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Lifetimes of high-spin states of "' ' 'Yb, populated by fusion-evaporation reactions, have
been measured by the recoil-distance technique. The data were collected in coincidence with a
total-energy filter to provide some discrimination on reaction channel. The principal feature of
the resulting transition quadrupole moments is a frequency-dependent reduction which is

displayed by those bands with aligned quasiparticles. This seems to be mainly due to the influence

of the favored i&3/2 quasineutron. Additional available data are surveyed and support this con-
clusion. Calculations using the cranked shell model and the cranked Hartree-Fock-Bogoliubov
and cranked Nilsson-Strutinsky methods provide a qualitative description of the experimental ob-
servations. In addition, a satisfactory account is provided by recent calculations based on a fer-
mion dynamical-symmetry model.

I. INTRODUCTION

The spectroscopy of the yrast and near-yrast bands of
the N =88-98 isotones of rare-earth nuclei has been an
area of intense interest in recent years. Most of the
high-spin data can be understood, at least qualitatively,
in terms of aligned high-j nucleons weakly coupled to
deformed cores with rather constant deformation param-
eters (the cranked shell model' ). However, the neglect of
variations in deformation from state to state is
dangerous in the N =88-90 transition region between
rotational and vibrational nuclei. It has been known for
some time that the ground-state bands of the even-even
N =90 nuclei [for example, ' Nd (Ref. 2)] exhibit cen-
trifugal stretching; that is, the collectivity increases with
increasing angular momentum. On the other hand, re-
cent lifetime measurements on ' ' Dy (Refs. 3 and 4)
and ' Er (Ref. 5) indicate that the collectivity of the s
bands of these nuclei is reduced relative to that of their
respective ground-state bands. It is the relationship be-
tween these changes in collectivity and the alignment of
various high-j quasiparticles that this work addresses
through the measurement of lifetimes of high-spin states.

The nuclei ' ' ' 'Yb provide excellent opportunities
to test the quasiparticle dependence of collectivity be-
cause, in previous extensive spectroscopic investiga-
tions, ' it has been observed that there are distinct
band crossings leading to bands with rather large aligned

angular momenta. These band crossings, which are due
to the alignment of both quasineutrinos and quasipro-
tons, are generally sharp in this region. This makes it
possible to associate measured transition probabilities
with the degree of collectivity of the aligned bands,
many of which have been identified with a variety of
multiquasiparticle configurations. Lifetimes are reported
here for states in a number of these bands. In ' Yb we
have measured lifetimes in the ground band and three
aligned two-quasiparticle bands: AB (the yrast band
after the first backbend), AE, and AF, where, as usual,
A and B refer to the two lowest-energy i&3/2 quasineut-
ron excitations and E and F to the lowest negative-parity
states (mostly h9/2 in origin). Lifetimes are also reported
here for states in the vi&3/2 band A of ' Yb and in the
one-quasiparticle bands A and E and three-quasiparticle
band EAB of ' 'Yb. Preliminary reports of this work
have previously appeared. "

Sections II and III describe the experiment and its
analysis. Results are presented in Sec. IV. A compar-
ison of the results for ' Yb and ' 'Yb reveals several of
the effects of quasiparticle alignment on collectivity.
This is discussed in Sec. V A and the present results are
re1ated to some of the systematics of the N=89 —91 nu-
clei in Sec. V B. In Sec. V C the results are considered in
light of recent theoretical calculations. In particular,
Bengtsson et al. ' and Tanabe et al. ' performed self-
consistent calculations of the shape parameters for the
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ground and s bands of ' Yb, on the basis of which they

suggest that the i»/2 quasineutrons drive the nucleus to
increasingly triaxial shapes as the angular momentum is
increased. This is qualitatively in agreement with the
present findings, as are the calculations of Chen et al. ,

'

who have used a phenomenological cranked-shell-model
approach to associate the observed decrease of collectivi-

ty in ' Yb with the alignment of both i&3/p and h9/2
quasineutrons. In addition, satisfactory agreement is ob-
tained from recent calculations using a fermion
dynamical-symmetry model. ' The conclusions are sum-
marized in Sec. VI.
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II. EXPERIMENTAL METHOD

High-spin states of nuclei in the region of ' Yb were
produced by fusion-evaporation reactions with heavy
ions. Two experiments were performed: a "normal ki-
nematics reaction" with a 205-MeV Ti beam from the
25-MV tandem accelerator at Oak Ridge National Labo-
ratory incident on a "Cd target and an "inverse kine-
matics reaction" with a 495-MeV " Cd beam and a Ti
target. The second beam, which provided a much larger
recoil velocity, was obtained by injecting a 111-MeV" Cd beam from the tandem accelerator into the Oak
Ridge Isochronous Cyclotron (ORIC).

The recoil-distance device used in these measurements
was designed so that the target could be located at the
center of a large annular annular sodium-iodide (NaI)
detector. Details of this device can be found in Refs. 19
and 20. The NaI detector was operated as a total y-
ray-energy summing device to provide some discrimina-
tion between reaction channels. The usefulness of total-
energy filtering in these measurements can be assessed
from Fig. 1, which presents data obtained with the Ti-
induced reaction in "Cd. It shows spectra from the
NaI summing detector in coincidence with various y
rays detected by the Ge(l.i) detector. The origins of
these y rays have been identified in previous spectro-
scopic work. In order from the top, Fig. 1 shows total-
energy spectra from (a) all nuclei produced, (b) " Cd (in-
elastic scattering), (c) ' Yb, (d) ' Er, (e) ' Yb, and (f)
' 'Yb. Although the shape of the total-energy spectrum,
in principle, depends on the position of the coincident y
ray in the yrast sequence, this dependence is much less
than that due to reaction channel and was not noticeable
in the present experiments. It is clear from Fig. 1 that
one cannot obtain complete separation of the reaction
channels, but that some selectivity is possible. The final
choice of total-energy gates involves a compromise be-
tween selectivity and statistics.

For the Ti-induced reaction, a 1.5-mg/cm -thick me-
tallic target enriched to 98% in " Cd was used. The
stopper consisted of a 1.27-pm-thick nickel foil which
was stretched before coating with 30 mg/cm of lead.
The beam energy of 205 MeV was chosen to maximize
the yield of the 4n reaction leading to ' Yb. The recoil
velocity of the ' Yb nuclei, deduced from the energy
separation of the shifted and unshifted peaks, was
(6.877+0.024) IMm/ps or v /c= (2.294+0.008)%. Spectra
were recorded at eleven target-stopper separations rang-
ing from 25.3 pm to 2.02 mm. The position of zero sep-
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FIG. 1. Total-energy spectra resulting from 205-MeV 'Ti
bombardment of "Cd to produce the compound nucleus

Yb. The top spectrum is the spectrum of all prompt events
in coincidence with the Ge counter, and the others result from
gates on lines from the specified reactions. Full scale in energy
is about 15 MeV.

aration was determined by the pulser-capacitance tech-
nique. In addition, the capacitance was monitored
periodically during the course of the measurements. Il-
lustrative spectra showing data from three target-stopper
separations are presented in Fig. 2.

The target for the " Cd-induced reaction was a 1.0-
mg/cm -thick rolled metallic foil enriched to 99.1% in

Ti. The beam energy was chosen to give the same
center-of-mass energy as in the reaction described above.
The recoil velocity of the evaporation residues was
suSciently high that the stopping time in lead was com-
parable to the lifetimes of the states involved. Thus, had
a lead stopper been used, many of the unshifted peaks
would have been so Doppler broadened as to be indistin-
guishable from the background. Such a situation was ob-
served ' in a lifetime experiment on ' Dy following the
(' Xe,4n) reaction. To avoid this difficulty, we elected
to allow the recoils to pass through a 4.5-mg/cm gold
foil. Emling et al. used a similar procedure. The
recoils, together with the beam, were finally stopped in a
thick lead foil placed about 10 mm behind the retarding
foil. This distance was chosen so that only the ground
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FIG. 2. Some y-ray spectra in the "4n" gate from the 'Ti-induced reaction. The target-stopper separations are (a) 25.3 pm, (b)
100.4 pm, and (c) 2.02 mm, with corresponding Sight times of {a) 3.7 ps, (b) 14.6 ps, and (c) 294 ps. Only the members of the yrast
sequence are labeled.

and first excited states had appreciable population by the
time the recoils entered the lead stopper. Using the en-

ergy separation of the shifted, less shifted, and unshifted
peaks from the 2+~0+ transition, we deduced that the
recoil velocity was (19.34+0. 15) pm/ps [U /c =(6.45
+0.05)go] before the retarding foil and 14 pm/ps after-
wards.

With the "Cd-induced reaction, spectra were record-
ed at six target-retarder separations ranging from 176

pm to 2.65 mm. We were prevented from obtaining
data at closer separations by the following difhculty with
the target. During the experiment, a small dimple
formed which projected upstream from the otherwise Qat

target surface. (We note that later tests with the same
beam-target combination caused similar dimpling in
similar target foils. ) Examination of the decay curves
showed them to be consistent with the dimple appearing
relatively quickly during the initial focusing of the beam
and remaining stable thereafter. That is, the decay
curves obtained in this experiment could be matched
with those obtained with the Ti-induced reaction by a
simple shift of origin, the shift required being 159+8
pm. (This was determined by least-squares fitting, as de-
scribed in Sec. III C.) The degree of consistency
achieved may be judged from the decay curves shown in
Sec. IVA1. Sample y-ray spectra for this reaction are
shown in Fig. 3.
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the shifts of the most prominent peaks. The complexity
of the spectra made it impossible to obtain the areas of
both the shifted and unshifted (or less shifted) peaks of
all transitions for every Bight distance. Therefore, since
it was not possible to normalize the intensities obtained
at different fiight distances with the sum of shifted and
unshifted peaks, we have normalized with the intensity
of the y-ray continuum above about 950 keV, a pro-

III. DATA ANALYSIS

A. The extraction of the decay curves

The spectra, following gating with total energy, were
fitted by standard techniques to obtained peak areas.
Peak separations were calculated from the known y-ray
energies and the Doppler shifts were determined from
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FIG. 3. Partial y-ray spectra in the "4n" gate from the"Cd-induced reaction. Spectra for three different Bight times
are shown. Members of the yrast sequence are identified.
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cedure which has previously been found ' to be satisfac-
tory.

A consequence of this method is that two decay
curves are available for those transitions where the in-
tensities of both the shifted and unshifted or less-shifted
peaks could be extracted. As mell as the familiar decay
of the normalized unshifted intensity U (or, in the case
of the experiment with the " Cd-induced reaction, the
normalized less-shifted intensity L) with flight time, one
also has the decay with flight time of the quantity I-S,
where I is the total intensity of the y ray and S is the
normalized shifted intensity. These two decay curves
are almost independent; the only correlation comes
through I, which is determined by averaging the sums of
the normalized intensities (i.e., U+S or L+S as the
case may be) observed for each flight time. The values
of U+S or L+S obtained for each flight distance are
useful by-products of this method. If the data analysis,
including the corrections described in the next section, is
performed correctly, the U+S and L +S values should
show no variation with flight distance.

The best resolution was obtained for the unshifted
peaks observed with the Ti-induced reaction. For ex-
ample, the unshifted peaks corresponding to the
8+~6+ and 12+~10+ transitions were well resolved,
whereas the corresponding shifted peaks were not (see
Fig. 2). Spectra obtained with the " Cd-induced reac-
tion had poorer resolution and higher backgrounds than
those from the Ti-induced reaction. However, because
of the larger v/c, these spectra were useful in defining
the decay curves for the ' Yb yrast states with I & 18.

B. Corrections to the decay curves 120 —«)
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predictions of the theory due to Abragam and Pound if
the deorientation is caused by rapidly fluctuating ran-
dom electromagnetic fields, such as might be expected
from an atomic cascade. There are some difficulties with
this approach. For example, the inferred correlation
times of the fluctuating magnetic field are rather shorter
than the expected lifetimes of atomic states. Also, the
exponential behavior is not correct near t =0. This
second effect has been investigated in some detail,
but the deviations from exponential relaxation are small
and, consequently, are very difficult to detect. Thus
the Abragam-Pound theory is, in general, very successful
phenomenologically. A significant departure from ex-
ponential relaxation has been observed ' in the decay of
each of two isomers in ' Cd. In these cases, the align-
ment relaxed with flight time to certain "hard-core"
values and remained at those values for flight times as
long as 7 ns. The hard-core alignments were apprecia-
ble, being about 40% of full alignment in one case and
about 65% in the other. A hard-core alignment of 20%
of full alignment has also been seen in the decay in vacu-
um of the first excited state of ' Nd.

Whether or not a significant hard core exists in the
present data and what values of the relaxation times 7 k

to use are questions which may be addressed by inspect-
ing the variation of total y-ray intensity with flight time.
If all of the corrections are made properly, there should
be no such variation. In Fig. 4 we show a plot of the

In addition to the straightforward corrections for
detection eSciency, coincidence efficiency, and internal
conversion, there are four corrections which are usually
applied to the normalized intensities obtained from
recoil-distance experiments. These are corrections for
the apparent solid angle of the y-ray detector, the at-
tenuation of the angular distribution of the y rays, the
Doppler broadening of the unshifted or less-shifted
peaks, and the time structure of the cascade feeding.
When (heavy-ion, xn) reactions are used to populate the
states of interest, this last correction is so significant as
to dominate the analysis. Its treatment is discussed in
Sec. IIIC. The solid-angle corrections are relatively
minor. In the present experiment, their magnitudes
were at most comparable with, and usually much smaller
than, the uncertainties from spectrum analysis. The oth-
er two corrections are considered in the following sub-
sections.
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1. The attenuation of the y ray angular distributions-

The correction for the vacuum depolarization of the
y-ray angular distribution was made by assuming that
the ahgnment decays exponentially with time while the
nucleus is in flight, but that the residual alignment at the
moment of entry to the stopper is preserved thereafter.
Details of the calculation can be found in Ref. 23. The
exponential relaxation of alignment corresponds to the
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FIG. 4. The suln I of the shifted and unshifted peak intensi-
ties vs target-stopper separation d for three yrast transitions in

Yb, showing the effects of the correction for alignment at-
tenuation. The correction is applied with (a) r2 ——ao, (b) ~q ——30
ps, and (c) ~2=6 ps, and using ~4——0.3 ~2 ~
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sum I of the normalized shifted and unshifted y-ray in-

tensities of the 2+~0+, 4+~2+, and 14+~12+ transi-
tions of ' Yb versus recoil distance. The data are those
obtained with the Ti-induced reaction. Figure 4(a)
shows the results when all corrections are applied except
that for alignment attenuation. This is the same as set-
ting zk infinite. In the case of the 2+~0+ transition,
the intensity appears to be about 20% less for large
recoil distances than for small distances, showing the at-
tenuation of the alignment. The discrepancy is approxi-
mately A2+A4, suggesting that there is no significant
hard-core alignment. It is actually a little less than
A &+ A4, but this is accounted for by the nonzero solid
angle of the detector and the contribution of the shifted
peak, which experiences less alignment attenuation than
the unshifted peak. The effect of the shifted peak can be
clearly seen in the results for the decay of the much
shorter lived 4+ and 14+ states. In particular, the 14+
state has no long-lived feeding and so shows no apparent
loss of intensity at long flight times.

The effect of applying the alignment-attenuation
correction with short relaxation times is shown in Fig.
4(c). The intensities at short to intermediate flight times
are overcorrected. The relaxation times used (rz ——6 ps,
~4=2 ps) are those measured in a recent experiment on

Dy and are apparently too short for the present case.
Figure 4(b) shows that the values rz ——30 ps and r4=10
ps give satisfactory results. Similar relaxation times
have been measured in experiments on ' Sm and ' Gd
and have been found to be appropriate in the analysis of
recoil-distance experiments on ' Nd (Ref. 2} and ' Ce
(Ref. 20}.

The values of v.
k are probably larger in the s band

than in the ground-state band because of an expected
reduction in g factors with the alignment of quasineu-
trons. However, the lifetimes and feeding times of the
s-band states of ' Yb are short enough for there to be
little sensitivity to this effect. The results for the 14+
state, the longest lived of the s-band states, shown in Fig.
4, indicate that the values of ~k appropriate for the
ground-state band are adequate for the analysis of the s
band also.

In their analysis of recoil-distance data on ' Dy, an
isotone of ' 'Yb, Emling et al. i' omitted the alignment-
attenuation correction on the grounds that the g factors
of the high-spin states of odd-neutron nuclei are expect-
ed to be close to zero. We looked for a similar effect in
' 'Yb by examining the inferred total intensity of the
—", +~—", + transition. Although the uncertainties are
relatively large, it is clear that ~2 values larger than 30
ps are preferred. We have used ~2 ——300 ps in the correc-
tion of the decay curves for ' ' 'Yb.

The Abragam-Pound theory predicts that, if the ran-
domly fluctuating deorientation field is purely magnetic,
then ~4 ——3v2/10. While deviations from this are well
known, they are not large enough to be significant for
the analysis of this experiment, which is less sensitive to
'P4 than some other experiments (e.g., that of Ref. 2) be-
cause of the relatively small value of A4.

As mentioned above, it has been assumed in the
analysis of the data from the "Cd-induced reaction that

the relaxation times are the same after passage through
the retarding foil as before. A plot of the total intensity
of the 4+~2+ y rays against flight time shows that this
assumption is adequate for our data.

2. Line shape eorreetions

Since the recoil does not stop instantaneously upon
entering the stopper, or change its velocity instantane-
ously upon encountering the retarding foil, y rays are
emitted with intermediate Doppler shifts. These y rays,
which we treat as unshifted or less-shifted y rays as the
case may be, are lost in the extraction of the peak areas
because of the high backgrounds present in y-ray spec-
tra from fusion-evaporation reactions. They are
recovered by multiplying the unshifted or less-shifted
peak areas by the ratio U(tz)lU(tz+ts), where tz is
the flight time of the recoils from the target to the front
surface of the stopper or retarding foil, tz is the stopping
or slowing time, and U(t) is the calculated intensity of
the appropriate unshifted or less-shifted peak at flight
time t. The calculation of U(t) is described in Sec.
III C. This correction, in common with the other
corrections, must be applied iteratively, since estimates
of lifetimes and feeding times are required to determine
U(r).

The slowing time tz is determined by using the phe-
nomenological stopping powers of Andersen and
Ziegler and of Ziegler. A complication arises in that,
for the case of an unshifted peak, a y ray emitted from a
sufBciently slowly moving recoil will have an undetect-
able Doppler shift and so will be counted in the unshift-
ed peak. An analogous situation applies for less-shifted
peaks. Hence tz is taken as the time for the recoil to
slow from its initial velocity to its final velocity (zero in
the case of a stopper) minus an amount c (hE /E ) cor-
responding to the resolution hE~ of the y-ray detector.

The line shape correction may be significant for those
states whose lifetimes are comparable with or smaller
than the slowing time. For the " Cd-induced reaction,
the time taken to traverse the retarding foil was 0.17 ps,
which is substantially smaller than any lifetime measur-
able in this experiment. The corrections to these data
are, without exception, much smaller than the uncertain-
ties from spectrum analysis. On the other hand, the
recoils from the Ti induced reaction took 1.0 ps to
stop, leading to significant effects for some transitions.

C. Treatment of feeding

None of the levels observed in this experiment is
directly populated by the reaction; rather, they are near
the end of a decay cascade involving unobserved levels
with appreciable lifetimes. Allowance for the time struc-
ture of this feeding is the principal problem of the
analysis. We have addressed this by constructing a mod-
el of the decay scheme in question and by supposing that
the population resides initially in hypothetical feeding
levels. The population P;(t) of state i at a later time t is
then found by solving Bateman's equations.

The required shifted, unshifted, and less shifted inten-
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sities follow from the model of the decay cascade and
the values taken for P;(0) and the partial widths I;1 for
the decay i~j. In the analyses we use the computer
program LIFETIME developed from an original version
supplied by Emling. In our program, P;(0) and I;. are
varied to fit the experimental values of the intensities.
The program also calculates and applies the corrections
described in Sec. III B. This reduces the determination
of P;(0) and I;J to a problem of statistical inference, to
which standard techniques ' are applied. The question
of choosing the model for the decay cascade remains.
Clearly, one starts with the known levels and transitions.
However, most levels decay with a greater intensity than
is seen to populate them. The simplest way of providing
this unseen sidefeeding is by a single hypothetical level
whose initial population supplies the missing intensity.
But this model is somewhat unphysical because it gives a
sidefeeding rate which is highest at time t =0. Since the
observed levels are not near the top of the cascade, one
expects the sidefeeding rate to be zero at t =0 and to
rise to some maximum value before falling away. The
simplest way of obtaining this behavior is to stack two
levels in cascade and give the lower one no initial popu-
lation. In general, this model was adopted in the present
work; it results in the sidefeeding into each level being
described by three parameters: the initial population of
the upper level of the sidefeeding cascade and the two
lifetimes.

In a few cases —for example, the feeding into the top
of the h9/2 band of ' 'Yb —a two-level sidefeeding cas-
cade was found to be inadequate. This is because of the
characteristic feature of two-level cascades that, if the
effective decay constant at large times is I, then the
maximum feeding rate, which coincides with the peak in
the population of the lower level of the cascade, occurs
farthest from t =0 when both levels have decay con-
stants equal to I . In cases such as the above mentioned,
it was necessary to add extra levels to the feeding cas-
cade to obtain a feeding rate which peaked later than
could be obtained with a two-level cascade with the ap-
propriate behavior at large times. However, in all cases
extracted lifetimes of the levels of interest were insensi-
tive to the number of levels in the sidefeeding cascade.

The number of levels involved in ' Yb is so large that
it was not practical to vary all parameters simultaneous-
ly. Even if it were possible, it is not always desirable to
do so because of the likelihood of the more precise decay
curves at the bottom of the decay scheme unduly
influencing P . Instead, a strategy was developed in
which groups of a few decay curves were fitted together
to obtain the lifetimes of the lowest levels of the group.
Where available and pertinent, branching ratios were in-
cluded as additional data to be fitted.

IV. RESULTS

A. The nucleus ' Yb

Decay curves were obtained for all transitions marked
by solid arrows in Fig. 5. The flow of population is indi-
cated by showing the sidefeeding intensity needed for the
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FIG. 5. A portion of the decay scheme of ' Yb showing, by
solid arrows, those transitions for which decay curves were ob-
tained. The sidefeeding intensities are given as percentages of
the 2+ ~0+ intensity.

intensity balance at each level. In the following subsec-
tions the results are presented in detail.

1. Yrast transitions

We were unable to obtain a decay curve for the
26+ ~24+ transition because it is one member of an un-
resolved doublet. The 24+ ~22+ transition is the
highest yrast transition for which a decay curve is avail-
able. However, in the absence of any information about
the time structure of the feeding, we can only set an
upper limit on the lifetime of the 24+ state. This leaves
the 22+ state as the highest yrast state for which a life-
time can be obtained reliably.

Decay curves for the decay of yrast states are
displayed in Fig. 6, which includes only those states for
which lifetimes could be obtained. In addition to show-
ing the intensity U or L of the unshifted or less shifted
peaks as a function of flight time t~, Fig. 6 also shows
the difference between the total intensity I and the shift-
ed intensity S against tF. Since the shifted and unshifted
or less shifted peaks are separately normalized, I —S is a
second, almost independent, measurement of U or L.
The total intensity I includes the corrections described
in Sec. III B and is well determined, being the average of
U+S (or L +S) at all flight distances, including those,
not shown in Fig. 6, for which U, L, or I —S is zero.
Data from the "Cd-induced reactions were obtained for
the decay of the 18+ state and below, as shown in Fig. 6.
As noted in Sec. II, these have been scaled by an overall
normalization and shifted along the time axis.

The curves in Fig. 6 are the results of the fitting and
correspond to the lifetimes ~ and sidefeeding times ~f
that are given in Table I. The sidefeeding times, which
are the lifetimes of the lowest levels of the sidefeeding
cascades, all have uncertainties of about 50% and are to
be taken as representative only. Table I also lists
sidefeeding intensities If„d and transition quadrupole
moments Q, . The sidefeeding intensities are expressed
as the percentage of the unobserved feeding intensity to
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the intensity of the depopulating y ray. The transition
quadrupole moments are related to the 8 (E2; I~I —2)
values, obtained from v in the usual way, by

B(E2;I +I 2)= —(I—2KO
~

I 2E) g, . —(1}
16m.

FIG. 6. Decay curves for the decay of the (a) 22+, (b) 20+,
(c) 18+, (d) 16+, (e) 14+ (f) 12+ (g) 10+, (h) 8+, (i) 4+, and (j)
2+ states of ' Yb. The points show values of the unshifted-

peak intensity U, less-shifted-peak intensity L, and the total in-

tensity minus the shifted-peak intensity I —S after application
of all corrections. The curves are fits as described in the text.
In the legend, the beam used to induce the reaction is shown in
parentheses.

We have assumed E =0 for these states. In calculating
8(E2) values, the internal conversion coefficients of
Rosel et al. ' were used.

Insofar as Q, might be expected to vary smoothly
along a collective band, the result for the 16+ state is
surprising. It is unlikely that this has been brought
about by an error in correcting for sidefeeding, since the
sidefeeding intensity is only 17% of the intensity of the
16+~14+ y ray. It is true that the best-fit sidefeeding
time, 5 ps, is rather long, but forcing this to be shorter
does not change the inferred lifetime significantly. It is
also unlikely that there has been an error in extracting
the intensities of the 16+~14+ y ray from the spectra,
since the relevant lines occur in a particularly unclut-
tered part of the spectrum.

A previous measurement of the lifetimes of states in
the ground-state band of ' Yb has been made by Bochev
et al. who used an ( Ar, 4n) reaction. Their results are
compared with ours in Table I. Although they did their
work before the discovery of the negative-parity side-
bands of ' Yb, it is surprising that they should have
found the 10+~8+ and 8+~6+ transitions to be as in
tense as the lower y rays. This is inconsistent both with
the current work and with previous results. '

2. The negative-parity sidebands

Gamma rays from transitions in these bands are, in
general, much weaker than those from the yrast cascade.
Indeed, for the weakest of them (band 2 in Fig. 5), the
decay curves of the higher transitions were not con-
sidered sufficiently reliable for obtaining lifetimes. They
were fitted and used solely to provide additional infor-
mation on the feeding into the 9 level. Decay curves

TABLE I. Lifetimes, transition quadrupole moments, and sidefeeding intensities and times for
some positive-parity states of ' Yb.

State E (keV)~ ~ (ps) Q, (eb)
feed

(%)
~feed

(ps) v (ps)

Bochev et al.'
feed

(%)

24+
22+
20+
18+
16+
14+
12+

12+'
10+
g+
6+
4+
2+

795.6
736.4
663.5
578.2
483.9
404.0
586.4

763.7
636.8
589.2
508.5
395.4
243.2

(4
1.4+0.5

1.6+0.4
3.2+0.5
2.3+0.5

9.6+0.8
1.5+0.6

&9
1.5+0.8
2.1+0.7

( 1.6
14.8+1.0

159+9

s band

2.7+0.5
3.3+0.4
3.3%0.3
6.1+0.7
4.7+0.2
4 g+1.4—0.8

Ground-state band

3 g+1.9—0.7

4.1+0.7
)6

4.40+0. 16
5.13+0.15

35
10
10
17
2
0

10
3
0
0
0

6
10

0.9+0.5
1.3+0.5
2.7+0.3

11.6+0.6
182+6

100
0
0
0
0

The uncertainties in the feeding times are about 50%.
Transition energies have uncertainties of +0. 1 keV.

'Reference 42.
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for other transitions are shown in Fig. 7, and inferred
lifetimes, Q, values, and sidefeeding intensities and times
are given in Table II. The Q, values were calculated un-
der the assumption that E =0 for these bands. Once
again, only limits can be obtained on the lifetimes of the
topmost states seen in each band.

The 12 and 15 states are omitted from Table II be-
cause contaminating lines of about the same energies
rendered the extraction of intensities unreliable. The re-
jection of the decay curve of the 15 state leaves
insuScient information about the feeding time to the
13 state to be able to get a lifetime for that state. An
upper limit can, however, be extracted from the
13 ~11 decay curve. Our earlier reports" ' of this
work quote a value for the lifetime of the 15 state,
which we now believe to be unreliable for the above
reason. Despite the rejection of the 12 ~10 decay
curve, it is still possible to obtain the lifetime of the 10
state, principally because it is long. Also, the intensity
of the 10 ~8 transition, taken with the previously
measured branching ratios, is consistent with the inten-
sity of the 14 ~12 transition, implying that there is
negligible sidefeeding to either the 12 or 10 states.
The value for the lifetime of the 10 state does depend
on the lifetime assumed for the 12 state. We have used

=13 ps, corresponding to Q, =4.0 e b. Halving or
doubling this lifetime changes the lifetime of the 10
state by +18 ps. This uncertainty is incorporated in the
uncertainty given in Table II. The long lifetime of the
10 state makes it impossible to obtain a lifetime for the
8 state. Similarly, the lifetimes of the 9 and 7 states
of band 2 and the 9 state of band 3 are submerged by
the lifetimes of the 10 and 11 states.
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FIG. 7. Decay curves for the decay of the (a) 16, (b) 14
and (c) 10 states of band 1 and the (d) 21, (e) 19, (f) 17
and (g) 11 states of band 3 of ' Yb. See the caption to Fig. 6
for details. The bands are identified in Fig. 5.

TABLE II. Lifetimes, transition quadrupole moments, and sidefeeding intensities and times for
some negative-parity states of ' Yb.

State E~ (keV) ~ (ps) Q, (eb)
feed

(%)
~feed

(ps)

18
16
14
10

17
13

23
21
19
17
15
13
11

739.1

653.7
540.6
216.4

673.7
544.4

746.3
770.6
748.7
671.6
561.7
432.1

282.7

Band 1

&7
2.0+1.0
5.5+1.8

130+40'

Band 2

&10
&4

Band 3

(3
2.4+0.9
1.9+1.1

2.1+0.8
&5
&8
67+6b

3 1+1.2

3.0+0.5

5.4%0.7

1.9+0.3
2 2+1.3

2.8+0.5

3.8%0.20

0
22
34

13
0

1.3
&1

'The partial lifetime for the in-band 10 —+8 transition is 140+40 ps.
The partial lifetime for the in-band 11 ~9 ' transition is 83+9 ps.
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The concept of transition quadrupole moment only
applies to decays between members of a rotational
band, so the Q, values shown in Table II for the 10
and 11 states were calculated using the partial lifetimes
for the in-band decays. These are given at the foot of
Table II.

1000

500

200

159yb

B. The nuclei ' ' 'Yb

As the products of side reactions, fewer transitions
were observed from ' ' 'Yb than from ' Yb. The in-
tensity diagrams are shown in Fig. 8, where the sidefeed-
ing intensity is shown as a percentage of the intensity of
the strongest transition in each band segment. Decay
curves for the states of ' Yb are shown in Fig. 9 and for
states of ' 'Yb in Fig. 10. The splitting of intensity at
the —", state of ' 'Yb (see Refs. 10 and 11},which de-

cays in one of two ways, made it impossible to obtain de-
cay curves in the region of the backbend. Also, the

(561.9 keV) transition forms a doublet with

the 15 ~13 transition of ' Yb.
Lifetimes, transition quadrupole moments, and feeding

parameters inferred from the decay curves of Figs. 9 and
10 are listed in Table III. To determine the Q, values of
these states, one needs to know the value of E. Al-
though the bandheads of the three bands have all been
identified with K =—,

' and —,
' Nilsson states, it is believed

that the bands rapidly become aligned with increasing
angular momentum, resulting in states of mixed E. But
rotation-aligned states are dominated by components
with low E, so it might be expected that the alignment
process does not perturb the 8 (E2) values significantly
in these cases. The following calculation shows this to
be so. For mixed-E states, Eq. (1) becomes

100
(cr)

29/2+ 2

50

(8')

25/2+» 2 1/2+

I-
V)X
LU

2 20
0

~ U

a g-$
I I I I

10 20

I I

10 20 0

2000 I I

(c)
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I I I
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200
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16m
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X (I 2 E 0

~

I 2E), —(2)

FIG. 9. Decay curves for the decays of the (a) —', +, (b) '2'+,

(c) '2'+, and (d) 'z
+ states of "Yb. See the caption to Fig. 6

for details.

3V+ too ~
37/R

where a»(I) are the expansion coefficients of the state of
angular momentum I in terms of states of pure E. For a
rotation-aligned state involving a single quasiparticle of
angular momentum j, a»(I) is given by

13.4

633.1

R5/R+

5491

R1/R+

447.5
17/R+

,
299.6

15++

159
70~b..

749.0
4.6 ~

SS/R+

697.5
34.5

527 5

437.2
Ri/R 24

I 380.0
R5/R

I
I

100
I

R1/R

528.9

I7/R

453.8
'&/R

33l8
9/R

$61
70Yb9i

61

522.0
R&/R+

397.0
l7/R+

))231.9
ay&+

480.6

5$/R

381.6
R7/R a»(I) =djj» (3)

where d J „(p) is a reduced rotation matrix element. The
positive-parity bands have j=—", and are based on the
—,
' + [660] and —,

' + [651] Nilsson states for ' Yb and
' 'Yb, respectively. The negative-parity band is a mix-
ture of predominantly j= —,

' and —,
' from the —', [521] and

[532] Nilsson states. For each of these j values, the
sum over K in Eq. (2) differs from

FIG. 8. Portions of the decay schemes of "' 'Yb, showing,

by solid lines, those transitions for which decay curves were
obtained. Lifetimes of transitions in the negative parity band
feeding the i/3/f band were not measured, but these transitions
were included in the modeling. The sidefeeding intensities are
given as percentages of the intensity of the lowest transition in
each band fragment.

(I 2 —,'0 ~

I —2 —,')

by no more than a few percent for the values of I of in-
terest. Since this is much less than the experimental un-
certainties, we have used Eq. (1) with K= —', to calculate
the Q, values in Table III, even for the —", , three quasi-
particle state.
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FIG. 10. Decay curves for the decay of the (a) —+, (b) —'+, (c) —'+, (d) —'+, (e) —",(f) —",and (g) —' states of ' 'Yb. See
the caption to Fig. 6 for details.

V. DISCUSSION

The Q, values in Table I show that the high-spin
states of ' Yb have substantially lower Q, values than
do the 2+ and 4+ states. It is pertinent to ask whether
this is due simply to the alignment of quasiparticles or
whether there is some other process operating. Also, if
alignment does play a part, does the effect depend on the
orbitals to which the quasiparticles belong? The first
part of this section examines these questions from a
purely phenomenological point of view. In the second
part, the discussion is widened to the systematics of oth-
er N =89—91 nuclei. The final part discusses the
theoretical interpretation of the data for ' Yb.

A. Phenomenology

The Q, values listed in Tables I and II are plotted
against rotational frequency Ace in Fig. 11. The
definition of rotational frequency in Ref. 1 is used, with

the assumptions that E =0 for states of ' Yb and E =—,'
for the odd mass nuclei. The ground-band states of

Yb [Fig. 11(b)] do not show the smooth centrifugal
stretching characteristic of other N=90 nuclei, but in-
stead suggest a slight decrease of Q, with rotational fre-
quency. This is discussed further in Sec. VB, where the
systematics is presented.

The most striking feature of Fig. 11 is the decrease of
Q, with increasing rotational frequency that is exhibited
by the bands with aligned quasiparticles. This is most
clearly seen in the s-band states, apart from the anoma-
lous 16+ state, and negative-parity states of ' Yb, and
in the i/3/2 states of ' 'Yb. The details of the effect are
open to argument, however. The Q, values for ' Yb
[Fig. 11(a)] seem to be constant up to fico-0.27 MeV fol-
lowed by a sharp decrease. The same applies to the data
for ' 'Yb shown in Fig. 11(d). On the other hand, the
Q, values of the negative parity bands of ' Yb, shown in
Fig. 11(c), seem to vary smoothly with fico, although a
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TABLE III. Lifetimes, transition quadrupole moments, and sidefeeding intensities and times for

some states of "' 'Yb.

State

37 +
2

33+
2

29+
2

25+
2

21+
2

17+
2

33+
2

29+
2

25 +
2

21 +
2

17+
2

37—
2
33—
2
21—
2

17—
2

13—
2

~ (ps)

&13

& 1.7

3.4+1.1

2.1%0.6

5.4+0.8

45+6

&2

2.3+0.5
2.2+0.4

10.4+0.8

123+8

&4

6.0+1.1

&30

5+3

Q, (eb)

Yb, i,3/2 band

2.6+0.4
4.8+0.8

5.0+0.4
4.7+0.3

' 'Yb, i13/2 band

3.4+0.4
5.2+"—0.5

4.87+0.23

5.21+0.20

' 'Yb, h9/2 band

4.9+0.4

5o3

8 7+4. 1

Ifeed

(%)

29

69

13

36

feed

(ps)

20

description in terms of a constant Q, for the 14 to 21
states with a sharply rising Q, at lower fico is not iinpos-
sible. The s band of ' Yb [Fig. 11(b)] shows a more
complex behavior, with the Q, value of the 16+ state be-

ing well above the general trend. If one neglects this
value, then either a linear dependence, as shown in Fig.
11(b) or a constant Q, for the 18+, 20+, and 22+ states
with a sharp rise to the 14+ state could be postulated.

Both of the suggested forms for the variation of Q,
with %co, namely the linear dependence and the rapid
change from a constant value, give similar results near
%co-0.3 MeV in all of the cases shown in Fig. 11. This
raises the possibility of comparing the collectivity of the
various bands at about that rotational frequency. One
finds Q, -3.4 e b for the s band of ' Yb and

Q, -2.9 e b for the negative-parity bands of that nu-

cleus. To minimize the effect of the local variation of Q,
with mass, these numbers should be compared with the
mean of the values for the two odd-mass nuclei. At
A'co=0. 3 MeV, Q, =3.4 eb for ' Yb and Q, =3.6 MeV
for ' 'Yb, giving a mean of about 3.5 e b. The quasipar-
ticles involved in these bands are the two lowest-energy
i, 3/2 quasineutrons, known as A and B, and the two
lowest-energy negative-parity quasineutrons (mainly of
A 9/2 and f7/ c character), known as E and F. In the
odd-mass nuclei, the bands shown in Fig. 11 are built on
quasiparticle A; in ' Yb, the s band involves the AB

pair, and the negative-parity bands involve the AE and
AF pairs. The similarity of the Q, values at fico=0. 3
MeV for all of these bands suggests that the variation of
Q, with rotational frequency is principally caused by the
common quasiparticle, that is, quasiparticle A. The —",

state of ' 'Yb is a member of the three-quasiparticle
band ABE. Its Q, value also suggests that the effect of
quasiparticle A dominates that of quasiparticles B and
E.

B. Systematics

In the first part of this section, the behavior of the
ground-state bands of X =90 nuclei is considered. The
second part examines the conclusions of the preceding
section in the light of results for other N =89—91 nuclei.
Only even-Z nuclei are considered in order to avoid the
complication of an unpaired proton. (There exist exten-
sive data" on lifetimes of states of the N=90 nucleus

Ho. These seem to show little variation with spin and
therefore with rotational frequency. }

1. Zero-quasiparticle bands

Transition quadrupole moments are now available for
the ground-state bands of six N=90 nuclei. These are
shown in Fig. 12. Starting with the lightest of these nu-

clei, the average Q, increases with increasing Z until
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crease is smooth or rather abrupt seems to depend on
the particular case. We point out that all of the bands
represented in Fig. 13 involve the quasiparticle A, sup-
porting the suggestion that it is this quasiparticle which
is responsible for the effect. It would be interesting to
consider the behavior of a band which does not contain
quasiparticle A, but such data are not available.

C. Theoretical interpretation

1. Self cons-istent models

(c)
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ODD I

I I
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FIG. 13. Transition quadrupole moments Q, vs rotational
frequency fuu for (a) "Er, (b) the s bands of "Dy and '"Er,
(c) negative parity states of '"Er, and (d) '"Dy and "Er. The
data are weighted means of the results of "Dy (Refs. 3, 4, and

21), ' Dy (Refs. 3 and 4) Is7, Is9Er (Refs. 5 and 56), and IssEr

(Refs. 5, 54, and 55). The solid lines are discussed in the text.
The dashed line in fd) seems to best represent the trend of the"Er data.

dence for a frequency dependence of Q, . In each case
the dependence could either be smooth or constant with
a rapid change at an appropriate frequency. There are
several data which do not follow the general trend. For
example, the Q, of the —", + state of 'siEr is large; if it is

neglected, then the remaining Q, values show a smooth
behavior with fico. In ' Er, the Q, of the 14+ state is
low, but this is probably due to mixing with the ground-
state band. In ' Dy the Q, of the —", + state is also low.
For ' Er the Q, values are best described by a constant
value below fico=0.23 MeV with a decrease thereafter.
The Q, values for the negative-parity bands of ' Er are
somewhat scattered, but are not inconsistent with the
postulate of frequency dependence as indicated by the
solid line in Fig. 13(c). The even-spin states seem to
have constant Q, below duo=0. 31 MeV. The data for
the odd spin states are less regular.

The available data on ' ' 'Yb support the con-
clusion that the transition quadrupole moments of states
in bands with aligned quasiparticles show a dependence
on rotational frequency, with a tendency toward lower
values at higher rotational frequencies. Whether the de-

The equilibrium deformation parameters c2, y of ' Yb
have been calculated as a function of rotational frequen-

cy by both the cranked Hartree-Fock-Bogoliubov' '
and cranked Nilsson-Strutinsky methods. The defor-
mation parameters c.2 and y can, under certain condi-
tions, be related to Q, by

1/2
12

ZeR Oe2cos( 30'+ y ), (5)
5m

where Ro is taken as 1.2A '/ fm and Z, A are the atom-
ic and mass numbers of the nucleus.

Figure 14(a) shows the values of e2, y predicted in
Refs. 15, 16, and 60. The Q, values obtained from these

with Eq. (5) are shown in Fig. 14(b) along with the ex-
perimental values. The calculations, on the average, get
Q, about right, but the details of the observed behavior
of Q, with spin are not predicted. For example, consider
the calculations of Bengtsson et al. ' The Q, values pre-
dicted for the ground-state band increase with spin,
whereas the experimental values tend to decrease with
spin. In the s band the calculations predict a reduction
in Q„but show very little variation with increasing spin.
The latter effect arises because the increase in y is offset
by a small increase in c.2.

The low values of Q, observed for the 20+ and 22+
states of ' Yb are at considerable variance with the cal-
culations of c.2 and y. All of the calculations suggest
that, for these spin values, e2 should be about 0.2. The
observed Q, values of about 3 e b would then require
y-25', should all of the effect be attributed to that de-
gree of freedom. However, this is a much greater degree
of triaxiality than is expected at such modest values of
angular momentum.

Alternatively, if one takes y=10', as suggested by
Bengtsson et al. ,

' then it is necessary to reduce c.2 to
0.15 in order to obtain a Q, of 3 e b. The calculations of
Tanabe and Sugawara-Tanabe' do suggest that, between
spins 24 and 48, the principal change in deformation is
one of reducing c2 with increasing angular momentum.
They agree, however, with Bengtsson et al. ' in expect-
ing c.2 to be roughly constant at lower spins. A similar

0
result is obtained by Aberg, using the cranked
Nilsson-Strutinsky model. (Aberg quotes y=118' for
the ground state, but this is equivalent to y= —2' since,
at zero cranking frequency, there is no distinction be-
tween the two prolate axes. Accordingly, we show

Q, =4.3 e b in Fig. 14 as the result of this model for
I =0.)
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axially symmetric, independent of rotational frequency,
and set at values appropriate to the ground state. These
assumptions are brought into question by the present re-
sults. However, the cranked shell model has been ex-
tended to include triaxial shapes ' and applied to odd-
odd nuclei in the rare-earth region. This study con-
cludes that y values as large as 25' may indeed occur at
modest spins in this region. As to the details of the
effect of alignment on collectivity, a study of the energy
of aligned quasiparticles as a function of deformation '

makes it clear that quasiparticle A should have a
significant effect on the deformation of a soft core.
However, it seems that the cranked shell model does not
predict a reduction of Q, with increasing rotational fre-
quency. The calculations of Chen et al. ' suggest that,
in the region of ' Yb, a band based purely on the AB
pair of quasiparticles should show Q, values which are
independent of rotational frequency. Chen et al. explain
the reduction in Q, with rotational frequency observed
in the s band of ' Yb as being due to a gradual align-
ment with increasing rotational frequency of the EF
pair. This effect, which amounts to a crossing of the AB
and ABEF bands with a very strong interaction between
them, had previously been inferred ' from the observed
gradual increase with increasing rotational frequency in
the alignment of the s band of ' Yb. However, such an
argument cannot be applied to other bands. For exam-
ple, the negative parity bands of ' Yb (bands 1 and 3 in
Fig. 5) and the i&3/2 band of ' 'Yb show no increase in
alignment with increasing rotational frequency, yet they
do show a decrease in Q, .

3. The fermion dynamical-symmetry model

FIG. 14. (a) Calculated values of c and y from Refs. 15, 16,
and- 60; (b) transition quadrupole moments derived from these
and from experiment, along with values calculated by the
cranked shell model (Ref. 17) and by the fermion dynamical
symmetry model (Ref. 18).

A partial explanation of the low Q, values may lie in
the approximations involved in the derivation of Eq. (5).
One of the conditions for the validity of Eq. (5) is that y
be small. The cases considered in detail by Ring et al.
suggest that, for large magnitudes of y, Eq. (5) may
overpredict Q, . If this were to occur here, then its
correction would bring theory and experiment closer to-
gether. However, the effect is expected to be small at
high spin, and it seems most unlikely that it can fully ac-
count for the present discrepancy.

2. The cranked shell model

One of the most widely used and successful models of
nuclear behavior at high spin is the cranked shell mod-
el. ' Deformations are not calculated by this model;
rather, they are inserted ab initio as parameters. It is in-
teresting that the success of the cranked shell model'
has been achieved largely with deformations which are

Another approach to the description of quadrupole
collectivity at high spins has recently been suggested by
Guidry et al. ' ' This is based on a fermion
dynamical-symmetry model of Wu et al. The assump-
tions given in Ref. 18 lead to an analytical solution to
the spherical shell model. This has been applied to

Yb, with the results' shown in Fig. 14(b). The calcu-
lation assumes an SU(3) fermion symmetry, which is ex-
pected to be only approximately correct for ' Yb. In
particular, symmetry-breaking terms important at the
first backbend have been omitted, so that the results are
probably not reliable in the region of spin 12—16. Not-
withstanding this, the calculation is in reasonable agree-
ment with the measured ground-state-band transition
moments, and it also correctly predicts the observed de-
cline of E2 strength above spin 16.

In the fermion dynamical-symmetry model, the loss of
collectivity up a multiquasiparticle band is a general
phenomenon resulting from the interplay between the
angular momentum carried by a coherent core of fer-
mion pairs with an SU(3) symmetry and that carried by
broken fermion pairs. The coherent core loses E2
strength when forced to carry too much angular momen-
tum. This loss of quadrupole collectivity has now been
observed in the multiquasiparticle bands of many nu-
clei, ' sometimes in contradiction to the initial predic-
tions of cranking-type calculations. So, although calcu-
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lations have not been performed either for the odd mass

nuclei ' ' 'Yb or for the negative-parity states of ' Yb,
the simple physics of the model suggests that the E2
strength in these cases should behave similarly to that of
the s band of ' Yb. This is just as the data above
shows.

Since the fermion dynamical-symmetry model is a
solution of the spherical shell model in the laboratory
reference frame, it does not employ deformation parame-
ters. Thus, although the loss of E2 collectivity may be
accompanied by phenomena interpretable as the align-
ment of quasiparticles or excursions into the y plane, the
fermion dynamical-symmetry model, adopting the
viewpoint of the spherical shell model, regards these
effects as symptoms rather than causes. The cause of
both of the latter effects plus the loss of E2 strength is,
according to the fermion dynamical-symmetry model,
the finite angular-mom. entum content of the shell-model
collective subspace (coherent S-D core).

The fermion dynamical-symmetry model also suggests
a possible explanation for the fluctuating Q, values ob-
served in the ground-state band. Such oscillations can
arise from the effects of Coriolis antipairing. This has
not been included in the calculation shown in Fig. 14(b),
but the effect has been seen in Th (Ref. 64). It
remains to be seen whether the fermion dynamical-
symmetry model can give a quantitative description of
the observed fluctuations in the ground-state band of
160Yb

VI. SUMMARY

The recoil-distance method has been applied to
evaporation residues from the reaction of Ti plus" Cd. Both the "normal" and "inverse" reactions were
studied at a center-of-mass energy of 145 MeV. Deexci-
tation y rays were collected in coincidence with a total-
energy filter to provide some discrimination on reaction
channel. Decay curves were obtained for the yrast states
of ' Yb below I=26, and for many negative-parity
states of that nucleus. Decay curves were also obtained
for states of ' ' 'Yb. The usual corrections were ap-
plied to the decay curves, with particular attention to
the corrections for alignment attenuation and the line

shape of the unshifted peaks. The decay curves were an-

alyzed by modeling the decay scheme and applying
Bateman's equations to the model.

The resulting transition quadrupole moments show the
following behavior. The ground-state band of ' Yb does
not exhibit centrifugal stretching; rather, the Q, values
for the states of this band tend to decrease with spin.
The Q, values of states of the aligned bands of' 'Yb all show a dependence on rotational frequen-
cy with a tendency to decrease with increasing rotational
frequency. This behavior seems to be related to the
alignment of quasiparticle A. The available data from
the isotones of ' ' 'Yb are consistent with this.

Self-consistent calculations of the deformation of
Yb as a function of angular momentum are qualita-

tively consistent with the data, but have difficulty in
reproducing the details. In particular, the observed
reduction of Q, with increasing angular frequency is not
reproduced. Calculations with the cranked shell model
indicate that quasiparticle A should have the dominant
influence on the deformation of the nucleus, but provide
an explanation of the variation of Q, with frequency
only for the case of the s band of ' Yb. On the other
hand, the fermion dynamical-symmetry model seems to
give a general explanation for the observed behavior of
Q, with frequency. However, the calculations presented
for rare-earth nuclei in the fermion dynamical symmetry
model are not fully microscopic; so it remains to be seen
whether the dynamical symmetry model can reproduce
the full range of data to which the cranking model has
been applied.
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