, " as they are now called, without the
complications of P- or p-soft nuclear systems. On the
other hand, tilted bands are rare in that nuclide region.
The only high-0 orbitals available are the v[505]ll/2
from the hiiy2 neutron subshell, the +[404]7/2+ (go~2),
and the n [523]7/2 from the hid~2 proton subshell. The
last two orbitals are known to couple to a I = 7 band-
head state in some Er and Yb isotopes. High-0 orbitals
are necessary to boost high components of angular mo-

mentum along the symmetry axis (called K in this paper
for simplicity). Another characteristic feature of most
high-K bands is the appearance of strong M1 transitions.
The present work reports the observation of bands with
those characteristics in "Yb, Yb, and Yb. Part
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of the band in Yb had been previously observed, and
had been assigned the vhii~2 configuration ([505]11/2 ).
The other two bands were observed for the first time.
For them we propose the vr([404]7/2 [523]7/2) proton
configuration coupled to two distinct neutron configura-
tions, v[AB] and v[AE] for issYb and issYb, respec-
tively, where A and B are the first and second positive
parity quasiparticle excitations (from the iisy2 subshell),
and E is the first negative parity quasiparticle excitation
(from [523]5/2 and [521]1/2 parentage). These assign-
ments give slightly better agreement with experimental
data than the more simple v[hii~2 Is iis~2] configuration.
However, the present data do not distinguish unambigu-
ously between the two.

II. EXPERIMENTAL MEASUREMENTS AND
RESULTS

The high-spin states of Yb were studied with
the High Energy Resolution Array (HERA) at the 88-
Inch Cyclotron of the Lawrence Berkeley Laboratory.
HERA consisted of 20 Compton-suppressed germanium
detectors and an inner ball of 40 BGO (bismuth ger-

manate) detectors. The high-spin states were populated
in the reaction Sn( Ca,xn) at 210, 220, and 225 MeV.
A stack of three self-supporting i24Sn (97'%%uo) targets with
= 0.5 mg/cm each separated by 0.5 mm gaps was used.
About 420, 570, and 166x10s coincidence events [= 80'%%uo

high fold (k ) 11) doubles and = 20%%uo triples] were

recorded at each beam energy respectively. Prom the
210 Mev data, 650x10 counts were accumulated into
a syrnmetrized Eq x Eg matrix with fold k ) 17 and
sum 0 ) 13 MeV in the inner ball detectors. From the
220 and 225 MeV data two matrices were sorted at each
beam energy, one with requirements of total fold (Ge +
BGO) 15 & k & 25, and total sum 13 & H(MeV)& 26
(with 770 and 570x10 counts, respectively} and another
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FIG. 1. Added spectra in co-
incidence with the 155 keV p
ray ( Yb) from all the Sve
matrices referred to in the text.
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with k ) 24, H ) 7 MeV (with 227 and 154x 100 counts,
respectively) .

Figures 1, 2, and 3 show coincidence spectra of energy
gates on members of bands observed &om those matri-
ces. These bands show the characteristic pattern of high-
K rotational bands, i.e., a sequence of regularly spaced
lower energy transitions with no staggering, and higher
energy crossover transitions. The crossover transitions
are very weak in the cases of Figs. 2 and 3. Some of the
indicated crossovers can only be confirmed in summed
coincidence spectra of several energy gates, and in sums
of double-gated spectra kom three- and higher-fold Ge
coincidences (Fig. 4). It was not possible to determine
the decay paths connecting those bands with other lower
lying states in the respective nuclei. This is due to the
long half-life of the 11/2 bandhead of the vhiii2 band in
srYb (about 180 ns [3]), and probably to the same rea-

son (long "bandhead" lifetimes) for the other bands, as-
signed here to x66Yb and &68Yb In addition, such bands
represent roughly 1% and 0.5% of the respective channel
yields; i.e., they are very weakly populated structures.
The vhitg2 band in Yb is populated with about 7% of
the channel yield. We believe that the main reason why it
is possible to observe such weakly populated structures,
which supposedly lie at high excitation energy, is their
high angular momentum component K along the sym-
metry axis. A high-K structure is not likely to deexcite
to the other lower lying low-K structures due to K for-
biddeness. Another reason is that most of the intensity
of these bands goes through the dipole transitions, which
are in an energy range of low density of E2 transitions
&om the stronger structures in the spectrum. Although
some members of the respective ground state bands seem
to be present in the spectra of Figs. 2 and 3, this

cannot be considered as very good evidence for the chan-
nel assignments since those transitions are among the
most intense in the corresponding sets of data, and their
intensity is therefore very sensitive to changes in back-
ground subtraction.

The assignment of each band to the corresponding
evaporation channel is based on the fold and sum-energy
distributions associated with the in-band p rays. Table I
shows the ratio between in-beam p-ray coincidence inten-
sities from the two different sets of k and H requirements
at a beam energy of 225 MeV, i.e.,

I~(i, f, 15 ( k ( 25, 13 ( H ( 26)
I~(i, f, k ) 24, H ) 7)

where I~(i, f, k, H) is the coincidence intensity between

p rays from states i and f for a given condition on fold

(k) and sum energy (H). As can be seen from that ta-
ble, the ratio obtained for known coincident transitions
is very sensitive to the number of neutrons of the respec-
tive evaporation residue. This ratio shows also very little
sensitivity, if any, to the spin of the highest state of the
decay path defined by the coincident transitions. We rely
on this table to assign the band of Fig. 2 to the Yb
nucleus. The assignment of the band of Fig. 3 to SYb
is based on the fact that it is only observed on the 210
MeV data set, where the Yb is by far the strongest
channel. The Yb transitions are observed with about
the same intensity in both the 210 MeV matrix and in
the 15 ( k ( 25, 13 ( H(MeV) ( 26 matrix at 225 MeV.

Figure 5 presents the level schemes for the high-K
bands observed in the present work. They are gener-
ally consistent with the coincidence intensity between the
transitions and sum-energy relationships between paral-
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FIG. 2. Added spectra in co-
incidence with the 162 keV p
ray ( Yb) from the 15 & k
& 25, 13 & H(MeV)& 26 at 225
and 220 MeV matrices. Tran-
sitions marked with an asterisk
belong to the ground state band
of '66mb.
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FIG. 3. Spectrum in coin-
cidence with the 215 keV
ray ( Yb) from the k ) 17,
H ) 13 MeV at 210 Me V
matrix. Transitions marked
with an asterisk belong to the
ground state band of Yb.

lel gamma-ray paths. The intensity of the 251 keV line
(ass Yb) seems to be significantly below the average trend
of the AI = 1 transitions both in Figs. 2 and 4. This is
not an effect of background subtraction since there is not
a strong line with that energy in the background spec-
trum. Nevertheless, the scheme of Fig. 5(b) is the one
that provided the best overall consistency with the data.
The spins (I) of the "bandheads" in Me'~s Yb were not
determined. The vhz&~2 band in Yb was previously
known from (a, 3n) [4] studies up to spin (21/2 ) (the
bandhead state 11/2, with an excitation energy of 571
keV and lifetime of 180 ns was known &om Lu decay
studies [3,5]). We added several higher lying transitions,
and we disagree as to the existence of the 228.6 keV and
the 454.0 gamma rays, which were tentatively assigned
to the (23/2) + (21/2) and (23/2) -+ (19/2) transitions
in Ref. [4]. The other bands were observed for the first
time in the present work. The intensity pattern indi-
cates that there is very little, if any, decay out of the
band other than from the lowest lying state observed in
each band. For that reason one could refer to those states
as bandheads, although they may not be really so. Link-
ing transitions to other states were not observed; there-
fore the relative excitation from the "bandhead" states
to the ground state is not known. We expect it to be
high (above 2 MeV) since the structures are very weakly
populated.

From the branching ratio I~ (Ml)/I~(E2) on each level
it is possible to extract the reduced transition probability

ratio B(M1)/B(E2) from the formula (p-ray energies in

MeV)

B(M1) 2 2 2 E~(E2) I~(M1)
B E2 Es(M1) I (E2)

The results are presented in Figs. 6, 7, and 8. For the
even-even nuclei, since the spins are not known, the plot
is done as a function of the rotational frequency rather
than as a function of spin. The large uncertainties, par-
ticularly for the even-even isotopes, are due to the low

statistics of the weak E2 transitions. The experimental
points are calculated assuming a multipolarity mixing ra-
tio I~(E2)/I~(M1) = b2 = 0 for the b,I = 1 transitions.
Our directional correlation (DCO) measurements for the

vhtq~q band in Yb (Fig. 9) are consistent with a small

mixing ratio (& 10%). Due to the low statistics of this
kind of measurement no attempt was made to measure
the DCO ratios for the other weaker bands in the even-

even nuclei. The assumption of AI = 1, Ml (+E2)
transitions and AI = 2, E2 crossovers is based on the
close resemblance between the three level schemes (Fig.
5).

Figure 10 shows the dynamic moment of inertia of the
high-K bands of the present investigation as a function
of rotational &equency. The two i&3y2 quasineutron band

(AB) in ~ssYb is also shown for comparison. The dy-
namic moment of inertia (J'(2)) is calculated from each
adjacent pair of in-band p-ray transitions from
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FIG. 4. Sum of doubled-gated spectra on all dipole members of the Yb band [15 & k & 25, 13 & H(MeV)& 26 at 225

MeV]. The background spectrum was chosen to be the total projection of the cube, normalized to give zero total counts in the
subtracted spectrum. The 588 keV line does not appear because there is a very large peak in the total projection with that
energy.
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TABLE I. Ratio between coincidence intensities from two k and 8 conditions, as defined in the
text. E7(i) and E7(f) are the coincident 7 rays from the initial and Snal states with spin I(i)
and I(f), respectively. The corresponding evaporation residue (channel) is indicated, where known.
New assignments are in parentheses.

E7(i) (keV)

298
552
174
193
210
313
743
172
269
337
666
322
429
524

E7(f) (keV)
199
298
155
155
155
222
222
162
162
228
228
206
322
322

I(~)(/I)
6
14

15/2
17/2
19/2
21/2
49/2

(I + 2)
(I + 7)

6
22

2i/2
2S/2
29/2

I(f)(&)
4
6

13/2
13/2
13/2
17/2
17/2

(I + 1)
(I + i)

4
4

i7/2
21/2
21/2

Ratio
0.13(1)
0.127(5)
0.85(7)
0.88(9)
0.8(1)
0.87(1)
0.86(2)
2.6(6)
1.8(8)
2.50(4)
2.s4(s)
7.2(s)
7.77(iS)
7.52(16)

Channel
168Yb
168Yb
~6~Yb
'67Yb

rYb
i6~Yb

vYb

( ssYb)
(166Yb)
166Yb
166Yb
165Yb
165Yb
~65Yb

g( ) = (b,I) Ir /b, E7(b,I),

where LI = 1 for the high-K bands and AI = 2 for
the AB band, and E7 are the energies of the transitions.
We assume that the frequency is Ru = E7/b, I where the
energy of the lower transition of the pair is used. No
signature splitting is observed in any of the three bands
(except possibly at the highest frequencies) of the present
investigation which is characteristic of high K.

III. DISCUSSION

As mentioned in the Introduction, high-K bands are
not commonly observed in this mass region. Most of
the neutron orbits near the Fermi surface have 0 = 5/2

or less and do not yield high angular momentum pro-
jections onto the symmetry axis. The only exception is
the [505]11/2 holelike state from the top of the h11/2
subshell, which is, however, not very near to the Fermi
surface except for larger P deformation. Bands built on
this state are known in a number of Er, Dy, Gd, and Sm
odd-N isotopes, and in 9Nd and Yb. The proton
states are usually not active due to the Z = 70 gap. A
I = K = 7 state can be formed by combining the
[523]7/2 with the [404]7/2 proton states. Bands built on
this state are known in a few Er isotopes and in 1 Yb.

The high-K band in Yb has been assigned the
v[505]ll/2 configuration [3,4]. Our measurement of the
B(M1)/B(E2) ratios for this band are in reasonable
agreement with what can be expected &om such a con6g-
uration. Also, the part of the band extended to higher-
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FIG. 6. Experimental and calculated B(M1)/B(E2) ratios
as a function of the total spin (J) for the Yb band. The
solid and dot-dashed lines are for the vh»/2 and vh»~2AB
configurations, respectively, as calculated from the TAC
model. The dashed line is for vhq&/2 with 4 = 0.

FIG. 8. Experimental snd calculated B(Ml)/B(E2) ratios
as a function of rotational frequency for the Yb band (6 = 0

assumed). The solid curve is calculated from the tilted model
for the s [7 ] I3 v[AE] configuration.

spin states is consistent with an increase in alignment
&om a very smooth AB crossing Ref. [6]. The AB cross-
ing is not blocked for any negative parity single quasipar-
ticle configuration in contrast to the positive parity ones.
We therefore agree with the aforementioned assignment.

For the bands in the even-even isotopes Yb we
considered various possible assignments. The coupling of
the hqqg2 quasineutron with the first iq3g2 quasineutron A
would yield the least excited two quasiparticle band with
a relatively high K. The AB crossing would be blocked
for such a configuration. No backbend is observed around
the AB crossing frequency (0.25 MeV) in the i Yb
band [7] and no upbend in the i Yb band [8]. The
v[hii/2 iis/2] (or simply v[hii/2A]) assignment seemed
therefore attractive for both bands. However, calcula-
tions of the B(M1)/B(E2) ratio for that configuration
underestimate by at least a factor of 2 the experimental

results obtained (Fig. 7). This is due to a partial can-
cellation of the magnetic moment perpendicular to the
spin axis from the "deformation-aligned" (DAL) hii/2
quasineutron and the more "rotation-aligned" (RAL)
quasineutron iq3y2. In addition, there is evidence for an
upbend in the dynamic moment of inertia at low &e-
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FIG. ?. Experimental and calculated B(M1)/B(E2) ratios
as a function of rotational frequency for the Yb band (6 = 0

assumed). The solid, dashed, and dot-dashed lines are for
the sr[7 ] v[AB], s'[7 ], and u[hii~2 A] configurations,
respectively, as calculated from the TAC model.
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FIG. 9. Directional correlation measurements (DCO) for

the p-ray transitions of the vhz~/2 band in Yb. The ratio
of coincidence intensities indicated, R(80'/30'), is given by
the intensity of the p rays (of energy E~) detected at —80'
or (180—80)' in coincidence with the 155 keV p ray detected
at = 30' or (180—30)' divided by the intensity of the p rays

(of energy E~) detected at 30' or (180—30)' in coincidence
with the 155 keV p ray detected at 80' or (180—80)' (the
angles are measured to the beam direction). The solid line is

the expected value for transitions of the same multipolarity
as that of the 155 keV transition. The 155 keV transition is

presumably of M1+b E2 multipolarity. With this hypothesis,
the dashed and dotted lines would be the expected values for

pure E2 transitions in coincidence with the 155 keV transition

for b = 0 and 8 = 0.1, respectively. The expected values

were calculated specifically for the HERA system. The data
points marked with crosses and diamonds were tentatively

assigned to M1 + b E2 and E2 multipolarities, respectively,

[see Fig. 5(a)].
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FIG. 10. Experimental dynamic moments of inertia as a
function of rotational frequency for the Yb high-K
bands. Diamonds Yb, x's Yb, squares Yb (the error
bars are about equal to or smaller than the symbol sizes). The
AB (or s) band of ' Yb (K=0) is also shown for comparison
(+). The first data point (indicated by an arrow) is off scale
at Fur = 0.182 MeV, g~ ~ = 3875 /MeV The. lines are traced
to guide the eye only.

quency for the xssYb band (Fig. 10). Such an upbend
could not be explained with the v[hxxy2A] assignment.

This situation led us to search for alternative assign-
ments for those bands. One possibility is the quasiproton
configuration vr([523]7/2 [404]7/2) which is known to
form the I = 7 in some Er and Yb isotopes. For sim-
plicity we will refer to this configuration as z [7 ]. The
calculated B(Ml)/B(E2) branching ratio for this high-
K proton con6guration is close to 1 for a wide &equency
range, and therefore closer to the experimental values. A
disadvantage of this assignment is that the first neutron
crossing (AB) is not blocked and should be present. A
rather weak interaction would be expected for this cross-
ing in xssYb [7] and a strong interaction in xssYb [8) as
happens in the crossing of the ground state band with
the s band (v[AB]) of the respective nuclei. No crossings
with these characteristics are present in the bands of this
work. We therefore propose that the band seen experi-
mentally is the xr [7 ] coupled to the first "aligned" pair of
ixs~2 quasineutrons (v[AB]). For this configuration the
moment of inertia should be smooth down to the spin
where it crosses with the m[7 ]. This is an analog case to
the crossing of the s with the g band of 6Yb seen in Fig.
10. The upper branch of the crossing occurs at cu 0.18
MeV in the s band whereas it is seen at u = 0.16 MeV
in the high-K band. We believe this difFerence is not
incompatible with the proposed assignment since g(2) is
a quantity very sensitive to small disturbances. For this
configuration strong magnetic transitions are expected
since the aligned neutrons contribute to the already large
magnetic moment perpendicular to the spin axis kom the
high-K proton configuration. This is consistent with the
very large Ml/E2 branching ratios observed down to the
lowest frequencies (Fig. 7).

In Yb, however, no upbend is seen in the dynamic
moment of inertia plot down to the lowest observed tran-
sitions. For this band we considered the same proton

configuration coupled to the 6rst negative parity neutron
configuration (AE) which has the AB crossing blocked.
The Ml/E2 branching ratios are not as large as in the
xr[7 )v[AB] configuration, but are still rather large. We
would like to point out that the AB crossing should have
a large interaction in Yb, which would result in a rise
of the dynamic moment of inertia over a wide frequency
range in contradiction with experiment (Fig. 10).

If these assignments are correct, though, we should
explain why the pure proton configuration is not seen
in either of the two isotopes. Both bands, particularly
vr[7 ] v[AB], should decay to the xr[7 ] configuration.
A possible explanation is that, because of the sharp back-
bend, the connection of the bands with the z [7 ] config-
uration is lost. The AI = 1 gamma-ray energies should
jump from. around 160 keV to 320 keV, and fall in a range
of difBcult observation, due to the presence of stronger
discrete gamma rays &om other bands. It is possible
also that there is some delay in the connecting transi-
tions, during which the recoiling nuclei might By away
&om the center of the target chamber, therefore decreas-
ing detection efBciency. The lower-spin states should be
seen, though, from direct population, provided that the
or[7 ] band does not decay out easily, which we expect
&om K forbiddeness. Perhaps there is not enough direct
population at these relatively low spins to make the band
observable.

The values of the Ml/E2 branching ratio as a function
of frequency, calculated from the TAC model, are given
in Figs. 6, 7, and 8. There is a reasonable agreement
with the experimental data for the con6gurations pro-
posed. However, &om this agreement alone we cannot
x u'" nut the v[hxx~2A] configuration for the bands in the
even-even nuclei. Nevertheless, we believe this together
with the moment of inertia behavior makes the proposed
con6gurations more likely.

IV. TILTED AXIS CRANKING CALCULATIONS

The configuration assignments can be substantiated by
tilted axis cranking (TAC) calculations, which study the
interplay between rotational- and deformation-aligned
angular momenta in a quantitative way providing both
energies and in-band transition probabilities. The
xnethod is described in Refs. [1,2]. It has been recently
applied to high-K bands in xssEr [9],which seems to have
some structural resemblance to Yb. Details about the
TAC calculations can be found in these references. Here
we mention only some important features needed to un-
derstand the results. The rotational b-:ds are associated
with quasiparticle con6gurations in a potential that uni-
formly rotates about an axis tilted with respect to the
principal axes of the deformed potential. The orienta-
tion is determined by minixnizing the routhian (energy
in the rotating frame) with respect to the tilting angle.
For this equilibrium orientation the expectation value of
the angular momentum J has the same direction as the
cranking axis (J ~[ d). For the bands studied in this
paper we ass»roe axial symmetry which is a good ap-
proximation in this region (cf. [2]). The orientation is
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Configuration
g.s.

v[hI, )2A]
Ir[7 ]

Ir [7 ] (g v[AB]
Ir[7 ] (g v[AE]

Js (h)
0.0
5.5
8.2
7.4
8.5

12.8

e' (MeV)
0.0
1.271
1.13
0.876
1.191
1.171

J(h)
9.0
7.7

12.9
10.5
19.0
18.2

8
90
44'
51'
45'
64'
45'

TABLE II. Results of the tilted axis cranking model. The calculated tilting angle 8 is given,
together with the spin J, and its projection onto the symmetry axis J3. The routhian e' is taken
relative to the ground state band (g.s.) of Yb. The reduced transition probabilities B(M1) and
B(E2) are also given. The calculations were performed at a rotational frequency of ~ = 0.25 MeV.

B(M1) (p~) B(E2)(e b )
0.0 1.75
0.408 0.447
0.474 0.65?
0.564 0.470
2.58 1.21
0.553 0.626

fixed by the angle 8 between the rotational axis and the
symmetry axis (denoted by 3). In the calculations we
use the deformation parameters e2 ——0.25 and e4 ——0.01.
The pairing field is constant. The gap parameters are
b, = 0.91 MeV and 6„=0.86 MeV. The proton and
neutron chemical potentials are kept fixed and are chosen
such that the expectation values are Z —70 and N —97
respectively at u = 0.

In the analysis of the experimental spectra it is use-
ful to introduce the experimental angular velocity ur. In
contrast to the standard cranked shell model (CSM) we

operate with the total angular velocity instead of its pro-
jection onto the one-axis. The experimental frequency
is simply equal to the p-ray energy of the transition
I ~ I —1 to which the angular momentum J = I is
assigned. The intraband transition probabilities are cal-
culated &om the TAC wave functions by means of the
semiclassical expressions given in Refs. [1,2,11,9]. The
results for co = 0.25 MeV are given in Table II.

Figure 11 shows the quasiparticle spectra in the TAC
model. The lowest excitations are of quasineutron type.
Since the collective rotation is about the one-axis (8 =
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FIG. 11. Quasiparticle spectra for Yb calculated from the TAC model. (a) Quasiproton routhians as a function of
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90'), the lowest quasineutron excitations are PAC (prin-
cipal axis cranking) solutions with 8 = 90'. They form
the lowest bands in SYb, which can be classi-
fied as traditional CSM configurations with good signa-
ture quantum number [8,11]. An exception is the hqq/2
quasineutron orbit, which strongly slopes down towards
8 = 0 . It is a good example of strong coupling to the de-
formed potential, i.e., a DAL state in terms of the classi-
fication introduced in Ref. [12]. Figure 12(a) shows that
at finite rotation the hzq~2 quasineutron has i3 5 5A
and a very small iq component. This is re8ected by the
routhian in Fig. 11(d), which is e' ez —5.5hu cos8.
The hzzy2 band observed in Yb is assigned to this one
quasineutron configuration. It is a TAC solution that
represents what one is used to calling a high-X band.
The component J3 ——K, the band starts at I = K, and
all the angular momentum increase comes from the col-
lective angular momentum B [cf. Fig. 12(a)] The tilting
angle is to a good approximation given by the strong
coupling expression
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FIG. 12. Vector diagrams at hen = 0.25 MeV. The thin solid
line vectors represent the angular momentum of each quasi-
psrticle, and the rotational angular momentum (R), which
is parallel to the one-axis. The total spin (J) which is the
vector addition of the quasiparticle and rotational angular
momenta is indicated by a thick solid line vector. The angu-
lar momentum projections onto the one-axis is denoted by iz
and onto the three-axis (the symmetry axis of the ellipsoid)
by iq. (a) Diagram for the vh~q/q band. (b) Diagram for
the m[7 ] band. The dashed line vector is the vector addi-
tion of the two quasiprotons angular momenta. The positive
parity quasiproton (sr[404]7/2+) is marked as s+, snd the
negative parity one (n [523]7/2 ) as rr . (c) Diagram for the
vr[7 ] S v[AB) band. The quasiproton angular moments is
indicated as in (b). The dashed line vector marked as (AB)
is the vector addition of the two quasineutrons (A and B)
angular momenta. The long-dashed lines represent the pro-
jection of the quasiproton and quasineutron angular momenta
perpendicular to the total spin. Since the g factors of protons
and neutrons have opposite signs, the magnetic moments add,
yielding high Ml transition probabilities. (d) Diagram for the
m[7 ]v[AE] band. In this case the perpendicular component
of the quasineutron angular moments (A and E) is small.
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FIG. 13. Tilting angle as a function of rotational frequency.
'l'he coa6guration corresponding to each line is indicated in
simplified notation (see text).

Figure 13 shows this behavior, which has the typical
Hopf bifurcation [12] at the bandhead, which corresponds
to the &equency ~p, = K/Q in the case of strong cou-
pling. The calculated value ~g ——0.198 MeV is the
lowest possible &equency for the h~z/2 band (8 = 0').
As seen in Fig. 14, the calculations predict a back bend
at J = 15h corresponding to the AB crossing in the
i&3~2 quasineutron system. The presence of the hzz/2
quasineutron delays the AB crossing by 2h as compared
to the yrast line (shown in Fig. ,14 as well). The ex-
perimental function I(u) [Fig. 15(b)) does not show any
irregularity up to I=33/2. Figure 10 seems to indicate a
very smooth gain of moment of inertia that could be due
to a very much smoothed out AB crossing. The system-
atic absence of the AB crossing in the hqqy2 quasineu-
tron bands [9] is not fully understood at present. We
performed also a b,„=0 calculation for this configura-
tion. The corresponding B(Ml)/B(E2) is shown in Fig.
6. The experimental values lie more or less in between
the 6„=0 and the full pairing calculation at the up-
per part of the band. Figure 15(a) shows also a b,„=0
calculation for the vhqq/2 band. Its spins are larger than
for the full pairing calculation at the same &equency (the
kinematic moment of inertia is larger), in agreement with
the experimental trend. This indicates that pairing might
be reduced for this configuration already at relatively low
spins. This might explain the absence of the AB crossing
in this band.

In the even-even isotopes both the neutron and proton
excitations must be considered. The lowest two quasineu-
tron excitations are the (its/2) configuration AB and the
negative parity configuration AE, which are PAC solu-
tions with 8 = 90'. They are the lowest bands. In Fig. 14
we show the g band and AB for reference. The combina-
tion of the hq q/2 quasineutron with the its/2 quasineutron
A results in a TAC solution. Its tilting angle is shown in
Fig. 13, its energy in Fig. 14, and spin in Fig. 15(a). It is
one candidate for the observed EI = 1 bands. As can be
seen in Fig. 6, it has relatively small B(M1)/B(E2) val-

ues, since the transversal magnetic moments of the two
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quasineutrons cancel to a large extent.
Figure 11(c) shows that most of the quasiproton or-

bitals drive towards 0 = 0, since they are relatively
strongly coupled to the deformed field. For 0 & 45'
the orbitals coming from the Nilsson states [523]7/2
(hii~2) and [404]7/2 are lowest. They combine into a two

quasiproton con6guration with J3 —7. For short nota-
tion we call it the 7 con6guration although its structure
is more complicated than that of a simple %=7-band. As
seen in Fig. 12(b), the hii~2 qussiproton (x ) is apprecia-
bly tilted away &om the three-axis. Its energy minimum
in Fig. 11(c) lies near 8 = 30' indicating a character
intermediate between DAL and FAL (Fermi-aligned) ac-
cording to the classification scheme of Ref. [12]. The tilt-
ing takes place at the beginning of the band causing the
relatively flat behavior of 8(u) at low ur in Fig. 13. The
7 band has not been seen in the present experiment,
but it is known in is4Er [14].

For higher spin the 7 two quasiproton con6guration
combines with quasineutron excitations. The lowest two
quasineutron excitations are the con6gurations AB and
AE coming &om the corresponding PAC con6gurations
at 8 = 90' (cf. discussion above). However, the result-

ing four quasiparticle configuration is not just a simple
combination of the 7 with the AB and AE PAC bands.
As can be seen &om Fig. 11(d), the quasineutron orbits
change noticeably with the orientation.

The orbital A has a minimum at 0 = 45 qualifying
it as a FAI quasineutron. Its energy does not depend
very much on 0. It can follow the orientation of the ro-
tational axis much better than other orbitals, since due
to the reduction of its quadrupole moment by pairing
it is only weakly coupled to the deformed field. The or-
bital B is RAL according to the classification in Ref. [12],
since it has its minimum at 0 = 90 . It; is responsible for
the larger 0 values in the configuration 7 AB as com-
pared with 7 (cf. Fig. 13). This increase of 8 and the
contribution of B (negative g factor) to the transversal
magnetic moment, which adds to the proton part, sig-
nificantly enhance the B(M1) values (cf. Fig. 7). This
is illustrated in Fig. 12(c), which also demonstrates that
A contributes only very little to the transversal magnetic
moment. This is an example of the improvement brought
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by the TAC calculation, when the simple estimates of the
magnetic moments suggested in Ref. [10] are inaccurate

(the three-component of A. would not be included making

its contribution much larger).
The E orbital changes its character with 0. At 90

it consists mainly of [521]1/2 having a routhian that is

almost 8 independent (as is characteristic of a A = 0

pseudospin state). Since they slope down with decreasing

0, orbits coming &om Nilsson levels with larger K take
over at lower 0. As a consequence, the quasineutron E
contributes about 2.6h to 13 in the con6guration 7 AE,
whereas lowest negative parity bands in s' Yb (AE
and AI") show a large signature splitting, characteristic
for Js = 0 [7,8,11].The B(M1) values of 7 AE are close

to the ones of 7, since both A and E have small angles

with the axis of rotation J [cf. Fig. 12(d)]. The large ii
components of the quasineutrons A, B, and E make the

tilting angle 8(ur) much less spin dependent than would

be expected from the strong coupling estimate (1). This
is clearly seen in Fig. 13 when comparing the hei/2 band

with the other configurations.
The configurations 7 AB, 7 AE, and vhqz/2A are

hm(Me V)

F1G. 15. Total angular momentum (J) as s function of
rotational frequency. (s) TAC results. The configuration
are indicated as in Fig. 13. (b) Experimental results. Circles
is~Yb (vhii~~), squares Yb (7 AB, I = 11 assumed for the
lowest-spin state), triangles Yb (7 AE, I = 10 assumed for

the lowest-spin state). The experimental rotational frequency

(hu) of each state of spin J is the energy of the dipole p-rsy
transition depopulating that state (see Fig. 5).
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three candidates for the AI = 1 sequences observed in
Yb. As seen in Fig 14' we expect them to be close

in energy. Our assignment to the 7 quasiproton excita-
tions is based on the slightly lower energy and the larger
B(M1)/B(E2) values compared to vhqq~2A. The assign-
ment of 7 AB to Yb and of 7 AE to Yb relies on
the evidence for an AB crossing in Yb discussed in
Sec. III. In view of the restricted information our data
contain, these assignments must be considered as tenta-
tive.

and is able to reproduce the large B(M1)/B(E2) ratios
observed. Another possible configuration would be the
v[hqq~2 iqsI2] for both bands in the even-even nuclei,
which should present, however, lower B(M1)/B(E2) ra-
tios. The vhq q/2 band in Yb has been extended to
higher spins. A smooth increase in the dynamic moment
of inertia as a function of spin is observed for this band
up to I = 33/2. The presence or absence of the AB
crossing in this band is not clear from the experimental
data. The possibility of weaker pairing for this band is
raised.

V. SUMMARY AND CONCLUSIONS

Weakly populated high-K bands have been observed
in the 6Yb region. The properties of the bands ob-
served for the first time in Yb and Yb have led to
rather unusual tentative configuration assignments, i.e.,
m[7 ]v[AB) and m[7 ]v[AE), respectively. The tilted
cranking model predicts lower excitation energies for such
bands than would be expected &om traditional models,
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