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Poreword

The proceedings of the conference/workshop have been published in two
volumes. One-page abstracts of all contributed papers are in Volume 1. The
. present volume of proceedings (Volume 2) contains the text of most of the
invited and contributed talks; by author request, it also contains expanded

versions of the abstracts of some papers that were not presented orally.

The papers are arranged by session number in the order presented at the
conference; the expanded abstracts appear at the end of the sessions to which

they pertain.

Local organizing committee
1992 August
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Superdeformation in ' TL.

S. Pilottei, J.M. Lewis, L.L. Riedinger and C.-H. Yu
Department of Physics, University of Tennessee, Knoxville, TN 37996- 1200, USA

M.P. Ca,rpénteri, YR,V.F. Janssens, T.L.‘Kho‘o:, T. Léﬁriﬁsén, Y. Liang and F. Soramel
Physics Division, Argonne National Laboratory, Argonne, IL60439, USA

I.G. Bearden
Purdue University, West Lafayette, IN 47907, USA

Abstract
High spin states in '°2T1 have been populated via the **Tb(**S,4n) reaction at 165 MeV. Two weak

sequences of regularly spaced transitions have been identified. These bands exhibit many of the properties
observed in many other superdeformed nuclei in the Hg region.

NUCLEAR REACTIONS 59Tb(36S,4n), E = 165 MeV, measured E,, I, yy-coin., Enriched target,
Compton-suppressed Ge detector array, BGO array. Cranked shell model.



I. Introduction

High-spin states in mercury nuclei have been
the object of much interest following the discovery
of superdeformation in °'Hg [1]. Approximately 34
bands in 14 nuclei have now been reported in this
region [1-14]. The majority of the bands exhibit a
small monotonic increase of their dynamical moment
of inertia of the order of 20% over the range of ob-
served rotational frequencies (&~ 0.2-0.4MeV). The
192Hg nucleus plays a central role in this region since
it has a doubly-closed gap at Z=80 and N=112 for
superdeformed (SD) shapes that survives under ro-
tation. It is instructive to relate the neighboring SD
nuclei as particles or holes coupled to the 192Hg core.
The study of nuclei with proton or neutron numbers
lower than !°2Hg is particularly interesting since the
importance of specific orbitals can be addressed as
one removes particles from orbits in the *2Hg core.

This work focuses on the light SD nucleus
19171 which is two neutrons below the N=112 gap
and has an additional proton outside the SD closed
shell at Z=80. In addition to the usual spectroscopic
methods used during the course of this investigation,
a correlation search technique similar to the one out-
lined in Ref.[17] has been used and the results are
briefly described. Finally, incremental alignments
At [16] are examined.

I1I. Experimental Method

High-spin states in 11 T1 have been populated
via the 13°Th(3%S,4n) reaction at 165 MeV, using a
beam from the ATLAS superconducting accelerator
at the Argonne National Laboratory. This reaction
was selected because it produces the residual nuclei
at an excitation energy and angular momentum very
similar to the successful reactions used throughout
this region where discrete superdeformed bands were
observed [(E*, £mar) = (24MeV,50R)]. A stack of
two thin !39Tb foils (x~ 500ug/cm?) was used to
allow the residual nuclei to recoil in vacuum. Co-
incidence events were collected with an array of 12
Compton-suppressed Ge detectors. Fifty BGO el-
ements surrounding the target were used for mul-
tiplicity and total energy selection. In these mea-
surements a multiplicity of K =6 was required. Thin

Pb and Cd absorbers were placed in front of the
Ge counters to reduce the count rate due to X rays.
With 120x10° events written to tape, we subsequently
sorted the Doppler-corrected data for different K
cuts into symmetrical 2Kx2K E.,-E., correlation ma-
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Fig. 1 Superdeformed bands observed in *°TI from
the 15°Tb(3S,4n) reaction at 165 MeV.

ITI. Results

High-spin events were selected by requiring a
gamma multiplicity of at least K = 12. From con-
ventional gating methods the resulting matrix re-
vealed two very weak signals with an average spacing
between consecutive transitions of 38 keV (Fig. 1).
The intensity of these transitions was estimated to
represent approximately 0.4% of all 4n reaction prod-
ucts. Due to the very weak intensities involved and
the presence of contaminated peaks, it is difficult to
observe all the coincidence relationships between
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Fig. 2 Experimental dynamical moments of inertia
(J(z)) for 191T1, 193T1y 190Hg and 192Hg.

transition members. Furthermore, the presence of
1917 yrast transitions in the SD-gated spectra de-
pends strongly on the background subtracted. Since
these yrast transitions are very intense and we are
working at a low statistics level, we found this case
to be particularly sensitive to the subtraction per-
formed and has prevented us to make a firm assign-
ment based solely on coincidence relationships. This
difficulty is aggravated by contamination from tran-
sitions belonging to neighboring nuclei. This beam
energy was selected in order to bring high angular
momentum in the compound nuclei and the 4n and
5n channels were dominant (the 4n channel being
strongest). No transition belonging to the 3n reac-
tion channel could be identified. The fold and sum

energy distributions associated with the observed SD
bands peak slightly higher than the 4n channel. This
is consistent with a feeding of SD states coming from
the high-¢ tail of the entry distribution [17, 18] and
supports the !°'T] assignment.

The characteristics of these bands agree very
well with the systematics of other SD bands found in
the Hg-TI-Pb region. First, the dynamical moment
of inertia of these proposed bands in °!T}] increases
with rotational frequency at a rate similar to that
observed in the majority of neighboring SD bands
(Fig. 2). It corresponds to a cascade of y-rays with
a decreasing energy spacing from 40 keV at the bot-
tom of the band to 33 keV for transitions of 600 keV
decaying higher spin levels. Secondly, their weak
intensities of =0.5% also follow the trend present in
the Hg nuclei where the °Hg SD band is populated
at 0.8% [13] which is lower than in the heavier iso-
topes usually populated at the 1 to 2% level. The SD
bands reported in '92TI [2], 93T [3], '*4TI [4] and
195T] (5] are more weakly populated than in their
corresponding Hg isotones. The feeding and decay-
ing out of the bands are typical of other SD bands
with a gradual feeding spread over many transitions
and a sudden drain of all the intensity. The point at
which 50reached (hw = 0.6MeV is compatible with
other similar measurements in this region. Thirdly,
the lowest transition of 377.8 keV indicates a decay
out of the band at a higher frequency than for the
heavier isotopes. This behavior is analogous to that
in 1°Hg with a lowest transition of 360 keV. This
last point agrees with a predicted reduction in the
potential depth of the SD minimum with decreasing
neutron number [20]. Experimentally, the y-ray en-
ergy of the lowest observed transition of the Hg iso-
topes has a minimum at N=112. The Pb isotopes
also show the same trend in their first transition en-
ergies. They are generally lower than their Hg and
Tl counterparts, indicating a decay out of band at
very low spins. The 91Tl bands fit very well within
this systematic.

IV. Grid search method

The grid search method [17] has been devel-
oped to enhance the presence of very weak and reg-
ularly spaced transitions occurring from the decay
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Fig. 3 Experimental signature splittings for

of superdeformed nuclei in a matrix dominated by

strong transitions decaying from normal nuclear states.

The idea behind the method is simple and consists
in moving a small grid of regularly spaced 2D gating
elements centered along the diagonal of a subtracted
matrix to create a spectrum of merit by adding the
contributions from all the gating elements. Typi-
cally, the Waddington/Palameta {21] subtraction me-
thod can be applied successfully. If the postulated
spacing corresponds to the spacing of an hidden sig-
nal then one expects peaks at regular intervals every
time the grid overlaps with the signal.

However, a subtle problem arises when the
background is not uniform. For this method to be
effective we need to limit the contributions from in-
tense peaks by applying an upper threshold on the
number of counts allowed in a given gating element.
This is easily done by fixing the maximum counts
to a few standard deviations from the normal back-
ground fluctuations. This can be accomplished only
if the background in the subtracted matrix is flat
and ideally close to zero. We can see that fixing a
threshold a given number of counts counts is mean-
ingful only if it is valid on the entire range of the
search.

From a very large number of spacing and stret-
ching investigated, the only spectra of merit exhibit-
ing such a structure were those with an initial spac-

191,193,195T1

ing of 40 keV at 400 keV and a reduction of 1 keV
for every member higher in the band. A compari-
son with single gates extracted from the y-ray cor-
relation matrix strongly suggests that this technique
could effectively be used to find superdeformed sig-
nals more easily than the traditional gating method
for these special cases.

However, this technique is stronglyv dependent
on the smoothness of the hidden signal. If strong
anomalies in the transition energies are present, the
postulated spacing and spacing variation would be
totally inadequate and would only produce uncorre-
lated noise in the diagonal spectrum of merit.

V. Discussion

A large majority of SD bands in the A = 190
region show a similar increase in their dynamical mo-
ment of inertia of approximately 2220% over the ob-
served frequencies. This smooth behavior has been
interpreted in terms of consecutive vj;5/9 and 7i,3/2
alignments in presence of pairing (1, 3, 12]. It is well
known that cranked shell model (CSM) calculations
can provide a useful guideline to explain many of
the features observed. Despite its relative success,
a global agreement with all the experimental results
cannot be achieved (e.g. !3%1%0Hg [13] and %3TI
[3]) even by significantly changing parameters such
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as deformation, pairing or interaction strength. Nev-
ertheless, so far it as been instructive to assign " par-
ticle” configurations based on small differences in
moments of inertia or signature splittings and com-
paring the observed features to predictions from the
cranked shell model.

For 1°'TI, the expected yrast SD configura-
tion would be built on the 65/2 (note the convention
Ngq, where N is the principal quantum number of the
state and 2 denotes the angular momentum projec-
tion on the symmetry axis) orbital occupied by the
odd proton. Any excited proton configuration would
likely involve the [514])9/2 or [411]1/2 Nilsson orbital
located above and below the Fermi surface respec-
tively. The neutron shell is filled with only 110 neu-
trons which is two neutrons below the N = 112 gap.
Probable neutron excitations would be built on the
[512]5/2, [624]9/2, [642]3/2, [640]1/2 Nilsson orbits
or the T3/5 intruder orbital near the Fermi surface.

Following blocking arguments, an yrast SD
configuration based on the i3/ 65,2 orbital would
lead to a smaller increase in J(® relative to the even-
even core. The remaining crossing resulting from
the unblocked vji5/2 crossing. The two SD bands
in 193T] seem to firmly support this interpretation
when compared to 92Hg. Similarly, if we examine
the (¥ moments of inertia of !°'T] and '*°Hg (see
Fig. 2) we notice that this trend seems also present
but is not as clear due to scattering of the data

10 L2 L BLEL B0 i SLEL LN Y LN AL L B ALIMRLS) BRLELELE RLELILALES U  guan
N o ' -:
8 o " 1
L ID!_n :
L3 -
41 -
L 1
2L ]
- o 4
b L J b
Of= [ ] -
-2-..“L“..l.“-|..-.lu..l....ln..lL..Ll....\....+
200 300 400 S00 600 700
Average Transition Energy (keV)

Fig. 4 Plots of the transition energy differences be-

tween signatures for 191:193,195T},

points. At low frequencies, the odd 65,2 proton is ex-
pected to provide the additional contribution to the
moment of inertia present in both VTl and 1%3Ti
data. Figure 2 shows the J(®) moments for 1Tl
and 193T1, we also see that the slope of the 1°1T] tra-
jectory is somewhat steeper than !°3TI. This trend
is consistent with CSM calculations which predict a
lower deformation and an higher interaction strength
resulting in a sharper rise in J(®). Since we assign
these new bands to the 65, configuration we should
find the same signature splitting as observed in 93T}
(3] and '°°T1 [4]. The 65/, orbit exhibits very little
splitting below a frequency of Aw = 0.2 MeV so we
arbitrarily normalized the experimental Routhians
accordingly. Figure 3 shows the extracted Routhi-
ans for the A=191, 193 and 195 Tl isotopes. We
notice that the splitting develops in all three cases
at a rotational frequency of 0.2 MeV. In extracting
signature splittings, one has to provide the spins of
the levels. We have applied a spin fitting procedure
similar to the one proposed by Becker et al. [5] which
is based on the Harris expansion [22, 23]. More im-
portantly, the fit supports a staggering of one unit
of angular momentum between both signatures. The
exit spins at the bottom of the bands are relatively
high as expected (see text above) at 33/2 A (band 1)
and 31/2 & (band 2). The fitting procedure indicates
that the Jo and Jy inertia parameters change signif-
icantly for '*'Tl. This behavior is also present for
180Hg [13] where the J(2) trajectory is significantly
smaller than the !9?Hg reference SD band. In fact,
even if no change in deformation at the 20% level
is taking place [13], a difference of only a few per-
cents in deformation could easily account for these
differences. We have kept Jy and J; constant for
193T] and 95T and reduced them for °'T] in order
to reproduce the overall trend. The extracted defor-
mations from TRS calculations indicate that small
changes in deformation of AfZ; & +0.008 occur go-
ing from '*°Hg to 192Hg or from 192Hg to *3*Tl. For
all practical purposes, the changes in deformation
between %°Hg and !°'T! or from °!TI to 19371 are
also predicted to be of the same order. So the ex-
pected deformation of 1%2Hg and '°1T! are predicted
to be very similar. Interestingly, the transition en-
ergies of band 1 in !°!T] are very close to the SD
band observed in 1?Hg. We can examine the sig-



nature splitting independently of any parameters by
plotting the difference in energy between the tran-
sition energies of a given signature and the average
energy of the two neighboring transitions belonging
to the other signature. In figure 4 we show such a
plot for the three Tl isotopes A=191, 193 and 195. It
is remarkable that the curves are tracking each other
very closely and strongly indicate that these nuclei
experience the same crossing at the same rotational
frequency, again supporting the !°'Tl assignment.
In addition to the large Z=80 gap for the pro-
ton system, an equally important gap at N=112 in
the neutron shell structure persists for all rotational
frequencies observed experimentally. Due to the sta-
bilizing effect of these two gaps, the 192Hg nucleus
The
yrast superdeformed configuration of the ?Hg core
is commonly designated by its high-/N orbital config-
uration and labeled as 76*v7%. (In general, a config-
uration will be referred by 7(N,)"v(N,)™ where N;
denotes the principal quantum number and n, m the

plays a central role as a reference nucleus.

number of nucleons in that particular subshell). Ex-
cited configurations in 1°2Hg are energetically costly
because of these large gaps and indeed no other SD
states have been reported for this nucleus.

A different approach to compare superdeformed
bands in various nuclei involve what has been called
the incremental alignment Ai [16], where differences
in y-ray energies of the nucleus of interest with those
of a reference nucleus are compared with the increase
in energy between successive transitions of the refer-
ence. For ideal strongly-coupled bands, the resulting
even-spin sequences will exhibit the same transition
energies as the yrast band of the core whereas the
odd-spin sequences are staggered at mid-energies. A
detailed discussion on these aspects is presented in
Ref[23]. The incremental alignment Az, is simply re-
lated to spins through y-ray energy differences and
takes the values A7 = 0,1 and +1/2 for even-A and
odd-A nuclei, respectively.

For °1Hg the 111** neutron is in the o =
1/2, 73/, orbit (favored signature) and represents the
yrast SD configuration. Unlike °?Hg, the high-N
content is now 76*»73 and the Ai diagram (Fig. 5)
translates in a strongly downsloping pattern indicat-
ing a different core than 192Hg. Experimentally, two
excited bands have been found [11]. The absence of

2.0
1.5
3 1.0
k]
[
E 0.5
=
2
< 0.0
_ - "®nq
[} 103,
.0.5 o ne
g -x- |'Imy
.10 2 Mg 1
£ -2-""ng 2
-1.8 ="
_a-ll.'.b
2.0
2.0
1.5
:é:
1.0
I
[+
£ 0.5
[~4
=
< 0.0
s :
§-0.5 —0—'“11 1
S 4.0 0-"n2
o ' 3]
g - ""'n1
1.5 -0-'"'"n2
Rl 1)
-x-|8.wy
.2.0 ~-B- Mg

"0.10 0.15 0.20 0.25 0.30 0.35 0.40
Frequency (MeV)

Fig. 5 Incremental alignments Az of selected nuclei
in the Hg-T1-Pb region plotted relative to var-
ious cores, namely **Hg and '9?Hg.

signature splitting suggests that these bands are built
on the [642]3/2 neutron orbital. They follow very
well the prescription of a valence neutron strongly
coupled to the !92Hg core exhibiting a rather flat
incremental alignments at Ai = £1/2. This shows
that these excited bands are similar to the SD band
in 12Hg and follow from the fact that they have the
same m6%v7% high-N configuration as !°2Hg. The
small differences in the J(*) moments of inertia also
support these assignments [1, 11].

The two SD bands observed in 93Tl agree
well with the expected single-particle configurations
(3, 4]. For Tl isotopes, the valence proton is placed in
the 659, [642]5/2 orbital just above the Z=80 gap.
The routhian signature splitting for the predicted
6s/2 orbital is zero at low frequency and develops
only to modest values at higher frequencies (Fig. 3).
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No other configurations (particle or hole) can pro-
vide an alternate explanation. The Ai plots (Fig. 5)
show a gradual increase relative to 1°2Hg from +1/2
starting values.

Data on 99Hg [13] and !%°Hg [14] revealed
only one superdeformed band in these nuclei. The
high-N configurations in the A=150 region are a
good indicator of the most influential orbits in the
SD cores. However, the 1Tl core and neighboring
- nuclel are subject to pairing and the high-N orbitals
are being pushed away from the Fermi surface as
one depletes the core from nucleons. For example,
the SD band in '°°Hg is built on the (0,+) zero-
quasiparticle [13] like 1°2Hg. Thus it could be la-
beled by the same high-N configuration as **2Hg but
would likely misrepresent their occupation probabil-
ities. In 1°°Hg and '%°Hg, the Ai values again follow
a downsloping trend relative to 192Hg suggesting a
different core.

Clearly, we see that comparing nuclei having
different high-N configurations is not justified and
indeed not very helpful. Here we can investigate the
response of these different cores under the influence
of the same 65/, proton orbital. To do so let us
examine the incremental alignment A¢ of 191T1 rel-
ative to the °CHg core and Ai for 3Tl versus the
192Hg core (Fig.5). We have also plotted the incre-
mental alignments of ¥Hg and !®1Hg yrast bands
to illustrate the effect of changing to the more ap-
propriate 1°°Hg core reference. One common feature
to both Tl isotopes is an increase in Ai relative to
their respective cores. Due to the intruder charac-
ter of the 65/2 proton orbital, deviation from the
strongly-coupled scheme is to be expected since po-
larizing effects are likely to be more important. The
high-N content of 18%1%0Hg and 1°'Hg yrast bands
is reduced and the ability to resist the deformation
driving effect could be reduced. The proton 65, or-
bital drives the core to larger deformation resulting
in a greater increase in Ai for ®T] compared to
193T], Other factors like pairing effects or structure
details in the vicinity of the Fermi level could also be
important and full calculations are required for those
nuclei with their Fermi level below the SD gaps.

VI. Summary

Two bands of 8 transitions have been observed
in the study of '°!T] produced by the !3°Tb(3¢S,4n)
reaction at 165 MeV. These bands are interpreted
as signature partners issued from the 65,5 proton
orbital directly above the Z = 80 gap at superde-
formed shapes. Analysis using a grid-search method
provided clear support for the presence of these two
superdeformed decay sequences. These bands ex-
hibit features which agree well with the systematics
of other SD bands in the A = 190 region. A compar-
ison of the effect of the valence proton with 93Tl is
not straightforward because the appropriate °°Hg
core is different than °2Hg. Further investigation
is clearly needed in order to understand the exact
nature of these SD bands and the interplay between
configurations and deformation driving effect in this
region of superdeformation.
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Abstract: The superdeformed band of 190Hg has been traced up to a frequency
hw 2 0.4 MeV by combining data from severabfxperiments. A distinct change in
the slope of the dynamic moment of inertia J'“/ vs 7w is observed at fw = 0.32
MeV. This result is interpreted as evidence for a band interaction at the highest
frequencies. Possible interpretations are reviewed.

The evolution of the dynamic moment of inertia J (2) a5 a function of
rotational frequency for superdeformed (SD) bands in the mass A = 150 region is
1 attributed to
differences in the occupation of specific high-N intruder orbitals?. In contrast, the
vast majority of the SD bands in the mass A = 190 region displays the same
smooth and rather pronounced increase of 3@ with #w'. The occupation of
specific high-N intruders cannot account for this rise’? in I, The results of
lifetime measurements® rule out the possibility that a change in deformation with

hw causes this increase. It has been suggested that quasiparticle alignments and

characterized by pronounced isotopic and isotonic variations

the resulting changes in pairing play an essential role*®.  Calculations using the
cranked Woods-Saxon Strutinsky model (CSM) with pairing are able to account
for the 40 % rise in J) observed for 0.12 ¢ fw € 0.40 MeV in 192H¢ by the
combined alignment of a pair of N = 6 (i13 /2) protons and a pair of N = 7
(j15 /2) neutrons®. These calculations predict that, after the quasiparticle
alignments have taken place, 3 will exhibit a downturn with increasing fw and
will approach the static moment of inertia J (1),

We have recently reported on a new investiga.tion9 of 192Hg, in which the SD
band was extended to higher frequencies. As can be seen from figure 1, 3@
rises with Aw over the entire frequency range and there is no sign of the
predicted downturn. Thus, the data at high rotational frequencies lead one to

question the validity of the calculations as well as of the proposed interpretation.
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In order to assess whether this result is unique, i.e. whether (for example) the SD
band in 192Hg has a peculiar behavior because of the "doubly magic” SD
character of this nucleusl, we have now performed a similar study for lgng. It
has been noted!® that CSM calculations for this nucleus indicate that the
interaction strength between the ground state and the aligned configurations is
much weaker in 1gng than in 192’19'4‘Hg and, hence, alignment effects should
result in more distinct variations of 3(2),

Coincidence data obtained with the 160Gd(“S, 4n) reaction at three beam
energies (159, 162, 165 MeV) were used. The experimental details can be found
in ref. 10. In the analysis, a coincidence matrix was constructed from signals
recorded in 12 Compton suppressed Ge detectors. Events corresponding to high-
multiplicity cascades in lgng were enhanced by careful gating on the 9-ray
multiplicity and sum-energy recorded in the 50 element inner array of the
Argonne Notre Dame BGO q-ray facility. The gates were adjusted at each beam
energy, in order to reflect corresponding changes in input angular momentum and
excitation energy. The final matrix obtained in this way contained 3.5x107
events, "

The spectrum obtained by adding the cleanest coincidence spectra (gates
placed on the 360, 443, 483 and 558 7 rays) is shown in fig. 2. The SD band

and the yrast transitions reported earlier'®

are clearly visible. From the data we
were able to establish more precisely the energy of the 727 keV transition and
add three new 7 rays with energies of 756, 784 and 812 keV. These three
transitions correspond to intensities of 15, 12 and 5% of the most intense
transition in the SD band.

The behavior of the dynamic moment of inertia J (2) at high rotational
frequency in the lgng SD band is also presented in fig. 1. It can be seen that
two markedly different slopes in 32 are present. At frequencies < 0.32 MeV,
there is a smooth rise with a slope similar to that of 192Hg However, for the
higher frequencies, a clear upbend in the data points is observed and, as a result
the J® values for lgng become even larger than those for 19zHg Such a
change in slope is very similar to those seen in many rotational bands at normal
deformation and strongly suggests the presence of a crossing between the SD
"ground state" band and another band.

A comparison between the data and the results of CSM calculations is
presented in figure 3a. The solid line in the figure represents the result of a

calculation with the reduced neutron pairing gap and the increased proton pairing
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gap used to reproduce the moments of inertia in 192’194Hg (see ref. 7 for details).
This calculation shows a sharp rise in the moment of inertia brought about
mainly by the relatively weak interaction strength (~ 100 keV compared to ~ 500
keV in 192’194Hg) between the ground state and the aligned v(j15/2)2 SD band.
This sharp rise is not present in the data. In figure 3b the calculations and the
data are presented with a reference subtracted. At the highest spins (or
frequencies) the data exhibit a downward slope which can be interpreted as a
crossing with a configuration having larger aligned angular momentum. The
comparison between data and calculations then suggests that the alignment process
is (1) delayed in frequency and (2) occurs with a larger interaction strength than
predicted. There is at present no satisfactory explanation for these observations.
However, some possible interpretations are worth discussing.

Within the CSM, variations of several parameters which influence the
evolution of J) with #w have been explored. Neither the small changes in the
deformation parameters f, and f, allowed by the lifetime measurements'® nor the
introduction of a static octupole deformation as suggested in ref. 11 result in
significant changes in 32 with fw. In ref. 10 it was proposed that a strong
residual neutron-proton (np) interaction may be present which would result in a
lowering in energy of the yrast SD configuration with respect to all othér orbitals
and would shift the interaction frequency and modify the interaction strength. A
motivation for this approach comes from the fact that delays in frequency,
changes in interaction strength and/or non-observation of expected alignments have
been reported in some nuclei with normal deformation when intruder
configurations are involved!Z. Furthermore, for the SD configuration discussed
here, the protons and the neutrons occupy the same number of intruder orbitals
which could result in an enhanced np interaction. The dashed lines in figs. 3a
and 3b are the result of a calculation where this possibility has been "simulated"
by artificially shifting up the aligned (Vj15 /2)2 band by 350 keV relative to the
yrast band while keeping the interaction strength between the two crossing bands
to a value of the order of 200-400 keV. Clearly, this calculation comes closer to
the data. It is hoped that detailed calculations will further explore this
suggestion.

In most CSM calculations which attempt to reproduce the evolution of IJ (2)
with Aw in the A = 190 region, the most critical parameter appears to be the
monopole pairing strength. However, this strength has thus far mainly been used
as a parameter for which a detailed microscopic treatment is not yet available.
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Pairing is sensitive to the overlap between orbitals of interest. At very large
deformation, states originating from different shells approach the Fermi surface,
and these states should have a reduced pairing interaction. If the monopole
pairing strength is reduced, higher order corrections such as quadrupole pairing
may become important. Efforts to explore this possibility are currently under
way for the SD nucleil® 14, and preliminary calculations of quadrupole pairing in
the vj,; /2 system result in a higher crossing frequency. Here too a more definite
conclusion is still lacking.

To sumimarize, recent analysis of data on the SD bands of 192Hg and 190Hg
has shown that the dynamic moments of inertia 3@ are not reproduced well by
the available calculations. Two suggestions for possible explanations of the
deviations were briefly discussed: a strong neutron-proton interaction and/or higher
order . corrections to the pairing field. It is, of course, also possible that neither
of these effects will provide a satisfactory account of the data and the fascinating
possibility that these data will require the introduction of “new physics" may still
have to be contemplated.

This work was supported in part by the Department of Energy, Nuclear
Physics Division, under contracts nos W-31-109-ENG-38, DE-AC07-76ID01570 and
DE-FGO02-87ER40346, by the National Science Foundation under grant PHY91-
00688.
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Introduction

Superdeformed (SD) bands have been identified in the four even-even lead nuclei 192Pb,
194pb, 196Pb, and 198Pb [1-4]. The discovery of SD bands in these nuclei extended the
region of superdeformation in the A = 190 region to Z = 82, and to neutron numbers up
to N = 116. All of the SD bands in these nuclei are observed with transition energies
ranging from about 250 keV to about 600 keV, with the lowest energy SD band
transition for the entire region of 169 keV in 194Pb. The spins deduced for the lowest
levels in the SD bands are (10,11), 6, 8, and 12 for 192,194,196,198pb, respectively. The -
dynamic moments of inertia of 192Pb and 194Pb are similar to each other, and to those of
many other SD bands in this mass region. The dynamic moments of inertia of 1%6Pb and
198Pb are somewhat lower than those of 192.194Pb at a given frequency. The

experimental lifetimes in 194Pb and the deduced transition quadrupole moments (Q¢t =
20 eb) [5] are equal to those of other nuclei in the region within errors [6,7]. While SD
bands have been observed in the odd-neutron Hg and Tl nuclei, SD bands have not
been reported for the odd-neutron Pb nuclei.

In this contribution we discuss briefly three topics on superdeformation in the lead
nuclei. First, we have recent experimental data on 196Pb that extends our knowledge of
the SD band in that nucleus. Next we review briefly the population of low-lying yrast
levels from the decay of the SD bands in 192,194,19pb. Finally, we summarize our
efforts to identify superdeformation in the odd-A Pb nuclei. All of the experiments
described here were performed using the HERA spectrometer at the 88-Inch Cyclotron
facility located at Lawrence Berkeley Laboratory.

New results for 196Pb SD band

We have recently performed a backed thick target experiment which gave additional
- results for the 196Pb SD band. For this experiment the 176Yb(26Mg,6n) reaction was
used at a beam energy of 138 MeV. The 176YD target was 3 mg/cm? thick with a gold
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Figure 1. The spectrum in coincidence with the 259-keV member of the 196Pb SD band,
taken with a thick target. The newly observed transition at 171 keV is identified. Loss
of intensity in the prompt peaks starting at 428 keV is indicative of the short lifetimes of
the higher SD levels. Peaks at 468 keV and higher are completely shifted in this thick
target experiment.

backing 12 mg/cm? thick. The statistics for 196Pb SD band transitions was increased by
a factor of more than five in this experiment compared to those of the previous
experiments [1,3].

Figure 1 shows the spectrum in coincidence with the 259-keV member of the 196Pb SD
band. The previously known members of the 196Pb SD band are clearly identified as is
a transition at 171 keV. The higher statistics of this experiment and the reduction in
contaminating peaks in the 171 keV region (possibly due to the differences in target
thickness and backing) make this peak evident. A gate on this 171 keV transition brings
back the SD band members, The intensity of the 171-keV transition (including internal
conversion) is approximately one-half of the maximum SD band intensity. We propose

this transition as the 8 — 6 transition in the 196Pb SD band.

Also evident in Figure 1 is the loss of intensity in the prompt peaks of the higher energy
transitions in the 196Pb SD band, starting with the 428-keV transition. The pattern of
intensities in the prompt peaks is similar to that obtained in an experiment using a 22Ne
beam with the same target to produce the 192Hg SD band. The similarity of the SD
transition spectra in these two experiments is a qualitative indication that the level
lifetimes in the 196Pb SD band are comparable to those of 192Hg,.
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Figure 2. A spectrum of the 194Pb SD band from double-gated triples data (transitions
used in gates are indicated by asterisks). The low-lying 5~ — 4* transition at 280 keV

and 4+ — 2% transition at 575 keV are clearly observed, and indicated by Y on this
spectrum.

Population of low-lying states by decay of lead SD bands

Spectra gated on SD band members in 192,194,196Pb show transitions among the low-
lying levels in the corresponding nuclei. We have projected spectra from the triple
coincidence data by setting double gates on the cleanest SD band transitions. This
technique minimizes contamination from the strong transitions between low-lying
states, and reduces background subtraction problems. Shown in Figure 2 is the
spectrum of 1%4Pb obtained with double gates on SD band transitions. Clearly visible in

this spectrum are the 5~ — 4+ transition at 280 keV, and the 4+ — 2* transition at 575
keV (the 2+ — 0* transition is at 965 keV and not shown in this spectrum). Not

observed is the 6+ — 4% transition at 595 keV; an upper limit of 20% of the maximum
SD band intensity can be established for that transition. Thus a large fraction of the SD

band intensity decays through the 5~ level.
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Figure 3. Schematic diagrams of the low-lying yrast levels and the lower portion of the
SD bands for 192,194.196Pb. The solid arrows indicate low-lying transitions observed in
coincidence with the SD bands. The typical uncertainty of the intensities given is £20%.
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In a similar way spectra were projected for 192Pb and 196Pb. For 192Pb the low-lying 2+
— 0%, 4% — 2+, and 6% — 47 transitions at 853, 502, and 565 keV, respectively, are
evident. The 5~ — 4% transition at 504 keV would be part of a triplet including an SD

band member and the 4% — 2* transition, but it is quite weak if it is present at all.
Though analysis is still underway for the 1%6Pb SD band, a spectrum double-gated on

SD band transitions shows the 10+ — 9~ and 7~ — 5~ transitions at 337 and 372 keV. A
number of long-lived isomers (>50 ns) complicates the determination of the intensity for
the transitions between low-lying levels compared to SD band transitions in 196Pb.

Figure 3 summarizes the population of low-lying yrast levels following the decay of the
SD bands in 192.194196Pb nuclei. Low-lying transitions observed in coincidence with the
SD band transitions are indicated by solid arrows. The intensities for the low-lying
transitions in 194Pb are indicated; uncertainties in these values are +£20%. As the next
generation of detector arrays come on line, the anticipated increase in statistics will help
us decide if the suggested differences among these three similar nuclei indicate
structure effects in the decay of their SD bands.
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Figure 4. Total projection of the 193Pb spectrum obtained with the reaction 24Mg +
174YDb at 134 MeV. This spectrum is typical of the lead spectra obtained in such
reactions, including those for even-even lead nuclei where SD bands are observed.

Searches for SD bands in odd-A lead nuclei

Superdeformed bands have been identified in the odd-A mercury nuclej 189191,193Hg,
and in the odd-odd thallium nuclei 192:194T]. However, SD bands have not been
reported in the odd-A lead nuclei 193.195,197Pb, even though SD bands are known in the
neighboring even-even lead isotopes.

We have performed a number of experiments designed specifically to search for SD
bands in the odd-A lead nuclei, or which populated odd-A lead nuclei as part of
another study. These experiments include:

197pp: 48Ca + 154Sm at 205 and 210 MeV,

26Mg + 176YD at 130 and 135 MeV,
195pb: 24Mg + 176YD at 122, 127 and 132 MeV, and
193Pb: 24Mg + 176YD at 129 and 134 MeV.

No SD bands have been identified in any of these data for the odd-neutron lead nuclei.
Interestingly, in the 24Mg + 176Yb reaction at 122, 127, and 132 MeV, SD bands were
identified that belong to 194Pb and 196Pb, but no SD band that could be attributed to
195Pb, even though the data on 195Pb had twice the statistics of that of the adjacent even-
even lead isotopes..

Shown in Figure 4 is a total projection of coincidence data obtained with the 24Mg +
174YDb reaction at 134 MeV to populate 193Pb. This beam energy is somewhat above that
for the peak of the 5n channel, and the 6n channel is about 40% of the 5n channel; this
beam energy is ideally suited to populate SD bands in 193Pb. Approximately 160
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million and 307 million ¥y coincidence events were collected at 129 and 134 MeV beam
energies, respectively. These coincidence data were searched channel-by-channel for
evidence of SD bands, but none have been identified. The triple coincidence data were

scanned with a seven transition template, requiring two of the three coincident yrays to
be in the template and creating a spectrum of the third. The energy spacings of the
192Pb SD band (which are nearly equal to those of 194Pb) were used as the template
spacings. The template used 2.5 keV wide gates. The initial position of the template
ranged from 220 to 300 keV at 2 keV intervals. No evidence for a SD band in 193Pb has
been observed in any of these spectra projected from the triple coincidence data.

Several recent theoretical papers have presented results of quasiparticle calculations for
superdeformed nuclei in the A = 190 region [see for example refs. 8, 9]. One result of
these calculations is that there are a number of low-lying neutron quasiparticle states in
the superdeformed second minimum near N = 112. For example, Meyer, et al., (ref. 8)
calculate four to seven neutron quasiparticle states within 500 keV of each other for the
superdeformed lead nuclei of interest here. This result suggests one explanation for the
failure to identify SD bands in odd-A lead nuclei so far, that the reaction cross section
leading to superdeformation is fragmented over so many bands that none of them has
enough intensity to be identified with present spectrometer arrays. The arrays now
under construction will be much more sensitive and may make it possible to identify SD
bands in odd-A lead nuclei.
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Lifetimes of the Low Spin States in the Superdeformed Band of 192Hg
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I. INTRODUCTION

Superdeformed (SD) states with a 2:1 axis ratio have been observed in nuclei in
the A = 150, 190, and the actinide regions. These states depopulate into normally
deformed (ND) states by gamma decay, but so far the linking transitions have not been
observed and the depopulation mechanism is not fully understood. As shown in Table I,
nuclei in different mass regions decay out at states with different spin (I), excitation
energy above the ND yrast line (U) and lifetime (t). This variation is due to differences
in the nuclear properties such as the barrier penetration probability, the level densities and
the gamma transition strength of SD and ND states. One important factor is the
competition between the collective E2 decay along the SD band and the statistical decay
to the ND states. These transition rates, or the partial lifetimes, can be determined if the
lifetime and the intensity of the gamma rays depopulating the SD states are known.

Table I. Decay out properties of superdeformed states

I UMeV) T
152Dy 26 6 ~ 0.06 psec
192H¢ 10 4

236y 0 2.7 166 nsec’
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Fig. 1. Spectra of the 257-keV gamma ray for four target-stopper distances. A stopped
peak and two moving peaks corresponding to the + 45° detectors are observed.

II. EXPERIMENT AND RESULTS

In the mass 190 region, the lifetimes of the states at the end of the SD cascade
have not been measured. Since the expected lifetime is in the range of few picoseconds,
the recoil distance method is best suited for such a measurement. The lifetimes of the
257- and 300-keV transitions in the SD band of 192Hg produced via the 160Gd(36S,4n)
reaction have been measured with a 159-MeV beam from the HHIRF at ORNL. With an
array of 20 Compton shielded Ge detectors and a recoil distance device, gamma-gamma
coincidence data were taken at target-stopper distances of 22, 36, 51 and 65 micrometers.
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Fig. 2. Measured and calculated ratios of stopped and peak to total intensity.

One-dimensional spectra from the eight detectors at + 45 degrees were obtained by
gating on SD transitions above the transitions of interest. Figure 1 shows spectra for the
257-keV gamma ray [the (12+) — (10%) transition] at the four distances. For each
transition, one stopped peak and two moving peaks corresponding to the + 45 degree

detectors are observed.

Figure 2 shows the ratio of the intensity of the stopped peak to the total intensity
at each distance for the 257- and 300-keV transitions. Also shown are the calculated
decay curves based on a Qg value of 20 eb, determined from previous lifetime
measurements! of the higher-spin SD states. The comparison indicates that the measured
lifetimes are consistent with collective E2 decay if there is no branching to the ND states.
However, the intensity of the 257-kev transition obtained from an average of the results
of this and two previous experiments!-2 is about 84 + 7 % of the intensity of the 300-keV
transition indicating a 16% branch to the ND state. This would produce an 8% reduction
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of the Q; value for the 257-keV gamma ray. Such a reduction is smaller than the
uncertainty of the lifetime measurement. Therefore, in the subsequent analysis a Q; value
of 20 eb is used for the SD E2 transition. This value givés a partial lifetime of 5.2 psec
for the 257-keV transition.

The total transition rate of a state is the sum of transition rates in the SD and ND
wells. For 192Hg, the transition in the SD well is dominated by collective E2 decay and
in the ND well by statistical E1 decay. The ratio of the gamma-ray intensities is
proportional to the ratio of the partial transition rates, T, and inversely proportional to the
lifetimes, t. Thus

Iy _ Tn(ED) _ 75(E2)
Is  Ts(E2) ty(E1)

Therefore, the partial lifetime of decay in the ND well can be determined from the
intensity ratio and the known SD E2 partial lifetimes.

Ty(El) = Is T5(E2)
Iy
A value TN (E1)= 27.5 ps is obtained for the (12+) state. A calculated partial
lifetime of ND decay of 2.9 ps also is obtained for the (10*) state observed in a previous
experiment? to decay by a 214.6-keV transition with 18% of the intensity of the 257-keV
transition.

These values of the E1 lifetime are longer than the expected lifetime of statistical
E1 decay. This is because only a fraction of the wavefunction of the state is in the ND
well. Indeed the ratio of the statistical E1 lifetime to the measured E1 partial lifetime
provides a measure of the amplitude, o, of the wavefunction in the ND well. In the
statistical model 7y* (E1) can be calculated as

UipU;)

,cstat El =1/
v EV=o om)

fGDR(Ey )E*:{;dEy
where Uy =U; - Ey,

p(U) is the level density at an excitation energy of U, and fgpRr is the El strength
function based on the shape of the giant dipole resonance.
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2 _ TE(ED)

Therefore, o
Ty(ED)

We have calculated values of 75~ (E1) and o2, using Uj= 4 MeV and 4.4 MeV for the

12+ and 10* states respectively. These values are shown in Table II. The amplitude of
the wavefunction in the ND well increases from 8.9 x 10-4 to 6.5 x 10-3 as the spin
decreases from I = 12 to 10. Also shown are similar results for 152Dy and 236U. The
values are 7.9 x 10-2 and 2.9 x 10-7, respectively.

Table II. E1 lifetimes of superdeformed decay

I UMeV) T*(E2) Ty (ED) T~ (ED) a2 log(I'/Dpy
152Dy 26 6 0.6 ps 0.09 ps 0007ps 79102  -15
192Hg 12 4 52ps  271.5ps 0.024ps 89104  -35

10 44 13 ps 2.85 ps 0019ps 65103 26
236y 0 27  166nsec 263 ns 0075ps 29107 -6.9

I1. DISCUSSION

In a barrier penetration model, the amplitude of the wavefunction in the ND well
is related to the barrier penetration width I" and the level density of the normal deformed

states. Using a model similar to that of ref. 3, we obtained

[/Dp =7/8 o2

where Dy, is the average spacing of ND states.

This result indicates that a large value of o could be the result of either a large
barrier penetrability or a large level density, or both. The values of log(I'/Dy) consistent
with these results also are shown in Table II. Theoretical calculations# for 192Hg indicate
that from spin 12 to 10 the barrier penetrability increases by a factor of 3.3. When
combined with the factor of 2.1 increase in the normally-deformed level density for I =
10 relative to I = 12 described in the preceding section, a total enhancement of a factor of
6.9 is predicted for a2 of I = 10 relative to that for I = 12. The corresponding
experimental ratio of a2(I=10)/a2(I=12) is 7.3; hence the agreement is excellent.
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This analysis indicates that the "sudden" decay out of the SD well is due to three
factors all of which favor decay to the normal deformed states at low spin. They are: 1)
the reduction of inband SD E2 decay rate due to the lower E2 transition energy; 2) the
increase of the ND statistical E1 transition rate due to the increase of excitation energy of
the SD state relative to the ND yrast line; and more importantly, 3) the increase of the
amplitude of the state in the ND well. The last factor is due to an increased barrier
penetrability and a higher level density at lower spin.

Oak Ridge National Laboratory is managed by Martin Marietta Energy Systems,
Inc., for the U.S. Department of Energy under Contract No. DE-AC05-840R21400.
Nuclear physics research at the University of Tennessee is supported by the U.S.

Department of Energy under contract DE-FG05-87ER40361.
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The superdeformed (SD) rotational bands that have been found in the A=190 region
all show very similar dynamical moments of inertia J(? that rise by about 40% over the
observed frequency range. This rise may be caused by an increase of the quadrupole
deformation (e.g. by centrifugal stretching), by a gradual alignment of nucleons or by
a decrease in pairing. The latter effects, which are probably correlated, require the
presence of pair correlations in the SD states. It is important to decide this question
experimentally by lifetime measurements. Since the SD bands in this mass region ex-
tend down to rather low spins and the transition energies at low and medium spin are
small, the lifetimes of the states are of the order of a few ps down to a fraction of a
ps. Doppler-shift methods can therefore be applied to determine their values. Recently,
lifetimes of SD states in '?Hg were measured by the Doppler-shift attenuation method
(DSAM) (Moore et al., 1990). The transition quadrupole moments derived from these
lifetimes are rather constant, around 19 eb. They confirm the large deformation, which
remains constant over the whole frequency range.

Here we report on a DSAM measurement of lifetimes of SD states in 1®/Pb (Theine et
al., 1990; Hiibel et al., 1990; Brinkman et al., 1990). High-spin states in this nucleus
were populated in the reaction !°°Sm(*Ca,4n) at the LBL 88-inch cyclotron with a
beam energy of 205 MeV. A 1.1 mg/cm? thick metal Sm foil, enriched in '*°Sm, on
a 10 mg/cm? gold backing was used as a target. The y-rays were detected with the
HERA spectrometer array consisting of 20 Compton-suppressed Ge detectors and an
inner BGO ball with 32 elements. The analysis was based on 200 x 10° events with a
requirement of at least 2 Ge detectors and 7 ball elements firing and a minimum sum
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energy of 2.2 MeV.

The data were sorted into 4y-coincidence matrices subdivided into the different angle
groups of the Ge detectors: forward (37°) or backward (153°) detectors on the projection
axes and any detector on the gate axes. Spectra were created by setting gates on
the lowest members of the SD band (213 to 380 keV); these y-rays were emitted by
completely stopped nuclei. The spectra were added up in various combinations to get
the cleanest spectra for the considered transitions.

The SD transitions above 380 keV show line shapes for which a DSAM analysis could
be performed. To derive the lifetimes of the SD states a program package was used
with Monte Carlo simulation for the path of the recoiling nuclei in the target and
stopper, least squares fits to reproduce the experimental line shapes, and routines
to solve Bateman’s system of coupled differential equations (J. Gascon et al., 1990).
The intensities of the SD transitions and the contaminants as well as the quadrupole
moments were simultaneously treated as free parameters in the fits. Only spectra from
backward detectors were clean enough for line shape analysis. Side feeding intensities
were neglected in the considered frequency range because of the intensity pattern of
the band produced in a comparable reaction (Theine et al., 1990; Hiibel et al., 1990).
Fig. 1 shows two examples of fits to the 458 and 496 keV transitions. The results are
summarized in the table. The transition quadrupole moments derived from the lifetimes
using the rotational model expression (Bohr and Mottelson, 1975) are displayed as a
function of the rotational frequency in fig. 2.

200 300

150 L
200

100}

COUNTS

A IS S

0 0
459 455 460 485 490 495
ENERGY [keV]

Fig. 1. DSAM fits to the 458 and 496 keV SD transitions in '*Pb measured
by the backward detectors. Solid line: fitted line shape; dot-dashed
line: fitted contaminant; dashed line: line shape plus contaminant

(total fit).
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Fig. 2. Experimental transition quadrupole moments of SD states in '*Pb
as a function of rotational frequency. Dashed curve: calculated
quadrupole moments assuming that the increase in J(? is due only ,
to centrifugal stretching.

Table. Experimental lifetimes and transition quadrupole moments of SD
states in 1%'Pb.

E,[keV]  lps]  Qiled]

<380 >07

419 031433 23.84133
458  0.26%319 21.1%¢%
496  0.19%33% 20.3%3]
533  0.1213%; 20.8+%°

568  0.10¥093 19.5+43

Within the experimental uncertainties the quadrupole moments are constant over the
whole frequency range. The point at the highest frequency (square) was not obtained
from a fit, but represents the quadrupole moment that was used as an input parameter
in the fits to the line shapes of the transitions of the lower states. The 380 keV transition
shows no line shape. This would be the case, if the quadrupole moment was around 20
eb or smaller and is indicated by the square at the low frequency end.



- 30 -

The dynamical moments of inertia J(*) of the SD bands in the A=190 region show a
steady increase with increasing rotational frequency. The dashed curve in fig. 2 indicates
the slope of the quadrupole moments that would be obtained if the observed (Theine
et al., 1990; Hiibel et al., 1990; Brinkman et al., 1990) increase in J(2) in 1%Pb was due
only to centrifugal stretching (Moore, 1991). Since it is not in agreement with the data
we may conclude that the deformation of the SD band in !%‘Pb, as in the previously
investigated band in !92Hg (Moore et al., 1990) remains stable and the increase of the
J®) moment of inertia is probably due to an alignment effect rather than to centrifugal
stretching.

The target was fabricated by J. Heagney. This work was supported by the U.S. De-
partement of Energy.

REFERENCES

Bohr, A. and B. Mottelson (1975) Nuclear Structure, Vol. II. Benjamin, Reading, MA.

Brinkman, M.J. et al. (1990). Superdeformation in lead nuclei. Z. Phys. A336, 115.

Gascon, J. et al. (1990). Configuration-dependent transition rates in '*"Ho. Nucl. Phys.
A513, 344.

Hiibel, H. et al. (1990). Superdeformation in '%*Pb. Nucl. Phys. A520, 125c.

Moore, E.F. et al. (1990). Lifetime measurements in the superdeformed band of 1%?Hg,.
Phys. Rev. Let. 64, 3127.

Moore, E.F. (1991). Private communication.

Theine, K. et al. (1990). Superdeformation in '**Pb. Z. Phys. A336, 113.



- 31 =~

INTERNATIONAL CONFERENCE ON NUCLEAR STRUCTURE
AT HIGH ANGULAR MOMENTUM

Ottawa

Session 2: Superdeformation in Nuclei (II)



. .

CA9700456

NEW VISTAS IN SUPERDEFORMATION

W. Nazarewicz*
Joint Institute for Heavy—Ion Research, Holifield Heavy Ion Research Facility,
P.O. Box 2008, Oak Ridge, Tennessee 37831, U.S.A.

1. INTRODUCTION

The issue of nuclear shape coexistence, or nuclear superdeformation dates back to the
mid-fifties; see the recent review!. Already in 1956 Morina.ga.2 interpreted the deformed band
in %0 built upon the I*=0* state at 6.049 MeV in terms of deformed 4p-4h configurationt.
Another early example of multiple shape coexistence is the spectrum of *°Ca with two well-
deformed bands associated with 4p—4h and 8p-8h states at 3.352MeV and 5.213 MeV, respecti-
ve1y4. P , |
' In heavy ﬂuclei, \_t"hrveq regions of superdeformed (SD) shapes have been established: fis-
sion isomers in actinides, high spin SD states around 52Dy, and SD bands around %°Hg. An
impressive experimental and theoretical effort has been devoted to exploring the underlying
physics. There is no doubt that these investigations have opened up a new exciting field of
nuclear superdeformed spectroscopy.

In this short contribution I would like to concentate on several aspects of nuclear su-
perdeformation. The area of interest is so huge, and the space available is so limited, that
a dramatic selection of the material had to be made. Some issues, such as the structure of
collective excitations built on SD states, new symmetries of SD states, new predictions, etc.,
have been covered in other contributions to this Conference.{Dudek, Matsuyanagi, Skalski,
Delaroche, Sugawara~Tanabe, and others).

2. HYPERDEFORMATIONS

Hyperdeformed nuclei, i.e., with quadrupole deformations significantly larger than (3,=0.6 are
known or predicted in several mass regions.

Good examples of very elongated configurations can be found in light nuclei. For example,
the hyperdeformed state in 2C (three aligned alpha particles) built on the 0% resonant state
at 10.3 MeV becomes yrast already I*=4%. The calculated low-lying reflection-asymmetric
hyperdeformed minimum (g2=1, £3=0.3) in 24Mgd can be associated with the asymmetric
160+ a+a (or 1*0+2Be) structures or the symmetric hyperdeformed a+!O+a states®. Other
examples are the hyperdeformed states in *®Ar (**0+%0+¢),*8Cr (**0+60+°0) (see discus-
sion in ref.'), or a six-a chain structure in ?*Mg reported by Wuosmaa et al.8, and see the
contribution by R.R. Betts.

In heavy nuclei the best hyperdeformed states are the so—called third minima in nuclei
around ?32Th. In these nuclei the second saddle point is split leading to the weak reflection-
asymmetric minimum with £,~0.85, ,33~0.359“11. Experimentally, the third minimum shows

*On leave of absence from the Institute of Theoretical Physics, Warsaw University.
tFor the 4hw shell model calculations for 160, see ref.3 and the contribution by W.C. Haxton.
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up as an alternating-parity microstructure of resonances near the (n,f) fission thereshold!2.
Recent calculations based on the Gogny-HF model!3 or the Woods—Saxon modell4 predict the
the third minima to be deeper than in the previous calculations based on the Nilsson modelll.
Figure 1 displays the Woods—Saxon potential energy surface for 232Th. The heights of the
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Fig. 1. The Woods-Saxon-Strutinsky total potential energy for 232Th as a function of B; and
Ba. At each (B, B3) point the energy was minimized with respect to Bs4—Bs. The distance
between the contour lines is 0.5 MeV. (From ref.14.)
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second and third barrier (saddle point) are 1.4 MeV and 2.9 MeV, respectively. This should be
compared with the value of ~400keV from ref.l1.

For recent evidence for hyperdeformation in 152Dy around I=80%; see the contribution
by A. Galindo-Uribarri et al..

3. SUPERDEFORMATIONS FAR FROM STABILITY

According to the model predictions (see, e.g., refs. 19 16) low-lying super and hyperde-
formed configurations are expected in various mass regions, many of them being practically
inaccessible with the present detector systems (too low cross sections), or inaccessible at all
using combinations of stable beams and targets. Some of those “white spots” will, hopefully,
be investigated in the future — thanks to the new-generation multidetector arrays (EUROGAM,
GAMMASPHERE, EUROBALL), or exotic (radioactive) ion beam facilities currently being con-
structed in Europe, U.S.A., and Japan.
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According to predictions of the mean field theory nuclei in the N=Z~40 mass region
favor 2:1 shapes. This tendency remains at high spins, and superdeformed configurations in
nuclei around §2Sr,44 or §3Ruyy are predicted to be yrast at spins ~30-40 R17-20, Interestingly,
cranked Skyrme Hartree-Fock calculations, cranked Woods-Saxon calculations, and cranked
calculation based on the relativistic mean field theory give rather similar results. Since neutron
and proton numbers are rather close, the neutron and proton SD configurations are similar,
corresponding to the alignment of one or two 1h;1/; protons and neutrons.. At very high spins
also the lowest 11,3/, orbitals become occupied. On the neutron rich side, the best prospects
for superdeformation are expected to be in nuclei around '5Rugs. Indeed, by combining the
SD gaps at Z=44 and N=64 one obtains very favored SD structure which becomes yrast around
- 1=35/20. 21,

Very little is known about the very neutron-deficient Hg nuclei with N~96. The lightest
system known from in-beam studies is 18(’Hg22. The nucleus ®Hg has lifetime 7~49s whilst
for 1™Hg r drops to 34 ms (see ref.23), and 1"Hg is expected to be proton-unstable.

The potential energy surfaces for 1"°Hg (proton unstable), 18°Hg (7=5.9s), *°Hg (7=20 m),
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Fig. 2. The Woods—-Saxon-Strutinsky total potential energy for 170:180,190.20g a5 5 function
of B, and B3. At each (0,, B3) point the energy was minimized with respect to B4~@s. The
distance between the contour lines is 0.3 MeV.

20Hg (stable), are shown in fig. 2. The SD minimum seen in !%?®°Hg disappears in ¥°Hg!.

!Note the presence of reflection-symmetric hyperdeformed minima in 1%°Hg (3,~0.8), 2®°Hg (8;~1.05), and
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However, when decreasing neutron number the SD states reappear again; see the map for 1"°Hg.
Detailed calculations presented in fig. 3 indicate that the excitation pattern of low-deformation
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Fig. 3. Calculated energies of excited shape—coexisting states in even—even Hg isotopes with
86<N<120.

shape-coexisting configurations and SD states is symmetric with respect to the middle. of the
shell, i.e., N~102. A similar situation has also been calculated for Pt and Pb isotopes.

A new region of hyperdeformed shapes has been predicted around *2°Ce?4. These struc-
tures involve N=6 protonns and N=7 neutrons and are expected to become yrast around
I=504.

As discussed in the proposal for the Oak Ridge Radioactive Ion Beam Facility RIB25, the
new beams at RIB will provide the necessary tools to access high-spin states in the N=Z~ 40
mass region, the region around *°Ce, and around 7®Hg; see the contribution by J.D. Garrett.

4. EFFECTIVE INTERACTIONS, EFFECTIVE OPERATORS

The structure of single—particle states around the Fermi level in SD nuclei is significantly dif-
ferent from the pattern familiar from normal deformations. Indeed, the SD supershells consist
of states with very different spatial character. Consequently, the commonly used effective and
residual interactions are probably different in the superdeformed world.

reflection-asymmetric hyperdeformed minima in °Hg (8;~0.8, B3~0.15).
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It is well known that the low and high—frequency nuclear vibrations can be associated
with the residual multipole-multipole interactions. Do the standard multipole-multipole forces
describe correctly collective excitations at SD shapes? Sakamoto and Kishimoto2% 27 have
introduced the doubly-stretched multipole moments,

i Wy .
Qik = Hr(r" )k (Q"), 2i= 0.2 (:=1,23), (1)

where w; is the —th oscillator frequency. The corresponding multipole-multipole doubly-
stretched interaction can be viewed as an improved conventional multipole-multipole force.
Firstly, it satisfies the nuclear—selfconsistency rigorously even if the system is deformed. Sec-
ondly, it yields the zero-energy RPA spurious modes, i.e., it automatically separates the trans-
lational (A=1, T=0) and reorientation (A=2, K=1, T=0) modes. Last but not least, for the
doubly-stretched interaction the coupling between octupole and dipole modes disappears.

At normal deformations, the spatial difference between doubly-stretched and normal
multipole-multipole forces is rather small. At large deformations, however, these interactions
give markedly different predictionszs' 27, For instance, the presence of large dipole moments
(or enhanced B(E1) rates at SD shapes) is a direct consequence of the doubly—-stretched octupole
force. The K=0 and K=1 (r3Yzx )" operators are linear combinations of the ordinary octupole
fields, Y3k and the compressional dipole fields, 'r'3Y1K28. Again, if the doubly-stretched
residual interaction is realised in nature, strong dipole transitions de-exciting superdeformed
octupole states should be present. For more discussion, see the contributions by K. Matsuyanagi
and J. Skalski.

The influence of large shape-elongations on the pairing field is still not well understood.
For example, in the “doubly-magic” SD nucleus 2Dy pairing is expected to play a minor
role29-32 Indeed, due to the very low level density of single-particle states the superfluid-type
correlations in this band are expected to be seriously quenched and mainly of a dynamical
character. In !5°Gd the large increase of thy dynamical moment of inertia, $(?), in the lower
part of SD band33 has been interpreted as a paired band crossing associated with an alignment
of the N=T neutron ;pa,ir34' 81 " A similar crossing has been found in the first excited sD
band in °Gd35. Another piece of experimental evidence suggesting the presence of pairing
at SD shapes is a steady increase of () in the SD bands in the A~190 region, which can be
attributed38: 37 to the alignment of N=7 neutrons and N=6 protons. Calculations without
pairing yield fairly constant moments of inertia.

However, there are also many pieces of evidence that pairing correlations are extremely
weak at large elongations. For instance, the moments of inertia in SD bands are very close to
their rigid-body values and even a strongly reduced pairing field yields too strong quasiparticle
alignment37’ 38, Moreover, only very weak evidence for blocking effects in SD configurations
has been found in the A~190 region39.

Let us consider the general pairing interaction

Hppir = — Z G,'j;klcfc;cick, (2)

hikd

where Giju =< 4j[v|kl > 45 is the antisymmetrized matrix element of the two-body pairing
interaction. The matrix elements G;jx have been calculated by many authors using various
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residual interactions like the delta force, the surface delta interaction, the Skyrme force, the
finite-range D18 interaction, or a density dependent delta interaction?0-43 (see also refs. 44 45).
It has been found that the pairing matrix elements are relatively enhanced for orbitals with
similar values of (n,)/{N), i.e., orbitals with good angular overlap. In particular, it has been
observed that the pairing matrix elements between the high-j intruder orbitals (such as [660]1/2
and [651]3/2) are rather large, as are those between high-j intruder states and the natural-
parity orbitals with j=N-1 and similar Q-values (such as [660]1/2 and [541]1/2). At normal
deformations the single-particle unique-parity orbitals are relatively close to each other and
to normal-parity states with similar spatial overlap. However, at large deformations states
originating from completely different shells approach the Fermi level. These states are very
weakly coupled through pairing interaction. Moreover, the “favored” coupling between unique-
parity levels is diminished because of their large deformation splitting. In view of the above it
is likely that the pairing correlation energy should decrease with deformation ~ an effect that
is analogous to the fragmentation of pairing matrix elements caused by the Coriolis force.

A simple parametrization of the particle-particle interaction is usually based on the
multipole expansion. Usually, only the monopole term (seniority pairing) is considered since
for the delta force the L=0 component is about five times stronger than the L=2 (quadrupole)
term6. At superdeformed shapes, however, most single-particle orbits close to the Fermi level
are, on the average, of definite prolate character. That suggests that the quadrupole pairing
interaction should play an important role. In particular, it is expected, that the inclusion of
quadrupole pairing should shift the crossing frequency towards higher valuest” - a welcome
effect in light of the recent data on sD band 192Hg38 (as shown in the contribution by R.V.F.
Janssens). The previously obtained good fit for the dynamical moment of inertia48
be retained by adjusting the relative strengths of the L=0 and L=2 (M=0,1,2) components
Preliminary results of calculations involving the quadrupole pairing interaction by R. Wyss
are very encouraging.

A new area of interest concerns spin polarization and the structure of the magnetic
moment og;erator at large deformations. The measurement of the g factor of the fission isomer
in 237PySU has put strict limits on the parameters of existing mean-field-based models: the
value ¢ = —0.45(3) indicates that the parameters of the deformed single-particle potential
exhibit a significant deformation dependencesl. The intrinsic spin g-factors are usually reduced
with respect to their free values to account for spin polarization of the core, i.e. g,=fgl™e,
with f typically varying between 0.6 and 0.7 at normal deformations. However, for large
elongations, the spin polarization may make contributions to the magnetic moments that cannot
be simply accounted for in terms of the renormalization of the free values. Indeed, the spin-
polarization effect in spin-unsaturated orbitals due to an odd particle is associated with the spin-
dependent components of the effective nucleon-nucleon force, e.g., the spin-spin interaction92.
The renormalization of g, is, in the first order, due to the spin interaction between spin-
orbit partners with j=I+1, and should exhibit a deformation dependence. Moreover, even
within first-order perturbation theory, one can argue that spin- and isospin-dependent nuclear
forces may lead to a renormalization of the orbital g; factors and the presence of the tensor
cornponent52’ 53, which is expected to have a significant deformation dependence.

can easily

a1
49
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4. SPIN ASSIGNMENTS AND IDENTICAL BANDS

Parametrization of rotational spectra dates back to more than thirty years ago when Bohr and
Mottelson used a phenomenological formula to characterize properties of rotational bands94.
Later on, extended and revised versions of this early formalism were used to classify collective
properties of the ground state bands in a wide range of nuclei®® 96, The problem of spec-
tral fitting has recently been revisited in the context of the superdeformed bands in the Hg
region57. Although a large number of high-spin superdeformed bands have been found around
the doubly-magic SD **Dy and °?Hg nuclei, their absolute spin assignments are so far lack-
ing. This is because of the fact that the gamma rays that connect the sD bands to the known
levels at lower spins have not been identified experimentally’. The correct angular momentum
assignment has become a central issue after the discovery of twinned bands (i.e., bands having
identical transition energies) in neighboring odd and even nuclei®® 59,

In refs.0. 61 5 detailed analysis of the spin-fitting procedure has been made and several
criteria have been introduced that are crucial for a meaningful spin assignment. The relative
alignments of the twinned sD bands in the Hg region have been then obtained from a power-
series expansion of angular momenta in terms of the measured transition energies.

Subsequent studies of such fitting procedures have pointed outb2. 63 that, because of the
lack of knowledge about the low-lying transitions in the SD bands, the fitted spins are subject
to uncertainties. In a recent ref.54 it has been pointed out that possible presence of a non—zero
initial alignment, z,, can lead to a serious uncertainty in the absolute-spin determination of the
ezcited bands. Since this quantity cannot be determined from a least-squares fitting procedure,
the above fitting formalisms could yield incorrect spins, despite the superb quality of these
fits as jud%ed by their x? values. The problem of non-zero initial alignment was recognized
in refs.65 00, However, the authors assumed a zero value as being the most plausible choice
at superdeformed shapes where the deformation alignment (strong coupling) dominates. As
briefly discussed in62: 63, this problem seriously limits the applicability of the suggested fitting
formalisms to the excited bands, which can potentially have non—zero initial alignments. Results
of our extensive investigation of this problem in the normally-deformed excited bands where
spins are known show that: (i) the fitting procedure oftentimes leads to wrong spin assignments
even if y-ray energies of all low-lying members of the band are known; (ii) there is no simple
relationship between the angular momentum obtained from the optimization procedure and
the experimentally determined spins; and (iii) the fitted spins are usually dependent on which
data points are included in the fitting procedure.

Recently, several models have been proposed to explain identical SD bands, as well as the
alignment patterns that have been obtained from phenomenological spin-fitting procedures, de-
spite the problems alluded above. Among them are microscopic models based on the mean field
approach (Hartree-Fock, Nilsson-Strutinsky) or the shell model (pseudo-SUz model, Fermion
Dynamical Symmetry Model), formulas obtained from the symmetry limits of specific group
theoretical models (Interacting Boson Model, supersymmetric schemes, models based on quan-
tum groups), or other scenarios (triplet pairing). A critical review of several of the models

$As we haye learnt during this Conference, such a connection has just been found in the nucleus 143Euy, see
the contribution by A. Atag et al.
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and scenarios that purport to explain the origin of the identical bands, or the patterns of the
fitted alignments has also been presented in ref.64. It has been concluded that many of these
formulations can be reduced to simple expressions for energies which strongly resemble the
standard VMI model. However, a large majority of these models either explicitly assume iden-
tical moments of inertia, or #mpose an ad hoc symmetry on the model Hamiltonian to obtain
the desired outcome of identical bands. Similarly, gross approximations made by some other
models cast serious doubts on their ability to address such subtle effects as the constancy of
moments of inertia. In spite of many efforts and new and interesting ideas and suggestions,
none of the scenarios proposed so far addresses the fundamental question at hand, namely the
microscopic origin of identical moments of inertia that have been observed in a wide range
of normally-deformed and superdeformed nuclei. A more complete discussion is given in the
contribution by C. Baktash.
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DECAY OUT OF THE SUPERDEFORMED BAND IN 3Eu
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S. Forbesc, N. Gjgrup?®, G. Hagemann®, F. Ingebretsen?, H. Jensen®, D. Jerrestam®,
H. Kusakari®, R. Lieder®, G. M. Martif, S. Mullins®, D. Santonocito®,

H. Schnare’, K. Stridhle/, M. Sugawara®, P. O. Tjsm?, A. Virtanen® and
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During the last years, more than 33 SD bands have been observed at very high
spins in various mass regions (see e.g.' review articles ref. 1,2 and ref.3). In all cases
studied so far the connection between the SD and the normal-deformed (ND) states
has been unknown, most probably due to a highly fragmented decay path out of the
SD bands. This has left the spin, the parity and the excitation energy of the SD bands
undetermined. In this paper we are presenting results of a new experimental approach
where we take advantage of triple and higher fold coincidences to study the decay out
of a SD band. The method provides us with an excitation energy and spin assignment
for a SD band for the first time.

It is known from previous works!?) that the feeding out of a SD band starts from
a few of the lowest lying observed states of the band and ends in a few near yrast ND
states. We assume that a large fraction of the decay proceeds through cascades of only
two transitions. Due to the high level density there are a large number of intermediate
levels in the cascade, but the sum of the two consecutive y-ray energies has a well
defined value. In the triple coincidence events we set a gate on one y-ray transition
of the SD band and sum up the two other y-ray energies to produce a sum spectrum.

In this spectrum we would like to identify discrete peaks related to the deexcitation of

the SD band.

!Permanent address: Dept. of Physics, Univ. of Jyvaskyla, Jyvaskyla, Finland
?Permanent address: The Svedberg Lab., Univ. of Uppsala, Uppsala, Sweden
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Fig.1: Gamma-ray spectrum coincident with two SD band members. The band members with
energies /83.7, 546.5, 609.3, 671.7, 132.9, 793.9, 854.1, 915.3, 972.9, 1031.8, 1090.7, 1148.6,
1207.6, 1266.0, 1325.0, 1384.3, 1443.8, 1503.1, 1563.5, 1623, 1684, 1743 keV (errors ranging
from 0.2 keV for the strongest transitions up to 2 keV for the weakest peaks) are marked by
(¥) and known ND states in 143 Eu are denoted by (¢). Contaminations from 4°Pm, 12y
and By are indicated by (C). The spectrum is shown with a background subtraction and
it s corrected for the detector efficiencies. The insert is a sum of all double gated spectra
with both gates on the SD band members. The highest energy transitions are enhanced in this

spectrum.

The experiment was carried out at the Niels Bohr Institute Tandem Accelerator
Laboratory using the NORDBALL detector array which consisted of 19 Compton-
suppressed Ge detectors, 1 Ge LEP detector and a BaF, inner ball for multiplic-
ity and sum energy selection. The states in **Eu were populated by the reaction
110Pd(37Cl,4n)'3Eu at a beam energy of 160 MeV. About 10° triple and higher fold
events were collected during the experiment, 10% of them being 4-fold Ge-coincidences.

Fig.1 shows a double gated 7-ray spectrum with both gates on transitions of the
SD band. The spectrum is a sum of 42 gate combinations and shows the SD band
with twenty two members. Twenty of them were previously reported*) and assigned to
42Fu. However, our results which were obtained with the same reaction
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Fig.2: Sum spectrum, a sum of two y-ray energies which are in coincidence with one of the
SD band members, is shown with a resolution of 4 keV/ch. It is obtained by adding 15 clean
gates and subtracting an appropriate background. The peaks which are identified as sum of
two linking transitions are marked by arrows. Their energies are given with an uncertainty

of 4 to 5 keV.

and beam energy, unambiguously show that the SD band belongs to *3*Eu. By double
gating and selecting clean gates we have obtained a spectrum which shows strongly the
known transitions in **3*Eu but only weakly **?Eu or other contaminants.

To establish the connection between the SD band and the ND structure we have to
know the 3Eu yrast level scheme in the region where the SD band feeds in. The level
scheme, previously known®) up to spin 35/2 has been extended® up to I=75/2 at 15.6
MeV excitation energy, using the same NORDBALL data. A partial level scheme is
shown in fig. 3. In the y-ray spectrum of fig.1 all strong **Eu transitions up to the I
= 35/2 level at 4949 keV are seen in coincidence with the band. The 168 keV and 261
keV transitions higher up in the level spectrum are also observed weakly, indicating
that at least part of the decay from the SD band feeds into the higher lying levels.

The sum spectrum of two v-ray energies which are in coincidence with one of the
SD transitions is shown in fig. 2. In the energy region between 1.5 MeV to about 3.0
MeV, all the prominent peaks are identified as being the sum of two transitions in the
SD band. The intensities of these peaks are strongly enhanced since many sums fall in
the same energy due to a very constant moment of inertia J(? in the band. Above 3.0
MeV, we have identified 6 peaks as being the sum of two linking transitions between
the SD band and the ND states. We have identified them by comparing the energy
differences between pairs of such peaks to the level energy differences
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in the region where the SD band feeds the yrast structure. We found only one solution
where the energy differences match each other.

In the partial level scheme which is displayed in fig. 3 the SD band is shown together
with the ND states taken from ref. 6. Cascades of two transitions whose energies add
up to the sum peaks of fig. 3 are marked in the figure. As an example : The energy
difference between the 3925 keV and 3634 keV sum peaks is 291 + 6 keV and is within
the experimental uncertainty the same as 293.3 + 0.2 keV which is the energy difference
between the 1=33/2 level at 4656 keV and the I=35/2 level at 4949 keV in the ND
regime. This provides us with the energy of the initial SD state which is determined
to be 8582 + 4 keV. The encircled numbers in fig. 3 show the intensity flow into the
ND states relative to the full intensity in the SD band. They are obtained from the
double gated spectrum (fig.1). ‘

Two consecutive y rays which link the SD band to the ND states are most likely™:
stretched or nonstretched E1 transitions taking away 0 or 1 unit of angular momentum
each. With this in mind, the spins of the two lowest states in the SD band are assigned
as 35/2 and 39/2 so that the decay routes with two «-rays take away 0, 1 or 2 units of
spin. These routes will not change the parity between the SD and the ND states. A
possibility of assigning the spins of the two lowest states as 37/2 and 41/2 can not be
excluded if the decay out of the SD band proceeds by an E1 transition followed by an
E2 transition.

The SD band is 3634 keV higher than the yrast line at I=35/2 £ and it extends to [
= 123/2 % at an excitation energy of 33174 keV. The SD band crosses the yrast line at
a spin of 40 h. These properties are compared to the TRS calculations®) with pairing.
The experimental results are in good agreement with the theoretical predictions?.
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One of the most important recent developments in nuclear structure physics
has been the prediction and observation of superdeformed (SD) shapes at
high angular momentum in several nuclei in the rare earth region. The
first experimental observation was a ridge-valley structure in a -7y
coincidence matrix for the 152Dy nucleus[l]. The ridge was found to. be
generated by sequences of stretched E2 transitions and corresponded to a
moment of inertia J(2) of 85 h?MeV-!. Subsequently a discrete SD band was
discovered in !32Dy[2] and the lifetimes were measured[3]. More recently
the discovery of SD bands in several nuclei in the neighbourhood of
152py[{4], the discovery of multiple SD bands in some nuclei[5], and the
discovery of new SD regions at mass A~190[6] and A~140([7] have stimulated
intense research activity in this area of nuclear physics.

The theories that have been successful in explaining superdeformation also
predict other exotic shapes[8]. Rotational bands built upon hyperdeformed
(HD) shapes with axis ratios around 3:1 are expected. In the most
favourable cases, these states might become yrast at spins as low as 70 b,
and could therefore be populated in heavy-ion fusion reactions, but very
strong competition would be expected from the fission process.

In searching for a manifestation of HD we have used a reaction channel in
which a charged particle was evaporated, namely 37Cl + 1208n o+ 152Dy 4+ 4n
+ p. The rationale was two fold: firstly at the high input angular momenta
needed to populate HD bands there is considerable fractionation of the
fusion cross section into (xn, yp, za) channels, even where the compound
nucleus is not very neutron deficient. Thus tagging on a particular
charged particle enhances the contribution of a particular nuclide to the
v-v coincidence data, and results in a cleaner data set. Secondly, there
is some possibility that charged particle evaporation could be a trigger
for the formation of highly-deformed nuclear shapes. This follows from the
argument that the lowering of the Coulomb barrier at the tips of a very
deformed nucleus might lead to an enhanced evaporation of charged
~particles compared to that from a more spherical shape.

An experiment to search for hyperdeformation in !52Dy was performed at the
Tandem Accelerator Superconducting Cyclotron (TASCC) facility at Chalk



- 48 -

River with the 8n spectrometer and a 24-element CsI(Tl)-photodiode
charged-particle detector array[9]. Gamma-rays were detected with the 8x
spectrometer, which consists of a ball of 70 bismuth germanate (BGO)
crystals and an array of twenty high-resolution Compton-suppressed Ge
detectors. A beam of 187 MeV 37Cl ions bombarded two self-supporting 1208n
foils with a thickness of 0.6 mg/cm? each. Approximately 4x10%® events
characterized by two-fold and higher Ge coincidences above a multiplicity-
10 trigger on the BGO ball were recorded during the run, of which 2.7x10%
corresponded to vy-y with no particles in coincidence (leading mainly to
153Ho and !52Ho) and 1.3x10® to y-y-particle coincidences (}52Dy, 150Tb),
The data, corrected online for Doppler shifts, were sorted with a
requirement of a single identified proton and a <vy-ray sum energy of
H>19 MeV registered in the BGO ball, which nearly eliminated events in
151py. After this cut on the data, 3x107 events remained in the -y
coincidence matrix. A cube was also generated from proton gated y-y-vy Ge
coincidences.

Ve studied the ridge-valley structures in the -y coincidence matrix
generated from proton y-y coincidences. We subtracted uncorrelated events
from the matrix using the procedure of Palameta and Waddington[10}. A
striking feature observed was a ridge with a 3013 keV separation running
from about 1.2 to 1.5 MeV. Such ridges result from coincidences between
transitions in rotational bands with similar moments of inertia. The
~dynamic moment of inertia of the rotational bands is related to the
separation of the ridges by J(2)=4h?/AE; therefore this ridge corresponds
to J{(2) of about 130h?Mev-!. Fig. 1 shows the spectrum of AE=Ey,-Ey,
obtained with a cut in the energy range of 1375K(Ey,+Ev,)/ 241500 keV.
The ridges appear as peaks at energies of AE=13013 keV.

Figures 2a and 2b show the
spectra of AE=Evy,-Ey, obtained
with cuts 100 keV wide in a
lover (1200-1300 keV) and a

. 3

-30 30 x10° higher (1400-1500 keV) energy

‘ l range. The peaks at AE=148 keV
50 in the lower energy range

correspond to the well known
superdeformed ridge[l].” In the
higher energy spectrum, the SD
ridge is much weaker, and the
30 30 keV ridge structure
predominates.

In a second replay of the data,
two y-v coincidence matrices
10 wvere generated: one in which
both y rays were detected in the
‘ ' ‘ most forward and backward
-100 0 100 detectors (*37°) and one in
E-E.p (keV) which both y rays were detected
71 Sy2 AK€ in the rings closest to 90°,
namely £79°. The -«
Figure 1. Spectrum of AE=Ey,-Ey, directional correlation ratios
obtained with - a cut in the energy (DCO) showed that this structure
range of 1375<(Ey,+Ev,)/2£1500 keV. wvas consistent with stretched
The ridges appears as peaks at quadrupole character.
energies of AE=13013 keV.
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Figure 2. Spectra of AE=Ey;-Ev,
obtained with cuts 100 keV wide in a
higher (a) 1400-1500 keV and lower (b)
1200-1300 keV energy range. The peaks
at AE=148 keV in the lower energy
range correspond to the superdeformed
ridge.

Two- and three-dimensional
correlation techniques, BANDAID
and CUBEAID[11], were used to
search the «-vy matrix and vy-vy-v
cube for coincidence patterns
indicative of a rotational cascade
with constant J(2), The code
generates a figure of merit
spectrum measured along the
Evy,=Ey, diagonal (or Evy,=Ey,=Ey,
in the case of a cube) an example
of which is shown in Figure 3. By
figure of merit we mean the net
sum of counts at the grid points
defined by the m cascade
transitions assumed in the trial
band evaluated for a particular
placement of the grid over the
data. Where a rotational band is
present with a spacing close to
that assumed in the trial, the
figure of merit is large wherever
the grid happens to overlap the
data points. The figure of merit
spectrum generated by moving the
trial grid along the diagonal
therefore exhibits a sequence of
sharp peaks separated by the
energy spacings of the band. An
example for a grid of 12 gates
separated by 30 keV is shown in
Figure 3.

The envelope of these

1000 ~

!
500 - %'
I
|

-500

peaks also gives
L information on where the
signal is strong relative
to the noise. A similar
analysis made on the cube
b with the program
CUBEAID[11] supports these
findings. Figure 4 shows a
summed coincidence <-
- spectrum obtained by

setting gates at the

positions of the band

members located by the
-  correlation method.

E, (kev)

Figure 3.

- 1 1 T
1000 1100 1200 1300 1400 1500 1600 1700

Two-dimensional correlation
spectrum obtained with the program
BANDAID[11]. A grid of twelve gates with a
constant separation of 30 keV was used.

The known SD band and the
lov deformation prolate
band in 152Dy[3] were also
seen in the data. Charged-
particle spectra
associated with these
bands will be reported
elsevhere.
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The energy spectrum of
the simple anisotropic
0 ) harmonic oscillator
L . has pronounced

] degeneracies at
deformations with
major axls ratios 1:1,
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shell structure at a
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related to the
occurrence of
superdeformation in
nuclei in the A=150
and A=190 regions. The
nucleus 32Dy 1is
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Figure 4. Summed y-ray spectrum obtained for present in the single-
the band located by the correlation method. particle spectrum.

This is true for a
realistic potential[l2] as well as for the harmonic oscillator potential.
An HD structure in the same nucleus raises the question as to what
extent a similar shell structure might be responsible?

Total Routhian Surface (TRS) calculations have been performed for nuclei
in the vicinity of 152Dy. The shape parameters B,, B, and v of the nucleus
in the rotating frame were minimized (for details see ref. [12]). In the
calculations, there is a deep minimum corresponding to the SD shape,
B,~0.6. However, at a frequency of hw=0.66 MeV, a new minimum occurs in
the surface, corresponding to a value of 8, ~ 0.9. At very high rotational
frequencies, corresponding to spins of about 80 h, the HD structure
becomes yrast in these calculations.

The calculations show that the underlying physics of the HD band is very
different from that of the SD band. There are no pronounced shell effects
at the calculated equilibrium deformation in contrast to the SD band.
However, static pairing correlations are strong whereas static pairing is
reduced even at spin O for the SD shape.

It was predicted in ref [12] that the SD band is expected to be crossed at
tw =0.8 MeV by aligned j,;,, protons. This high-j intruder configuration
originating from two shells above those active at g,~0 will tend to
polarize the nuclear shape to greater prolate deformation. The TRS
calculations confirm that the quadrupole deformation increases after the
Jis,2 crossing. The next calculated crossing involves k,,,, neutrons. The
occupation of the v N=8, "super"-intruder orbitals polarizes the shape to
an even larger deformation. In addition, both these » and =x orbitals
contribute a large aligned angular momentum to the total spin of the
nucleus. A "super backbend" is thus the possible origin of the minimum in
the TRS calculation at HD shapes. This 1s in sharp contrast to the SD
minima which are caused by shell structure.
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It is difficult to estimate the spins of the observed structure. If we
assume that J(2) equals the static moment of inertia J(!) then the
observed structure extends from about spin 78 K to spin 98 h.
Alternatively, taking the spins from the TRS calculation, the observed vy-
ray energies in the frequency region of 0.45-0.75 MeV correspond to a spin
region of 50-80h. This lower estimate arises because of the large amount
of aligned angular momentum in the calculation, which implies that J(2) 4
Jiiy,

These high spins are surprising since one would expect very strong
competition with fission above spin 70 h. However the disappearance of the
fission barrier does not set an upper limit on the angular momentum that a
compound nucleus can sustain since the entrance channel is in a very
different part of the potential energy surface from the fission channel.
The time scales involved in dissipating the initial excitation energy
through light particle emission might also play a role of stabilizing the
residues against fission. Theoretically, the maximum angular momentum a
nucleus in this mass region is able to sustain against the centrifugal
force is around 90 h[13]. These calculations are based on the liquid drop
model and the shell structure is not taken into account. In addition, when
states carry aligned angular momentum, the collective rotation, which is
of relevance to the fission limit is correspondingly reduced. The
calculations give an aligned angular momentum of ~12-14 h, implying that
the collective rotation should be lowered by that amount. The possibility
of angular momentum alignment as well as the presence of shell structure
will affect the spin dependence of the fission limit considerably. It is
interesting to note that recent calculations[l4], derived from the liquid
drop model and including nuclear proximity effects, show that very high
angular momenta can be sustained by nuclei in elongated shapes without
fissioning. The same authors predict for nuclei like 152Dy the existence
of an isomeric state with a ratio s = 0.3 between the neck diameter and
the elongation of the system[15], corresponding to B, = 0.9 for spins
between 70 and 115 h with a moment of inertia of about 110 h2Mev-!.

In conclusion, ridges have been found in energy-correlation spectra for
152py with a constant energy separation corresponding to an extremely
large moment of inertia J(2) of about 130K2Mev-!. The ridges consist of
stretched E2 transitions. Such a large moment of inertia suggests the
existence of a strongly deformed shape with a 8,>0.9. Furthermore, two-
and three-dimensional correlation techniques used to search the data found
strong regular coincidence patterns. A cascade of about 10 discrete
transitions with an average energy spacing of 30 keV has also been found.
Still more powerful instrumentation such as the third generation of
spectrometers will be needed in order to measure lifetimes for this
structure.

This work has been partially funded by the Natural Sciences and
Engineering Research Council of Canada and by AECL Research. This work has
benefited from discussions with G. Smith and J. Sharpey-Schafer from
University of Liverpool, J.P. Vivien from Strasbourg, W. Nazarewicz from
Varsaw and G. Royer from Nantes.
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Entrance Channel Effects and the Superdeformed Band in *?Dy
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Since the first observation of a high-spin superdeformed band in 2Dy in 1986 [1], the
phenomenon of superdeformation has been observed in many nuclei in three different mass
regions. While much progress has been made in the study of such exotic nuclear structures,
basic questlons rega.rdmg the population mechanism.of the superdeformed minimum still
remain to be answered. One open question is whether the population mten51ty in the
superdeformed minimum depends on the mass-asymmetry of the projectile and target in
the entrance channel of the compound nuclear system. Indeed, recent results for *?Dy
and 147148Gd (2, 3] indicate an enhancement of the superdeformed band population, by a
factor of 1.5 — 2.0, relative to the normal deformed nuclear states, when populated via a
mass-symmetric entrance channel versus a mass-asymmetric channel.

The present data for 2Dy, summarised in Fig. 1, represent the combined results of
many experiments carried out over several years using the TESSA3 array [4] in Daresbury.
The reactions used, 3¢S + '2°Sp, 170 - 176 MeV, “®Ca + °8Pd, 185 - 212 MeV, and
82Ge + "QGe, 324 - 346 MeV, were chosen to populate '*2Dy in each case via the 4n
evaporation channel and, in addition, the beam energies were chosen to populate the
compound system '*¢Dy over similar ranges of excitation energy and maximum angular
momentum. Recently two new points have been added to the data set as a result of early
commissioning experiments using the Eurogam array.

‘The data, see Fig. 1, reveal that a minimum excitation energy (or angular momentum
Imaz) 1s required in order to populate the superdeformed band. Above the threshold, the
SD population increases rapidly to reach a saturation value of 1.1%, 1.5%, and 2.2% of
the ND intensity for the 3¢S, “Ca and 82Se induced reactions, respectively. At the highest
measured excitation energies the data suggests that the ratio SD/ND remains constant or
perhaps decreases slightly.

The dependence of the SD/ND intensity ratio on the mass-asymmetry in the entrance
channel was very unexpected and possibly reflects differences in the compound nuclear
formation time for different entrance channels. A longer formation time, or equilibration

time, for the compound system at very high angular momentum allows neutron evapora-
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Figure 1: Experimental and calculated SD/ND intensity ratios for 32Dy plotted as a
function of the excitation energy in the compound nucleus (**¢Dy).

tion, leading ultimately to *2Dy, to more readily compete with fission. The SD population
in the mass 150 region may be especially sensitive to such a phenomenon as the SD bands
in this region are only populated at very high angular momenta. Thus, the SD population
is acting as a microscope which focuses attention only on the very highest 1-waves which
eventually form compound nuclear states. Any enhancement of the fusion probability at
high l-waves should also be associated with an enhanced feeding into the high spin members
of the SD band. |

To simulate these results we have carried out a series of calculations using the statistical
code CASCADE [5], to predict the entrance population cloud for °2Dy, coupled with a
Monte-Carlo code to calculate the SD and ND spectra following v decay [6]. The results

are summarised in Fig. 2 and are also compared to the experimental data in Fig. 1. The
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Figure 2: Experimental SD/ND intensity ratios for **2Dy for the **Ca induced reaction.
The lines show the results of the calculation indicating (left) the result of varying the
position of the SD and ND yrast crossing and (right) changing the ratio of level density
parameters in the SD. and ND potential wells from asp = 0.9axp (top) to asp = l.danp
(bottom). The open circles show the calculated intensity ratio for asp = l.lanp. The
level density parameter ayp used was 8 MeV~L.

results of the calculations can briefly be summarised as follows, while full details will be

found in ref {7].

The low excitation energy (or angular momentum) threshold in the SD population
is especially sensitive to the yrast SD/ND crossing point. The best fit to the experi-
mental data is found by setting this crossing to 54k, see Fig. 2.

At very high excitation energies (or angular momenta) the behaviour of the SD/ND
population is sensitive to the ratio of level densities in the first and second wells. The
available data seem best fit by a value of asp/anp slightly less than 1.0, see Fig. 2.
Changing the ratio psp/pnp does not appreciably effect the equilibrium value of the

pépulation intensity, but only effects the slope at high excitation energy.

In order to reproduce the measured SD/ND intensity ratio, see Fig. 1, we have
increased the fission barrier used in the calculation by ~ 3.34 for the 32Se induced
reaction relative to the *®S induced reaction. This enhanced fusion probability at

high l-waves should also result in an enhancement of the population of the higher
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Figure 3: Calculated SD band intensities for the three reactions. The experimental in-
tensities for the **Ca induced reaction at 197 MeV (the largest and best quality data set
available to date) are superimposed to indicate the quality of the data required for an
accurate measurement of the SD intensity at the highest spins in the SD band.

spin SD band members when populated via a mass-symmetric reaction, as shown in

Fig. 3. To confirm this prediction we plan a series of experiments using the new
Eurogam array.

To prepare for these experiments, and as part of the commissioning program of the
Eurogam array, two experiments were performed to populate **?Dy. The first, using the
365 + 12085 reaction at 170 MeV used 26 escape sﬁppressed Ge detectors. A coincidence
between at least 3 suppressed Ge detectors was demanded before recording data to tape.
In twelve hours beam time a total of ~ 180 x 10° unfolded 4 ~ v events were recorded,
comparable to the statistics obtained in one week running on the TESSA3 array! The
second experiment used the 82Se + 7*Ge reaction at a beam energy of 335 MeV. Thirty Ge

detectors were used and a total of ~ 200 million events (~ 40% > 3 Ge an ~ 60% > 2 Ge
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plus isomer event) were collected in 12 shifts of beam time. The analysis of the data from

these test experiments is still underway, however the following points can already be made

e An extrapolation of the data rate achieved in the 3¢S induced reaction indicates that
~ 12000 unfolded triples per second will readily be achieved with the full Eurogam
phase 1 array of 45 Ge detectors. This data rate implies > 1000 counts per day in
a 100% superdeformed peak when double gates are placed on eight other SD band

members.

e The SD/ND intensity ratio measured in these reactions is consistent with previously

measured values using the TESSA3 array.

o Using a triples analysis, two new band members, with transition energies of 557 keV
and 1495 keV have been assigned to the SD band in %’Dy.

o Preliminary measurements on the data obtained following the 32Se induced reaction
indicate that insufficient statistics were obtained to allow an accurate measurement
of the intensity of the high spin band members to compare with data obtained with
“8Ca induced reaction. This comparison must await the analysis of the results of

forthcoming experiments using the completed Eurogam array.
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Abstract: The population of the superdeformed bands in ®'Hg has been measured for
two reactions with different mass asymmetry. No entrance channel effect was observed,
in contrast to similar measurements in the A=150 region. To further elucidate this
problem, the entry distribution for the superdeformed band in Hg was measured and
a Monte Carlo model for the feeding was developed. The simulations suggest that the
decision on trapping in the superdeformed well is made at the barrier between the normal
and superdeformed wells rather than at the entry point.

Recent measurements of the total intensity flowing through the superdeformed (SD)
bands in the A=150 region’? suggest the existence of an entrance channel effect: mass-
symmetric reactions have been reported to enhance the population of SD bands. This has
been explained by invoking a dynamic effect in the entrance channel, i.e., the formation
time of the compound nucleus is longer for symmetric reactions than for asymmetric
ones, favoring neutron evaporation over fission.

We have investigated this problem in the A=190 region by comparing SD bands
yields in '®'Hg produced either in the !3°Te(4Ni,3n) or '°Gd(3¢S,5n) reaction. The
experiments were carried out using ATLAS beams and the Argonne-Notre Dame ~y-ray
facility consisting of 12 ACS Ge detectors and a 50 element inner BGO array.

For the symmetric and asymmetric reactions, the SD bands in **Hg were found to
have 3.0(8)% and 3.7(5)%, respectively, of the ground state intensity. The results for
each SD band (there are 3 known SD bands®*) and for the total SD yield in %1Hg
are compared in fig.1la. Within errors the measured yields are the same for the two
reactions, in contrast to the observation near A=150. This is illustrated in fig.2 where
the SD intensities as a function of the “degree of symmetry” parameter, S=Apecam/ Atarget,
are shown. We conclude that no enhancement is observed in the A=190 region.

These results do not rule out the possibility of an entrance channel effect, though
they underline the importance of other effects which should also be examined carefully.
In particular, since the SD band population is very sensitive to the higher partial waves
of the [ —distribution, it becomes very important to measure the entry points for the
different reactions. We measured both K (fold) and H (sum energy, unfolded to the
total energy E) for the two reactions leading to *'Hg. As can be seen in fig.1b, the
experimental entry points for normal deformed (ND) and SD states are very close in
the two cases; this ensures that the same partial waves are involved in the two reactions
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and rules out the possibility of an entrance channel effect at least in this mass region.
It would be useful to have similar data for the nuclei in the A=150 region in order
to understand if the increase in SD bands population observed in this case reflects an
entrance channel memory or, more likely, can be attributed to differences in the tails of
the I -distributions involved in the reactions. We expect such differences to be present,
based on the more diffuse tail in the compound nucleus { -distribution in the symmetric
channel and on the ! —-dependent survival probability against fission. Our results for
191Hg can be understood within the framework of a model describing the formation and
decay of the SD bands. This is discussed below.

Entry distributions both for the v cascades feeding the SD and ND bands in 1%2Hg
have been measured. The nucleus was populated with the reaction 1%°Gd(*¢S,4n)'%?Hg at
162 MeV. Double coincidence gates were placed on the Ge spectra and the coincident fold
(K) and energy (H) measured in the inner array were recorded. The response function
for the inner array was measured and used to unfold the (K,H) distribution. Finally
the entry distribution was constructed using the mean angular momentum removed per
photon, obtained from an analysis of the quasicontinuum 4 rays. Thus, we have measured
the population distribution in spin and energy from where the v cascades start after the
last neutron has been evaporated (and after successful competition with fission).

The entry distributions were measured, both in coincidence with the SD lines and
ND lines. They are shown in fig.3a,b. It is seen that the SD distribution is located at
higher spin and somewhat lower energy (for a given spin) than the ND distribution. As
the double gates on the ND transitions were placed on « transitions which are also fed
in the decay of the SD band, the ND entry distribution is the total entry distribution
for all 4 cascades in 192Hg.

A model was developed to follow, by a Monte Carlo approach®®’, the v cascades
~ starting from this measured total entry distribution. The model has two wells, ND and
SD, separated by a barrier. The states in the nucleus are considered to be either in one
or the other well. The initial selection of the well in which a 7 cascade starts is based
on the relative level densities in the two wells at the given spin and energy. In order to-
calculate the « transitions, the I'-decay widths in the two wells are computed and the
levels in the two wells are allowed to mix as described by Vigezzi et al®. The mixing
allows the nucleus to change shape while it 4 decays. Thus, 4 cascades can be followed
from the entry point till they enter a region close to the ND or SD yrast lines. By tracing
back the sub-set of the 4 cascades that feed the SD well, the entry distribution for the
SD band can be found. This is shown in fig.3c. The principal feature, viz. that the SD
states originates from the higher spin portion of the normal states, is clearly seen; but
some differences in details are apparent (fig.3d,e).

The model contains the excitation energy of the SD band, the barrier between the
ND and SD wells and the quadrupole moments and levels densities in the two wells as
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parameters. We have determined the best values of the parameters in order to reproduce
the following observables: the SD entry distribution, the intensity of the SD band and
its variation with spin and the energy of the quasicontinuum + rays. All observables are
reproduced only for a narrow range of SD excitation energies and barrier heights. Thus,
the model allows us to set constraints on these parameters. The excitation energy over
the normal yrast line for the SD band when it decays around spin 10 is 3.3-4.3 MeV and
the barrier height at spin 40 is 3.5-4.5 MeV (assuming a barrier frequency of Aw=0.6
MeV8®). In the model, trapping in the SD well is made near the barrier between the two
wells rather than at the entry point. It was found that ~ 95% of the cascades that feed
the SD well started out from ND states. The model is able to reproduce all observables
associated with SD 4 cascades in the nucleus, and indicates trapping in the SD well
occurs 107! s after formation of the compound nucleus.

In summary, we have measured the population of the SD bands in ¥Hg with two
reactions having different mass—asymmetry. No entrance channel effect was seen, in
contrast to results in the A=150 region. For '®Hg, the average entry points and spin
distributions (not shown here) have been determined to be similar. The results indicate
it is unlikely that there is a memory of the entrance channel when trapping in the SD well
occurs. This is not unexpected since the time when trapping occurs is around 10-4 s,
which is much later than the characteristic time for shape relaxation of the compound
nucleus (commonly thought to be around 10~%° s, although it could be as long as 10718 s)
or the time for emission of the last neutron (& 1078 5). The possibility that the observed
effect in the A=150 region is due to an angular momentum effect should be checked by
measurements of the entry distributions so that a distinction can be made between a
memory or an angular momentum effect. The entry distributions for both the ND and
SD cascades in °2Hg have been measured and a Monte Carlo model has been developed
to follow the v cascades. In addition, the model puts constraints on the excitation energy
of the SD band and on the barrier between the ND and SD wells.

This work was supported by the Department of Energy, Nuclear Physics Division, un-

der contracts Nos W-31-109-ENG-38, DE-AC07-76ID01570 and DE-FG02-87ER40346
and by the National Science Foundation under grant PHY91-00688.
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The nuclear structure and rotational motion of deformed nuclei is well studied by
discrete v ray spectroscopy. In the best studied nuclei up to 15 regular rotational bands
are identified in the range from the yrast line to a few hundred keV up in excitation
energy. ' : ' V

The 4 ray cascades from high spin states formed in compound reactions decay
mainly through the warm region of high'level density ~ 3-5 MeV above yrast. However,
very little specific information has been obtained about the rotational motion in this
region.

From the studies of E,, x E,, correlation spectra it has been found [1,2] that the
large collective quadrupole transitions strength known from rotational bands at high
excitation energy may be distributed over all final states of a given parity within an
interval defined as the rotational damping width I';o;. As a consequence a theoretical
model [3] was developed to describe the average properties of the nuclear E2 decay
through the regions of high level density. The model also predicts a temperature and
spin dependence of I',,,; and a decrease of I[',,; at higher temperature due to the so called
motional narrowing effects in analogy to the line narrowing observed in NMR from
heated solids. Values for ot =100 keV were estimated on the basis of an indirectly
comparison of spectrum shapes of the data and simulation calculations.

A new method for analyzing triple E,, * E,, ¥ E; correlations data, the Rotational
Plane Mapping Method, has been developed recently to directly measure the rota-
tional damping width I'y,¢ [4]. Fig.1 illustrates in a schematic way how undamped and
damped rotational cascades generate a central valley flanked by ridges in the £, * E,,
spectra. In the rotational damping region (Fig.1d,le,1f) the independent selection of
damped transition energies at (I4+2)—I and at I—(I-2) causes the spike at the grid
points(Fig.1a,1b,1c) to be smeared into a round hill having a width Iy, in all direc-
tions(Fig.1le). As shownin Fig.1f, when ;¢ > 4/S(?) the smeared hills merge, resulting
in a flat spectrum, except for a shallow diagonal valley, since there are no spikes to be
smeared out at the diagonal E, = E,,. The width of the valley is equal to the ro-
tational damping width I';,,;. Therefore, the spectrum can be expressed by a constant
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spectrum minus a component of Gaussian or Breit-Wigner shape along the diagonal
E‘Yt = E‘Yz'
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Fig. 1. The schematic figure shows the ezpected patterns for E, * E,, spectra in

b) and e) when the decay paths are regular rotational cascades (a) or when the pathway
goes through a region where the rotational damping is dominating (d). The spectra c)
and f) correspond to diagonal cuts for constant E, + E., at b) and e) respectively.

In the three dimensional spectrum, the average transition energies will also form
grids in the three planes obeying the equations E,,, = E,,, E,, = E,, By, = E,,. The
damping is also smearing the three dimensional grid points with the missing points in
the three planes each forming a valley. The three dimensional spectrum can therefore
be represented by a constant spectrum minus three valleys superimposed. The three
valleys join at the "great valley” at E,, = E,, = Ev;. The width of the great valley
is proportional to I'yo¢, and it can be displayed in tilted rotational planes, obeying the
equations E, — E,, = N(E,, — E,;), with N taking the values 1,2,3,4, is directly
proportional to I'y,¢. We find it to be an advantage if the data in the tilted planes are
divided by the total projection of the cube in order to reduce many of the unwanted
effects from discrete lines, feedings and impurities. The corresponding 3D /2D analytical
function is used in the fit of the spectrum shape to extract the values of I',.;.



- 68 -

Diagonal Culs on 3=D/2-D Plancs

163Tm ,
90030 keV 960+30 keV
W - — 30
ue N=1 26 N=14
ze 28
3 3
[~} <]
3 =
(=] (=]
(&) ©
o
R
26 N=3
26
2 3
<] .
3 2
=] [=]
[ &) (&
10
b
) N=2
28
3 3
<] 2]
=] o
[ 8] (&)
10 L.
30
2 N=1
28 26
24
= oo
= 3
(*] Qo
(&S] &
l?l!w ~$00 -400 -¥¢00 ] 00 100 600 800 ‘?000 «800 400 -200 o 200 100 800 800
EYI - [‘72 Eyl - ":12

Fig. 2 Spécira of diagonal cuts on the ratio planes $D/2D for N=1,2,8,4 for
transition energies (E., + E.,)/2=900 and 960 keV for intervals of 60 keV on the data
of 183T'm, high temperature gate. The open circles indicate the regions of peaks which
have not been included in the last square fitting procedure.
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of Tyot shown are eztracted for the high and low temperature
gates on 183T'm (upper part) together with the theoretical calculations including the mo-
tional narrowing effect. The analytical function used to reproduce the spectrum shapes
includes o Gaussian shaped valley. The valley depths extracted from the 83Tm high
(middle part) and low (lower part) temperature gates are compared to the expected val-
ues (lines) both for a Gaussian and Breit- Wigner shaped valley, assuming that 20% of
the transitions for each energy interval in a single specirum consists of statistical E1
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The method was applied to a high spin triple experiment on 2:163T'm made by
the use of NORDBALL and the heavy ion accelerator of the Niels Bohr Institute, by
the 37C1 +13% Te [5] reaction. The data were analyzed with 4 gating conditions, making
use of information from multiplicity and sum energy of the 4w BaF; ball, filtering in the
best possible way the reaction channels (5n)-low-spin and (4n)-high-spin, each with a
low and high sum-energy gate. Perpendicular cuts on the N=1,2,3 and 4 3-D/2-D planes
for energy intervals of 60 keV and transition energy of (E,, + E,,)/2=900 and 960 keV
are shown in Fig.2. The ridge structures (open circles) changing from plane to plane
are carefully stripped off by hand, keeping the expected pattern from the cold region
in mind. The full drawn curves are obtained by first fitting a second order polynomial
to the spectrum on the wings, leaving out the valley region, to take the influence from
feeding into account to first order. Secondly the remaining intensity in the valley region
is fitted by multiplying this polynomial function by the 3D/2D analytical function.

The experimental I'y,: values obtained for the 2 different 4n regions are shown in
Fig.3 and compared to the only existing microscopic calculations (4] made for 18Y'b. The
results are constant within the statistical error yielding in average I'y.o: = 81 keV and 74
keV for the (4n)-high-spin and (5n)-low-spin regions respectively, almost independent of
transition energy, perhaps with a tendency to raise in the region of the first backband.
Only a very small effect of motional narrowing may be observed in the data points at
1080 and 1140 keV for the (4n)-high-spin data set. In contrary to the constant Iy,
a large variation in the valley depth is seen (Fig.3). A reasonable agreement is found
between the depth of the valley and the corresponding I'y,: up to 960 keV transition
energies, especially when a Breit-Wigner function is used, but above this transition
energy an increasing deviation is found.

The extracted I',,; values are significantly smaller than the theoretical predictions
although calculation only is made for the 188Y'b nucleus. Thus the present results cast
serious doubts upon the cranking model picture [3,6] of rotational damping, at least for
rotational frequencies up to about 0.5 MeV. At higher rotational frequencies the more
shallow valleys than predicted by a single Breit-Wigner component may suggest that
the rotational width is probably composed of several different components and that the
RPM method focuses more sensitively on the small I'y,; values.
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Abstract: Statistical spectrum extracted from the 172Yb(a,2n)174Hf reaction was fit with
Monte Carlo simulations using a modified GDR E1 strength function and several
formulations of the level density.

1. Introduction

After formation in a fusion-evaporation reaction, the compound nucleus decays by a
combination of three types of gamma-transitions:! (i) statistical transitions, which remove
excitation energy over the yrast line, but not much spin; (ii) quasi-continuum, collective,
stretched, dipole and quadrupole transitions, which remove angular momentum, but not
much energy; and (iii) discrete transitions, deexciting known, near-yrast levels. The quasi-
continuum, quadrupole transitions go down collective bands that are approximately parallel
to the yrast line, and form a bump on the continuum spectrum at Ey = 1 MeV in rare-earth
nuclei formed at high spin, as in (heavy-ion,xn) reactions. The statistical spectrum depends
on the average gamma-transition strength and the level density, and we hope to extract data
on these quantities. An accurate determination of the statistical spectrum is also important to
studies of the E2 quasi-continuum spectrum, for the accurate removal of the statistical
background.

I1. Experiment

In order to isolate the statistical spectrum, it is necessary to populate the target nucleus
with low angular momentum, minimizing the yield of quasi-continuum quadrupoles. The
172Yb(0r,2n) 1 74Hf reaction was used with a beam of 28 MeV « particles from the Notre
Dame Tandem Van de Graaff accelerator. Reaction y rays were recorded using the University
of Pittsburgh Gamma Array, which consists of 6 Compton suppressed Ge detectors and 14
BGO scintillators. The Ge detectors were in-plane: two at 30°, two at 150°, one at 90° and
one at 105° relative to the beam direction. Thirty million y-y coincidence events were
recorded up to = 5 MeV. In addition, response functions of the Ge detectors were
measured using 14 radioactive gamma sources with energies ranging from 0.122 to
2.754 MeV. The total projected gamma-coincidence spectrum (Fig. 1), shows a smoothly
decreasing exponential, with no broad structure at 1 MeV, which is expected in a fusion
reaction with heavy ions.

ITII. Extraction of Statistical Spectrum

In order to extract the continuum spectrum from the data, the following procedure was
used. For each detector, spectra were gated on the 4¥—2+, 6+—4%, and the 8*—6* lines in
order to select only 174Hf transitions. The lines from the (n,n'y) reactions were then fitted
and subtracted out. The background from Compton-scattered y rays was removed by the
unfolding procedure? of Radford, et al. After their Compton spectra were removed, the
discrete lines were fitted and subtracted from the unfolded spectrum. The remaining spectra
for the six detectors were corrected for the relative efficiencies of the individual detectors as a
function of Ey. The intensity as a function of angle was assumed to follow a Lengendre
polynomial, with the coefficient of P4(cos 8), A4 = 0. The Ag and A2 coefficients can then
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Fig.1. Total projected spectrum. Fig.2. Spectrum of statistical transitions compared

to single transition prediction (solid line)

be determined from the spectra at two angles. Figure 2 displays the isotropic portion of the
continuum spectrum, normalized to the 2+—0* total intensity.

To determine the average energy and angular momentum at which the statistical gamma
cascade is entered and exited, it is first assumed that all cascades go through the 2+—0+
transition, so that the total number of cascades, N¢, is given by the 2+— 0% intensity,
corrected for conversion. The average multiplicity, <my>, for each transition is determined
by dividing its intensity by N¢. For discrete lines, the fitted intensity is used, and for the
statisticals, the number of counts in the energy bin is used. The energy per cascade removed
by a transition is given by Ey<my>, where Eyis the fitted peak energy for discrete
transitions, and the average energy of a bin for the statisticals. The angular momentum
removed is Aly<my>. Alyis known for most of the discrete transitions, and is assumed to
be 0.5 4 for the statistical transitions. Table 1 gives the calculated total values.

~ IV. Calculation of the Statistical Spectrum

The spectral distribution, v(Ey), of primary y rays is proportional to the average
gamma-transition probability and the level density. If the statistical gammas were only
electric dipole in nature3, then .

V(Ey) < E) f5, By 2. pEi- EyID/pELl) (1)
Ir

where fg; is proportional to the average B(E1) value, p is the level density, i is the initial
state, f is the final state, and I is the spin. In general, the spectral distribution would be
composed of a sum of contributions of different multipolarities of both electric and magnetic
transitions. For simplicity, in the present study it was assumed that the statistical cascade is
composed of electric dipole transitions only, since these are the strongest in single particle

Table 1. Multiplicities of transitions, and energy and angular momentum removed.

discrete statistical total
<my> 4.202 + 0.475 4.262 £ 0.018 8.464+ 0.493
Ey MeV] 1.680 + 0.131 6.565 + 0.121 8.245+ 0.252
Iy @ 6.705 = 0.853 2.146% 0.009 8.851+ 0.862
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estimates. We take fg; to be dominated by the giant E1 resonance, and that it exhausts the E1
sum rule#3, so that

fEl = SONZA-Sﬂ(]. + 0.8X) E’Y I‘G{(Ei - EZG)2 + (rGEy)z}-l (2)

where x = 0.5 is the fractionS of exchange forces in the nuclear force. The energy and width
of the GDR are estimated by Eg ~ 80 A-1/3 MeV, which correspond to Eg ~ 14.6 MeV for
174Hf, and I'g =~ 5 MeV, respectively. This expression matches the measured strength
function from the photoabsorption spectrum, but overestimates the strength at low energies?
(Ey<5 MeV) by about 30%.

Kadmenskii, Markushev, and Furman® (KMF) address this by including quasiparticle
fragmentation in a microscopic calculation of the strength function. The result is to multiply

fg1 at low Eyby a factor )
g = 0.7(E} + 2Ug3gEen)/Ey Eg 3

where U is the energy of the final state of the transition and the density of single particle
states at the Fermi energy is g(€g). Since eq.3 fits the measured strength function®, the KMF
formulation of the E1 strength function is adopted for this work.

The other major component in eq.1 is the level density. The effect of pairing on the
level density is to reduce the number of states below the pairing gap to zero, but this effect
decreases as a function of spin. This was simulated with a level density yrast line (LDYL),
which was determined by fitting E;py;. = Eq + (#2/29)1(I+1) to the first levels lying above
the ground state and beta-vibrational band for each spin, where J1is an effective moment of
inertia for the LDYL. The intrinsic excitation energy U is measured relative to the LDYL:
U = Eex - Erpyr. The spin dependence of the level density is taken to be 9

P(Eex]) = (21+1)(A225)*p(U,0) @)

Three level density formulas have been used: the Constant Temperature formula (CT),
the Fermi-gas model formula 9 (FG), and the Grossjean and Feldmeier Fermi-gas formulal¢
(GFFG):

CT: p(U) = 1/T exp(U/T) (%)

. B exp(+/aU) 6
FG: p(U) = (Va/24) E+Gr)T)? (6)

T=VU/a +9/16a + (3/4) a

)

GFFG : p(U) = 8(U) + exp((UT) + aT) 1 - exp(-aT)
Vasu  V1-unT)exp(-al)
U =aT2/(1 - exp(-aT))
The level density parameter a = n2g(eg)/6, and the nuclear temperature T ~ VU/a.

The CT formula arises from assuming a nuclear temperature, and using the Fermi-
distribution for a simple calculation of the level density based on the density of single-particle
states near the Fermi energy.

The FG formula arises from a detailed statistical mechanical calculation, in which it is
assumed that the density of single particle states is a smooth function.
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The GFFG formula is calculated following the same procedure as the FG formula,
except that the ground state is taken into account with a delta function, thus fixing the
divergence at low energy arising from the denominator in the standard Fermi-gas formula.

The statistical cascade, from an entry distribution in phase space, to within 1 MeV of
the yrast line was modeled in a Monte Carlo simulation!!, using eq. 1 with the KMF
strength function and the three level density expressions. The probability of decay by a given
transition is given by V(Ey), and the cascades typically proceed through several transitions.
The average entry point of the cascade was fixed at the value calculated from the experimental
data. When using the CT level density, T was varied, and when using the two FG formulas,
a was varied. The resulting spectra were normalized to the number of cascades.

In Fig.2, the experimental spectrum has been fit with the expression A E$ exp(-Ey/T),
where A is an amplitude, and T is analogous to temperature in eq. 5. This corresponds to a
cascade consisting of a single yray, with a constant temperature level density, no change in
spin, and a constant fg; as a function of energy. This and related expressions!:12:13 have
typically been used to fit the continuum spectrum above 2.5 MeV, to then subtract the fit as
the background to the quasi-continuum spectrum. In Fig.2, for an da-induced reaction, this fit
is only good above 1.5 MeV, whereas for rare-earth nuclei formed at high spin, the quasi-
continuum bump typically is centered around 1 MeV. Therefore, this expression is not
adequate to determine the background of the quasi-continuum.

Figure 3 shows the results of the Monte Carlo simulations. These simulations consist
of cascades of several statistical transitions, with realistic expressions for the level density

] : (a)
] T=0.57 MeV - T=0.8 MeV
- ; E ;
] (b) -
3 a =26/ MeV a=30/MeV} a=34/Mev'
SRS .S | ..
] ©
] a =18 [ MeV ' \ = 26 / MeV
' k

Fig:3. Monte Carlo simulations f the statistical spectrum. Histograms are experimental data. The fits are
for different expressions for the level density: (a8) CT formula, (b) FG formula, (c) GFFG formula
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and the E1 strength function. All three expressions for the level density are able to produce a
good fit of the data down to 1 MeV, with the GFFG formula giving the best fit, although
comparable to the CT formula. In particular, we note that for the GFFG formula, the level
density parameter, & = 22/MeV, is consistent with both a diffuse Fermi-gas formula
estimate,14 a = (A/14.61) (1 + 4 A-13) = 20.44 / MeV, and a = A/8 = 21.75 / MeV,
determined from a fit of neutron resonance densities across a wide range of nuclear mass.15
Similarly, if we take @ =21 /MeV and U = aT?2 for the constant temperature formula, for an
intrinsic excitation of 9 MeV, T = 0.65 MeV.

V. Summary and Conclusions

The spectrum of statistical gamma transitions was measured in the 172Yb(o:,2n)174Hf
reaction. This spectrum was fit to a simple formula corresponding to a single transition in the
statistical cascade, and to Monte Carlo simulations with multiple transitions in the cascade,
using realistic expressions for the average gamma-transition probability, but considering only
E1 transitions.

The data could not be fit with the single-transition model below Ey= 1.5 MeV. With
the Monte Carlo simulations it is possible to fit the data down to Ey = 1 MeV. The GFFG
formula gives the best fit, with level density parameter close to that expected, but the CT
formula gives a comparable fit.

The yield of statisticals is underestimated by the realistic models at low energy.
However, M1 and E2 transitions are expected to become more important as the cascade
approaches the vicinity of the yrast line, and the statistical nature of the transitions eventually
gives way to domination by nuclear structure effects.

In the study of quasi-continuum transitions, the use of the expression A E?, exp(-Ey/T)
is not recommended, because it can only reproduce the observed statistical spectrum down to
Ey=~ 1.5 MeV. An improved determination of the statistical background can be obtained by
using a Monte Carlo simulation of a multiple transition cascade, using eq.1 to determine the
transition probabilities, with a Constant Temperature level density and the KMF gamma-
strength function. To determine the temperature, the data can be fit above Ey> 2.5 MeV.
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The giant dipole resonance and the shape of hot nuclei
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Information on the nuclear shapes and on their changes with spin (I) and
excitation energy (E*) for hot rotating compound nuclei can be obtained through
the study of the gamma decay of the Giant Dipole Resonance (GDR). However,
because the shape and orientation of nuclei at finite temperature display large
fluctuations the measured GDR response functions reflect effective nuclear defor-
mations which can be different from the equilibrium deformation. These effective
deformations depend not only on the size of the fluctuations but also on the dy-
namics of the coupling of the GDR vibrations to quadrupole surface vibrations.

. A systematic study of the angular distribution of the gamma rays emitted by the
GDR has been undertaken. They are expected to provide a stringent test of the
exsisting theoretical models (cf. refs. 1 and 2). Contrary to the angular integrated
response, angular distributions do not require a statistical model analysis and are
expected to have a larger sensitivity to orientation fluctuations. Some of the most
recent results are here discussed, the central theme being the dependence of the
angular anisotropy on spin for two mass regions, namely A~160-170 (185-1¢"Er,

162Yb) and A~110 (1%9-1108p),

The Sn isotopes are spherical in their ground states and are expected to
become oblate under the stress of rotations, with a deformation that increases with
the size of the nuclear spin. The situation is different for 161=12Yb and '¢5-1$"Er
which have prolate ground states and which are expected to become first spherical
and then oblate as a function of rotational frequency w and temperature T. The
critical values of w and T at which these transitions take place are rather small for

soft nuclei like 182~192YD and considerably larger for mid-shell nuclei like 183~1%"Er

(N=97-99).

The compound nucleus reactions that were employed are listed in table 1. The
~ rays emitted by the reactions were measured by the detection system HECTOR.
It consists of 8 large volume BaF, detectors (14.5 cm in diameter x 17.5 cm in
length) positioned at 4 different angle pairs (£165°, £135%, £90°, and 45°) that
measure the energy and the time of the high energy gamma rays and 14 small
BaF; (5.54cm x 5.54 cm covering all together 30 % solid angle) placed around the

target used as a multiplicity filter for low-energy v transitions. Gain drifts of the
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large volume BaF'; were corrected to bet-
ter that 0.2% using the light pulses of an
LED system.

The quadrupole coefficients a; were
extracted as a function of the 4 energy
E., by fitting the measured spectra of the

high energy 4 rays with the function N(E,,6) =

No(E,)[1+az2(E)Pz(cosh)], where Pz(cosb)

is the Legendre polinomy.

The a,(E.,) distributions for the nu-
clei 185-187Er are presented in figure 1.
In spite of the fact that the average an-
gular momenta imparted to the 146 ~2%7Er
nuclei (247 and 26%) are approximately
twice of the value for 1**Er (14%) the mea-;
sured anistropies are almost identical and
very small (2-3%). This result indicates
that the GDR sees an effective  deforma-
tion that is very small. In principle, this
is not incompatible with the fact that be-
cause of the modest temperature of the
system under study shell effects are ex-
pected to be important. This,together
with the fact that the rotational frequen-
cies in question are small, suggests that
the expected deformation cannot be much"
different to that of the equilibrium which
is characterized at T=1.3 MeV by § ~
0.2. In spite of this fact the anisotropies
calculated at the equilibrium deformations
(dashed-dotted lines of figure 1) are much
larger than those observed experimentally.:
Consequently, one can expect thermal fluc-
tuatuions to play a central role. To check
this point a detailed theoretical analysis
is needed. We will only discuss the most
straighforward calculations.

The a, predictions presented in this

report were obtained making use of the
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Fig. 1 ay coefficients as a func-
tion of the transition energy of the gamama
rays emitted by 14*~14"Er with excita-
tion energy and spin given in the table.
The curves correspond to: equilibrium
deformation (dotted-dashed lines), adi-
abatical model with shape fluctuations
(dashed lines) and with shape and ori-
entation fluctuations (full lines).
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Reaction E, (MeV) E* (MeV) (J)(R)

170 + 150Nd — 187Er 85 64 ~ 26
180 4 148Nd — 196Fr 78 56 ~ 24
170 4+ 148Nd — 183Er 70 48 ~ 14
487 4 11404 — 1%2YD 223 75 ~ 46
48T] + 82Nj — 1108n 223 92 ~ 40

48T 4+ ®INj — 1998n 209 80 ~ 40

Table 1 In this table the incident laboratory energy E., the excitation energy

E* and the average angular momentum (J)

all the reactions used in the present study.

48Tj+114Cd=162YDb

0.0 v - - v v
T 162Yb: Eeadd MeV {

A2

® =37

N . A i "
p 2 5.0 7.5 10:0 123

162Yb: Ee=47 MeV

A2

[ | B =47

as a0 13 100 123

138

GAMMA ENERGY (MEV)

of the compound nuclei are given for

Fig. 2 a; coefficients as a func-
tion of the transition energy of the gamma
rays emitted by 1%2Yb. In these leg-
enda E* is the excitation energy above
yrast. In the top panel the data cor-
respond to an average spin of 374, in
the bottom to 47h. The curves cor-
respond to: equilibrium deformation
(full lines), adiabatical model with shape
fluctuations (short dashed lines) and
with orientation and shape fluctuations.
{dotted-dashed and long-dashed lines).
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models of references 1 and 2. In the most general model of thermal shape and ori-
entation fluctuations the time dependence of these fluctuations may play a central
role. Two limits of this model are the adiabatic and that in which the frequency
with which the shape and orientation change is much larger that the spreading in
frequency induced by the coupling of the GDR to the surface. In the first case the
GDR sees the nucleus as an ensemble of static shapes. In the second, the GDR
approximately only sees the average deformation of the system*. The dashed
and full drawn lines of figure 1 are adiabatical calculations, the first accounting
only for shape fluctuations and the second including also orientation fluctuations.
While the magnitude of the low spin data are underestimated by the calculations
with shape and orientation fluctuations, the two other sets of data are fairly well
reproduced. This fact indicates that orientation fluctuations are overestimated
at low spins. A possible explanation is connected to the form of the shape and
orientation probability at low rotational frequency. It has been found [ref 3] that
this probability is different when it is calculated at constant E* and I instead of
constant T and w (used for these calculations). To investigate if this has an effect
on the GDR response one needs data corresponding to a well defined and narrow
region of spin, especially at low spin where the rate of change of the a; with the
rotational frequency is predicted to be large. In the case of figure 1 the calcula-
tions were made at the rotational frequency associated to the average spin of the

triangular spin distribution of the compound.

Some of the data obtained for 82Yb are shown in figure 2. The two sets
correspond to the same CN reactions and to different gates on the coincidence
folds in the multiplicity filter. The associated average spins are 37 and 47 for
the top and bottom part, respectively. These data evidence spin effects since the
experimental anisotropiesincrease almost a factor of two when the average angular
momentum is increased by only 10 % and the temperature goes from 1.35 to 1.25.
The comparison with the model predictions shows that it is difficult to choosg

among the three different calculations for both spin gates.

The situation is different in the case of 199~119Sy as it is shown in figure 3
in which the experimental and calculated values of the a; averaged in the interval
E.,=11-14 MeV are plotted. In this interval of v transition energies, the angular
anisotropies as in the cases of %*~1¢"Er and !2Yb have small errors and their
absolute values are the largest. Two remarks can be made observing the data alone:
first the a; are basically unchanged at the two excitation energies 80 MeV (open
squares) and 92 MeV (filled circles), second the increase of the magnitude of the
a; with spin is more pronounced than in ®2Yb. The comparison with calculations
displays that the results for the equilibrium deformation substantially overpredict

the magnitude of the observed a; in all range of angular momenta, except the
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Fig. 3 Averaged values of the a; coefficients in the interval 11 < E, <14
MeV for 1°°Sn (open squares) and 11°Sn (filled circles). The excitation energies
are 80 and 92 MeV, respectively. The calculated curves correspond to: equilibrium
deformation (dotted-dashed line), adiabatical model with shape and orientation
fluctuations (solid line) and adiabatical model with shape and orientation fluctu-
ations and with more realistic line shapes(dashed line).

better the magnitude of the observed a; at the lower angular momentum, but
underpredicting the data at higher angular momenta.

To which extent these results reflect the rate of change with angular momen-
tum of the hopping in the nuclear shape and orientation (motional narrowing) is
an open question. We are currently investigating this point with data obtained
with a better multiplicity filter consisting of 38 elements and covering 85% solid
angle. With this increased experimental sensitivity and with a better theoretical
description we expect to learn more on shapes, fluctuations and on their coupling

to the GDR.

1 ) W.E. Ormand et al., Phys. Rev. Lett. 64,2254 (1990) and to be published

2 ) Y. Alhassid et al., Phys. Rev. Lett 65,2527 (1990).
3 ) A. Goodman, Nucl. Phys. A258,348(1991) and to be pubblished

** To be noted that calculations at the equilibrium deformation provide an ap-
proximate estimate of the effect of time dependence of the fluctuations in the limit
where the hopping frequency in the orientation and shape fluctuations is infinite.
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STATISTICAL ORIENTATION FLUCTUATIONS:
CONSTANT ANGULAR MOMENTUM VERSUS
CONSTANT ROTATIONAL FREQUENCY CONSTRAINTS

Alan L. Goodman
Physics Department, Tulane University
New Orleans, Louisiana 70118

ABSTRACT

Statistical orientation fluctuations are calculated with two
alternative  assumptions: (1) the rotational frequency remains
constant as the shape orientation fluctuates, and (2) the average
angular momentum remains constant as the shape orientation
fluctuates.

1. INTRODUCTION

If a hot rotating even-even nucleus is in an equilibrium state,
then the rotation axis is wusually parallel to a principal axis of the
intrinsic  shape. However thermal fluctuations can  populate
non-equilibrium states in which the rotation axis does not coincide
with a principal axis [1]. In such states, the orientation of the
intrinsic principal axes with respect to the rotation axis is defined
by the angles (6,9). The statistical orientation fluctuations
generate an  orientation probability distribution P(8,9). Two
alternative = methods for calculating this  distribution will be
compared.

2. ORIENTATION DISTRIBUTIONS

The conventional assumption 1is that the nuclear rotational
frequency remains constant as the orientation angles fluctuate [1,2].
If the nucleus has specified frequency w and temperature T, then the
equilibrium state minimizes the free enmergy in the rotating frame

F'(0,¢;0,T) = E - TS - wel, (1)

where E= <H> is the energy, S is the entropy, and I=<J > is the angular

momentum. The probability that the nucleus has an orientation (6,9)
is [1,2]

P(0,6;0,T) o €F 'T. | 2)

The constant frequency distribution (2) may be defective. As an
example, let the nuclear shape be axially symmetric.  The limiting
values of the orientation angle 6 are 90° (rotation  axis
perpendicular to symmetry axis) and 0° (rotation axis parallel to
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symmetry axis), For §=90°, the spin is Jw, and at §=0°, the spin is
Jz w. If w is the same for all orientations, then the ratio of these
spins is

1(6=90° Jx

0 3)
I(6=0") JZ

For a deformation f=0.3, this spin ratio is ~1.35. For example, if
1(§=0°)=30n, then I(6=90°) = 40n. Since the nucleus is an isolated
system, its angular momentum should be conserved during the
orientation fluctuations. However in this simple example, spin
conservation is violated by 10h. This unphysical result is caused by
the assumption that @ remains constant during the orientation
fluctuations. Furthermore the variable which 1s quantized and
observed is the spin, not the rotational frequency.

Consequently the nuclear spin should remain constant as the

orientation angles fluctuate. If the nucleus has specified 1 and T,
then the equilibrium state minimizes the free energy

and the orientation probability distribution is

P(6,6;LT) « e™'7. (%)

Mean field theories generate wave functions for deformed nuclei
which do not conserve angular momentum. Instead one considers the
average spin, defined by '

Id+1) = <Jx>2 + <Jy>2 + <Jz>2 , (6)

where (x,y,z) are the intrinsic principal axes.  Consequently if mean
field theories are used to calculate orientation fluctuations, then
the spin cannot be conserved. Instead we apply the less stringent
requirement that each orientation (f,¢) has the same average spin,
i.e., the same value of I defined in eq. (6).

3. j = 13/2 MODEL

Is the constant « orientation distribution (2) a good
approximation to the correct constant I orientation distribution (§5)?
Consider an axially symmetric quadrupole potential, where z 1is the
symmetry axis. Restrict the model space to the j=13/2 shell. For
axial symmetry, all values of ¢ are equivalent, so let ¢=0°. Then
the potential in the rotating frame is ’

~-hw
h'(w,0) = 172 BQ,, - I sinb - wJ cosd - uN, ¥0)
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Fig. 1. The orientation probability P versus the orientation
angle 6 for the j=13/2 model. The constant average spin constraint
is compared to the constant rotational frequency constraint.
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Fig. 2. See Fig. 1.
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where 6 is the angle between the rotation axis and the symmetry axis,
S is the quadrupole deformation, @, is the oscillator frequency, b is

the oscillator length, and u is the chemical potential.

The constant spin distribution (5) will now be compared to the
constant frequency distribution (2). Con%der the equilibrium state
with the properties T/k = 0.1, J = [IQ+1)]"° = 12, w/k = 0.106, and
@ = 90°. (The constant x is proportional to B, where k = 2.6 MeV for
a rare-earth nucleus with £=0.3.) The orientation fluctuations about
this equilibrium state are calculated (a) with constant J=12, and (b)

with constant w/k = 0.106. The two orientation distributions are
compared in Fig. 1. Fig. 2 gives a similar comparison for
fluctuations around the equilibrium state with T/k = 0.5, J = 12, w/k
= 0.159, and 8 = 90°. The differences between the constant spin

probability and the constant frequency probability are as large as
0.22, and differences on the order of 0.1 seem to be typical. For
orientations near 6=90°, the constant spin constraint gives larger
relative ‘probabilities than the constant frequency constraint. For
orientations near §=0°, the reverse occurs.

If we use the constant ¢ constraint, then each orientation &
will have a different average spin J. Fig. 3 shows J(#) for the two
equilibrium states in Figs.. 1 .and 2. For T/x=0.5 and w/kx = 0.159,
the spin varies from 12.0n at 6=90° to 7.5n at 6=0°.  Therefore
angular momentum conservation is violated by 4.5h during the
orientation fluctuations. =~ Fig. 2 shows that this violation occurs
with a large relative probability of 0.44 (8=0°). Similarly for
T/xk=0.1 and w/k = 0.106, the spin varies from 12.0h at #=90° to 5.2h
at 6=0°. Angular momentum conservation is violated by 6.8n. These
violations of spin conservation are unphysical consequences of the
constant  constraint.

14' v 11 ¥ L3 M L ¥ ¥ v v ¥t A T v L
12

10

SPIN

w/x=0.106

0 10 20 30 40 50 60 70 80 90
6 (deg)
Fig. 3. The average spin J versus the orientation angle 6 for

the j=13/2 model. The constant rotational frequency constraint is
used. The equilibrium orientation (#=90°) has J=12,
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4. LANDAU MODEL
The Landau model of shape transitions developed by Alhassid
et.al. [1,2] can also be wused to compare the two constraints.
Consider an axially symmetric shape. The constant @ orientation
distribution is [1,2]

P(6;w,T) a exp [(stinze + JZCOSZB) @*12T), (8)

and the constant I orientation distribution is
stinzﬁ + choszﬂ

ﬂi sin’f + .ﬁz cos26

P(6;I,T) o exp [ - [

1(1+1)]. ©)

For a prolate shape, the w in eq. (8) and the I in eq. (9) are
related by the equilibrium constraint

I+ = g 0. (10)

The differences between the constant @ distribution (8) and the
constant I distribution (9) are comparable to the differences found
with the j=13/2 model. Since Jx /.7z increases with B, the difference

between the two constraints is larger for a superdeformed shape than
for a normai deformed shape.

5. CONCLUSIONS
Statistical orientation fluctuations should be calculated with a
constant spin constraint, or at least with a constant average spin.
The constant w orientation distribution may be a poor approximation
to the constant I orientation distribution. The constant
constraint causes large violations of angular momentum conservation.
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Delayed Band Crossing in the Unfavoured Signature Partner
of the hy/[541]1/2~ Band in '*Tm

H.J. Jensen!, G.B. Hagemann!, P.O. Tjgm?, A. Atac!, M. Bergstrom?, A.
Bracco®, A. Brockstedt3, H. Carlsson®, P. Ekstrom3, J.M. Espino?, B. Herskind?,
F. Ingebretsen?, J. Jongman®, S. Leoni®, R.M. Lieder!, T. Lonnroth’, A.
Maj!, B. Million®, A. Nordlund?3, J. Nyberg!, M. Piiparinen®, H. Ryde3?, M.
Sugawaral! and A. Virtanen!.

There is a close relation between the occupation of the configurations in which the
single particle energy has the largest slope with respect to a deformation of the nuclear
mean field and the nuclear shape and shape stability. The high-j intruder states play a
dominant role in this respect.

The strongly shape driving whg/,[541]1/2~ configuration with o = +1/2 exhibits some
anomalous, and so far unexplained, features concerning the crossing frequency, Aw., the
aligned angular momentum, i, and interaction strength, at the alignment of the first
-pair of 4,372 quasineutrons in several odd Z-rare earth-nuclei. The expected change in
equilibrium deformation for this he /2(541]1/2- conﬁguratmn obtained from self consistent
calculations[1], can explam a fraction of the observed shift in Aw, varying from 20 - 60 %
only, in the cases where these shifts are large[2]. In **3Tm an observed[3] shift of ~ 80
keV relative to the other proton configurations, in particular the 7k /, bands, as well
as the neighbouring even-even nuclei, has been discussed[3] in terms of a possible shape
change and a shape induced neutron pairing change, with no satisfactory explanation.

Similar information on the unfavoured & = —1/2 signature partner of the hy/,[541]1/2~
configuration has usually not been established in high spin spectroscopy, since this band is
very weakly populated due to the expected large energy signature splitting. Furthermore,
a large signature splitting may cause the inband rotational decay sequence, which is the
experimental signature of a rotational band, to be diluted by competing M1 transitions
of rather large energies and with no outstanding energy pattern. In many rare earth
nuclei large E1 matrix elements have been established between specific configurations. For
example, in the isotope ”Tm there are many connections(4] between both the favoured
and unfavoured partners of the [411]1/2% and the [541]1/2~ bands by E1 transitions,
which may be explained[5] as a consequence of coupling to octupole degrees of freedom.
Such E1 transitions may complicate the decay pattern even further, but, on the other
hand also serve as a guideline for recognizing this particular band.
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In this communication we report on a band
in ¥Tm which due to its structure and de-
cay properties may be interpreted as the un-

favoured a = —1/2 signature partner of the

hg/2[541]1/2~ configuration. 029.0
The nucleus 3Tm was populated in the

(37Cl, xn) reaction. The y-rays were detected s7a02)  av2*

using the NORDBALL array equipped with

20 Compton suppressed Ge-spectrometers, .
743. -

and an inner BaF,; ball used to select the : se57___(4327)
4n reaction channel. A total of more than PR s090.8  452”
2-10° two and higher fold coincidence events o 739)
were collected. The results from this data 656.6
concerning the hg/,[541]1/27, a = 4+1/2 and 710 4wzl 4sess e | goa)
hy1/2]523]7/2~, & = £1/2 configurations are . iaazy e

11/2 4319.7 4172
given in ref.[3]. 1 s
A more detailed analysis of the data has re- ore  swzt | avecs 1298 i
vealed a new, weakly populated band, which R sy (527
decays to both the known hg/y[541]1/27, sy st | s713.6y 312"
a = +1/2 band as well as the [411]1/2%, ,
a = +1/2 band. In this analysis a clean s167 %823 4 .y i
"cube” of ~ 1.3 - 108 triple fold evenis se- ey swzt Ay g
lected from the 4n channel has been utilized. 0145y 332~

The data were sorted with an energy de- 4s49 32l y 20928

pendent dispersion to reduce the necessary
disc space for the cube. For establishing
such weak band structures it is crucial that
the main gates in which the weak transitions
are observed can be checked for contamina-
tions. Even though the triple statistics was
not sufficient to establish the relative intensi-
ties of the weak transitions in the new band
in double gating, valuable information about
contamination and coincidence relationship
in the related band structures could be ob-
tained.

Figure 1: Partial level scheme of 183Tm. The

new band shown to the right-hand side decays zer 3000782 . 10 21211 527
to both the hg/;[541]1/2~, @ = +1/2 band as m':‘;f;—y\z,w&,ﬂj qu.s)

ell as the [411]1/2%+, a = +1/2 band. Weak
X'a.nsitiotns a[re ggvén in parex-;:h/esis. [41 1]1/ 2+ [541 ]1/ 2-
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The most strongly populated bands in 83Tm are built on the [523]7/2~ configuration.
Relative to these the favoured [541]1/2~ has a population[3] of ~ 20% at I ~ 15k, whereas
the new band has a strength of ~ 2% only, in accordance with a large signature splitting

of ~ 0.5 MeV.
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Figure 2: Spectra of transitions in '¥3Tm corresponding to a gate on the 33/2~ — 29/2~ tran-
sition in the favoured [541]1/2~ band (lower part) together with gates on the (31/27) — (27/27)
(middle part) and (23/27) — (19/27) (upper part) transitions in the new (unfavoured [541]1/2)
band. The competing (M1,I—I~1) transitions are marked with an asterisk and the (E1,I--I-1)
transitions to the [411]1/2% band with two asterisks.

The decay properties of the new band are illustrated in fig. 2. It is indeed these
decay properties that determines the signature of the new band to be &« = —1/2 and the
most likely parity to be negative, since there is no positive parity band expected at this
excitation energy with matching properties. The [402]5/2% configuration is known at the
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lowest spins and is too low in excitation energy for the new band to be its extension. The
[411]3/2* configuration also known at the lowest spins is higher in energy. If the new band
is the high spin extension of this configuration, then the multipolarity of the transitions
marked with one and two asteriks would be reversed. The [411]3/2% configuration is well
established[4] in ¥ Tm. It has some decay strength to the [411]1/2% band but no decay
to the [541]1/2~ band. Furthermore, the [411]3/2% band in !'Tm has both signatures
established and M1 transitions observed between them. On this basis we tentatively as-
sign the new band as the unfavoured signature partner of the hg/,[541]1/2~ configuration.
The intensity by which the new band decays out of band relative to the inband rotational
cascades corresponds, if interpreted as the unfavoured hg/,[541]1/2~ band, to B(M1) and
B(E1) values in qualitative agreement with the observations[4] in **"Tm.
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Figure 3: Excitation energy versus spin for both signature partners of the whg/,[541]1/27,
the [411]1/2% and the mhy;/5[523]7/2 bands relative to a rigid rotor with moment of inertia
S = 60R2MeV ! for 13Tm and %" Tm.

In the following we compare the observed features of the new band with those in the
isotope 16’Tm, for which the unfavoured [541]1/2~ band is firmly established[4] up to
a spin value of I=31/2. In fig. 3 the relative excitation energies for the hg/[541]1/2~,
the [411]1/2% and also the hy,/,[523]7/2~ bands are displayed for the two Tm isotopes
as a function of I. The signature splitting in [541]1/2~ is ~ 12 % smaller in ®*Tm
than in "Tm. From cranking calculations based on the modified oscillator potential
the signature splitting for **Tm is not expected to depend on deformation. The ex-
perimental trend in both Tm and Lu isotopes with neutron number N ~ 100, though,
show a decrease of the signature splitting with decreasing neutron number (i.e decreasing
deformation[1]) in agreement with the present case. The relative positions of the [411]1/2+
and [541]1/2~ configurations are very similar in the two isotopes, which is a good reason
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to expect the E1 matrix elements to be comparable, as observed.
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Figure 4: Experimental alignment of the two signatures of the [5641]1/2~ band (open and filled
circles) and the [411]1/2% band (open and filled squares) in %3Tm and '$"Tm as a function of
rotational frequency, fiw relative to the same reference with Harris parameters S = 40h°MeV—1
and §1 = 40r*MeV 3,

The aligned angular momentum for the {411]1/2% and [541]1/2 bands in both ¥ Tm
and ¥"Tm are shown in fig. 4. It should be noted that all the other bands in Tm
observed to sufficiently high rotational frequency show the AB neutron crossing roughly
at the same frequency as the [411]1/2% bands, but are left off the figure here to simplify
the picture. The unfavoured [541]1/2~ band in both nuclei show a gradual increase in
alignment which causes the unfavoured signature partner to have a larger alignment than
‘the favoured signature partner above fiw ~ 0.25 MeV in contrast to an expected difference
in alignment of ~ 1% between the two signatures. A possible explanation for this could be a
large interaction with the closest negative parity band of the same signature, which would
be the next hyy/, orbit i.e. [514]9/27 or [532]5/27. It is in this respect interesting to note
that the interaction between the favoured hg/3[541]1/2~ and hy;/,{523]7/2 configurations
is measured to be 7.5 keV in ¥3*Tm and in ™ Lu the interaction between the unfavoured
hy/2[541]1/2~ and [514]9/2~ configurations can be estimated to be smaller than 4 keV
from the level distances[6]. An alternative explanation could be mixing of especially the
unfavoured [541]1/2~ to a gamma vibration built on [541]1/2~ with K = |1/2 - 2| =
3/2. This gamma band has possibly been observed[4] in " Tm at an excitation energy
relative to the favoured and unfavoured [541]1/2~ configurations of ~ 800 and 350 keV
respectively, at I~ 10Ah. Mixing between such bands can be large since they have AK = 1.
Furthermore, the unfavoured signature will mix much stronger due to the smaller energy
difference.
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The shifts in frequency of the AB crossing is at least as large for the unfavoured
signature of the 7hg/[541]1/2™ band as for the favoured signature partner. This new
observation therefore rules out the possibility of a smaller crossing frequency shift when
averaged over both signatures. It can be noted that in !*3Tm with the Fermi level below
the [541]1 /2~ configuration the unfavoured signature partner is expected to have the same
equilibrium shape as the favoured one[7]. The delayed crossing in strongly shape driving
intruder bands could be caused by a neutron-proton interaction as suggested in ref.[8]. A
calculation within the particle-rotor model and a Qu - @ p interaction expressed in double
stretched coordinates, though, cannot explain[9] the delay observed in *3Tm.

Future analysis of the M1 decay pattern may hopefully provide additional information
about the structure of the wave function of these strongly shape driving intruder bands.
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Spectroscopy of Very Neutron-Deficient Hafnium and Tungsten Isotopes
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Abstract: Level schemes of the very neutron-deficient isotopes 158Hf and 162W have
been identified, and that for 164W extended. Alignment of the hg, neutrons is
suggested.

As the neutron number approaches the closed shell at N=82, the isotopes of tungsten (Z=74) and
hafnium (Z=72) should correspondingly be less deformed. Figure 1 shows the deformations
predicted from the potential-energy-
surface calculations of Nazarewicz, Riley
- and Garrett [1] and Méller and Nix {2} 0.05 - -
(combined only approximately because
they are derived from different potentials).
Examination of the Nilsson scheme for
deformation 2 5 0.1 places the neutron 0.00
Fermi level at N ~ 86, close to the low-Q
orbitals of the hgy; neutron, and well below f 4
the Q = 1/2 orbital of the i13p neutron.

Since the proton Fermi level is still high in -0.05
its h11p2 shell (relative to lower-Z nuclei
such as erbium), band-crossings due to
competing particle alighments, for the first
time in this region should favour the hgp
neutron. This can be seen from Figure 2
which shows the crossing frequencies
calculated with the CSM for a hypothetical 0.0 0.1 5 0.2 0.3
158Hf nucleus as a function of a fixed

quadrupole deformation. A deformation

€ < 0.1 also corresponds to the region Figure 1

where the pseudo-spin partner orbitals derived from the f7/2 and hgy neutrons at sphericity, exchange
character. This may be manifested as a change in signature favouring in the 1-, 2- and 3-
quasiparticle bands containing these orbitals, since an f77; character favours o = —1/2, whereas hgp
favours o = +1/2. These nuclei may also be susceptible to octupole effects since the neutron number
N ~ 86 is optimal and quadrupole deformation is weak.

The lightest hafnium isotope whose level scheme is known, except for the closed shell case 154yyf
which was observed through the decay of a seniority isomer [3], is 160Hf, studied by Murzel et al [4].
The lightest tungsten isotope previously studied is 164W, whose yrast band was recently reported by
Simpson et al [5].

Population of such neutron-deficient nuclei in (heavy ion, xn) reactions becomes problematic
because of fission competition which reduces the residue cross-section, and because of
fragmentation of the cross-section in a particular channel when charged-particle emission becomes

-0.10 .
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competitive. Nevertheless, astute choice L L L L L A BB R B )
of reactions which use heavy beams near
the Coulomb barrier and involve proton
emission and also minimises the number of
evaporated particles make some cases
accessible. This tactic was recognised by
the Munich [6] and Purdue/Argonne
groups [7] and successfully employed in
our identification of the lightest platinum
and mercury isotopes known to date [8,9].
It should be remembered however, that if
fission is the main limitation, level
schemes extending to high spins cannot be
obtained since the fission channel depletes
the high 2-values. This limitation will be R B S ST S T N T SR R T
evident when new nuclei become 0.05 0.10 0.15 0.20
accessible, in principle, using neutron- e
deficient, radioactive beams. 2

Figure2

We have confirmed and extended the level scheme of 164W using the
109Ag(58Ni,p2n) reaction and identified for the first time levels in 158Hf (N=86) and 162w
(N=88) using, respectively, 107Ag(58Ni, p2n)162W and 107 Ag(54Fe,p2n)!58Hf reactions. As a by-
product, level schemes were also obtained for 163W and 159Hf, the latter being observed in two of
the bombardments. The bulk of the measurements were carried out using 253 MeV, 38Ni and 233
MeV, 34Fe beams from the 88-inch cyclotron (in combination with the ECR source) at the Lawrence
Berkeley Laboratory. Gamma-rays were observed in the 21-detector array, HERA. Additional
measurements were carried out, and are still in progress at the ANU, 14 UD Pelletron facility.

hog (MeV)

Assignment to a specific proton number Ko K5
was made on the basis of coincidences . Bll

between the main transitions and 2000 - ‘ o
characteristic X-rays, examples of which -

are shown in Figure 3. (Note that this 1000 |-
requires minimal absorbers and due 5 A
| 1.

T [ T
162W gates

attention to time-walk for low-energy 0 e 1 T
transitions.) The main products in the 6000 - 162Ta gates
bombardments are the odd-odd nuclei &, [ ]
162Ta and 158Lu for which level schemes 5 A ]
are also being constructed. X-ray © 2000 |- ! f ]
coincidences in these cases are generally 0 I e ] e e .
more intense because of the presence in 3000 162Hf gates

the level schemes of relatively low energy
MI transitions which, through their large 2000
conversion coefficients, lead to high X-ray 1000
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energy [keV]

Figure 3
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For 164W, two sidebands which collect a substantial part of the yrast intensity, were identified.
They are similar in structure to the negative parity bands known [10,11] in the isotone 162Hf and
presumably arise from the v(hgpii3p) (or AE and AF) configurations. These become increasingly
more competitive with decreasing neutron number.

Coincidence gates on the proposed 2+—0+ transitions. in !58Hf and 162W are shown in
Figure 4. Neither shows a regular structure, and both overlap with transitions in identified

2000 LA B N N D R Y B A A e D N M O A A R O N Dt Sy Y D A O R
B 450 kev gate; 2*to 0tin 162y
_ o 162yf A
~
N
O
1000 |- . 4
N }
S Ra
0 o~
4
5 0 T f i H— L LA D L
8 © 610 keV gate; 2*to 0Fin 158yt |
" S
- a 1981y
3000 3¢ X-rays a S o T
i w0, \© o 159%f ]
2000 . |
ol | B
[o.0] .
é o
1000 -
0lllILLILIILLIIIIllIL]I(III'llJlllllLll*llllllll
0 200 400 600 800 1000
' energy [keV]
Figure 4

contaminants, the products of competing channels. Preliminary schemes have been constructed for
both isotopes, but there are at present ambiguities in the schemes, particularly in the ordering of
transitions in the sidebands, and in the feeding connections to the low-spin yrast bands. It is
expected that these will be resolved with additional measurements. A single band is observed in
163W and it is assumed to be associated with the 113/, neutron, decoupled sequence. In !59Hf, the
main band populated:probably arises from the hg neutron configuration.
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The proposed 2+—(0* transition energies and
the E4+/E2+ ratios fit smoothly into the
systematics shown in Figure 5, as does the
proposed 17/2+—13/2+ transition in 163W (of
energy 385 keV). The E4+/Ep+ ratio in 138Hf is
close to the vibrational limit.

Net alignments for the range of even-even and
odd-N isotopes, collecting previously published
data [4,5,10,11,12] and the new results on 164w,
163w, 162w, 158Hf and 159 Hf, are shown in
Figures 6 and 7. (The same reference parameters
have been used for each even-even nucleus and
its A+1, odd neighbour.) The alignment gain
near hw=0.3 MeVin the positive parity yrast
band in 162W is low and similar to that in 160Hf.
Both are distinctly different from the 162Hf and
164W isotones, which show a large alignment,
assigned to the (i13/2)2 neutrons [5,10,11]. The
curve for 158Hf is irregular, even at low spins.

Figure 5. Open symbols represent the 17/2+ — 13/2+ transitions.
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The negative-parity bands in 164W show a
relatively constant alignment, consistent with
blocking of both hgss and i;3/2 neutrons, until
the beginning of a weak alignment gain near
f0=0.40 MeV, presumably from the (h11/2)?
protons.The 1132 neutron band in 163W has a
complex shape, compatible with alignment
gains from the hgp neutrons and the hyip
protons, in close

16
12

i [h]

proximity. This directly
supports the proposition of
Simpson et al [5], that the
irregular alignment gain
in 164W  after the
major crossing due to
the (i13/2)2 neutrons is

i [h]
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due to the same two
alignments — both
trajectories are similar.
(This is also consistent with
the prediction [2] that the
deformation of 163W will
resemble 164W rather than
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Figure 6. Net alignment in even-even isotopes (circles are positive parity states; triangles are

negative parity states)
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Figure 7. Net alginment in odd-neutron isotopes.

The alignment gain in the yrast
band of 162W is proposed to be
due to the hg neutrons (with Ai
= 7H) consistent in frequency
and alignment with the CSM
calculations. The small mag-
nitude of the alignment gain in
160Hf, attributed to (i1372)2
neutron in ref [4] remains
problematic (as noted by those
authors). No regularity is
discernible in the side-band
sequences, assumed to be of
negative parity, in either 162w
or 158Hf, but further analysis is
necessary to confirm the spin
assignments.

Characterisation of the align-
ment gains is also being pursued
through the structure of the bands
in the neighbouring odd-odd
isotopes 158La and 162Ta,
currently under evaluation.
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The coexistence of different nuclear shapes is a well established phenomenon
in the Hg-Pb region where spherical, oblate, prolate and superdeformed prolate
shapes have been observed. In this work we report on several new rotational
bands in the normally spherical nuclei 199-201Pp [1-3]. Similar structures were
also found recently in the lighter isotopes 197:198pp [4-6].

High-spin states in 199-201Pb were populated by bombarding 1920s targets with
12,13,14C beams of 70-82 MeV and 186W targets with 180 of 94 MeV. Some
details  of the experiments are summarized in Table 1. The analysis of the
vy-ray coincidence data revealed 10 cascades with rather regular energy spa-
cings in the three investigated nuclei. An example of the coincidence spectra
is displayed in Fig. 1. The decay out of the bands occurs mainly at the two
lowest-energy states. At high energies the intensities decrease smoothly from
300 to 600 keV. These intensity patterns are very similar to the ones observed
for superdeformed bands. Also, as for the superdeformed bands, it was not yet
possible to establish the links to the known yrast states, except for one band
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Table 1: Summary of experiments to investigate high-spin states in 199,200,201py

Reaction Eveam target spectro- place
(MeV) thickness meter
(mg/cm2)
19205(12C 5n)199Pb 82 " 2x04 OSIRIS6 Bonn
19205(13C,6n)19%9Pb 81 2x04 OSIRIS12 Berlin
186W(180,5n)199Pb 94 12 OSIRIS12 Berlin
19205(13C,5n)2%0Pb 76 2x04 OSIRIS12 Berlin
19205(14C,5n)2tPp 70 2x04 Chateau Orsay
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Fig. 1: Coincidence spectrum measured in the reaction 186W(18Q 5n)19%py.
Spectra with gates on several of the dipole transitions have been added.
The new band transitions are marked by dots, the previously known
199Pb transitions are marked by plus signs.

The evaluation of directional correlation (DCO) ratios shows that the strong
regular transitions within the bands are stretched dipoles (with possible small
quadrupole admixtures). We also observe crossover transitions for some of the
bands, but their intensities are too weak to determine DCO ratios. Only linear
polarisation or conversion coefficient measurements can finally decide whether
the transitions are electric or magnetic dipoles, but all the presently existing
evidence favours M1 multipolarity.
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The assignments of the bands to the three different isotopes 199-201ph is ba-
sed on the coincidences with known transitions between the spherical states;
as an example see the transitions marked by plus signs in the spectrum of Fig. 1.

The properties of the observed bands can be summarized as follows:

(i) The transitions within the bands are stretched dipoles, probably M1, with
small E2 admixtures.

(ii) The crossover E2 transitions are weak. The B(M1,Al=1)/B(E2, Al=2) ratios
lie between 10 and 40 y2/eb2.

(iii) The bands show no signature splitting.
(iv) The dynamical moments of inertia J(?) are small (~ 20 ©2/MeV) over most

of the frequency range. Fig. 2 gives a few examples.
(v) Some of the bands have almost identical transition energies and very simi-

lar moments of inertia (see Fig. 2).

As mentioned above, the linking transitions to the normal states are still mis-
sing for most of the bands, but from the decay pattern estimates of the band
head spins can be made [1-6]. These estimated spins can be plotted as a
function of the rotational frequency (taken as Ey for dipole transitions). For
most of the bands this gives a linear relationship except for one of the bands
in 199Pb where a pronounced backbending is observed, see Fig. 3. For the

[T I v I T 1
[ ]
: * 2Py Band 1
Or

- » 1Pb Band 2
o %P Band |

¢ P Band 1

J@ (h2MeV-)
8
T
]

20 -

0.2 04 0.6
ho (MeV)

Fig. 2: Dynamic moments of inertia as a function of rotational frequency for
the two bands in 201Pb compared to one of the bands in !9°Pb and

2°°Pb.
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backbending band the band head spin is probably 25/2 or 27/2 (for this band
the connection to the spherical states is established), but for the other band in
199pp, which is shown for comparison in Fig. 3, the spin is only estimated as
39/2 from the decay pattern to the normal states. Fig. 3 suggests that the
bandcrossing observed in the backbending band is blocked in the other band.
It is most likely due to the alignment of a pair of ij3,, neutrons (comparison
with the Hg isotopes [7] suggests that.it is the BC alignment). The band head
of the backbending band probably has a configuration with one aligned ij3/9
neutron (A) and that of the other band with three i,5,, neutrons (ABC).

The observed properties of the bands suggest an interpretation in terms of
high-K multi-quasiparticle band heads on which the rotation is built. Such sta-
tes can be expected from the Nilsson model for oblate deformation in this
mass region. For instance, Bengtsson and Nazarewicz [8] predict 1™=11" (hg,,
X iy3,5) two-proton states with oblate deformation in the light Pb isotopes. In
194ph and 196Pb such states and collective structures built on the isomeric 11
and on other states have been found [9-11]. Similar proton excitations, coupled
to one or more aligned neutrons could be responsible for the new structures
observed here. The large extrapolated alignment at ho=0 (see Fig. 3) is evi-
dence for a rapid initial alignment of several quasiparticles. For oblate defor-
mation the Fermi level lies within the upper part of the neutron i ;,, multiplet
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with low-K orbitals which are easy to align. We therefore suggest that the
observed rotational bands are based on configurations with proton particle-hole
excitations involving the hg,, and i;3,, orbitals which are deformation-aligned
with high K values along the symmetry axis of the oblate nucleus coupled to
rotation aligned neutron i;3,, orbitals. The band head spins can then be un-
derstood for Fermi-aligned coupling. For instance, for the backbending band
the experimentally determined band head spin is 25/2 or 27/2, and for a
{(xhg,5 i13,5) x viyz,,} Fermi-aligned coupling one estimates a spin of 25/2
(+ 2). Similarly, for the other observed bands (where only estimates for the
band head spins can be deduced from the experimental data) configurations
with two, three or four aligned i;3,, neutrons can explain the estimated spins.

This work was supported by BMFT, Germany
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I. INTRODUCTION

During the past dozen years or so, numerous groups have worked on the
properties of the ytterbium nuclei and we at Oak Ridge have been actively involved in the
study of many of these nuclei. We have.concentrated on lifetime measurements of their
high-spin states because it is from the lifetime of a state that one can determine Qy, the
transition quadrupole moment. The importance of obtaining a Q; value is in that it
reflects the intrinsic part of the wave function and, hence, provides an indicator of the
collectivity.

It is well known that the family of Yb nuclei possesses some rather interesting and
unusual features. One striking pattern of behavior is found in an examination of a plot of
Q¢ vs. A for the 2+ — 0t and 1772+ —> 13/2* transitions in Yb nuclei from mass 158

through mass 170. Here one sees a steady and almost linear increase in collectivity in

this family .up to 165Yb, at which point the Q; values begin to level off. This is an

interesting pattern of behavior when it is compared with that for other nuclei in this
region, e.g., for the Gd or the Er nuclei. For the latter two families there is a sharp
increase in the collectivity in going from neutron number 88 to N = 90, followed by a
rather gradual but non-linear increase in collectivity up to mass 160.

Not only do we find that the quadrupole deformation in these Yb nuclei shows no
dramatic increase at neutron number 90 (160Yb), but an examination of the potential
energy surface and the total routhian surface of 160Yb reveals that they are extremely
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shallow in both the B and 7y degrees of freedom, even more so than are its other N = 90
isotonic neighbors. Thus, we expect this very soft nucleus to be quite susceptible to
polarization effects that may well change both its collectivity and its shape at high
rotational frequencies.

Although this paper presents the results from recent Doppler broadened line shape
(DBLS) measurements in 160Yb at very large rotational frequencies of #w = 0.36-0.50
MeV (I = 22+ - 36%), it is helpful to review briefly some of the recoil-distance (RD)
lifetime results from our early measurements!2 on the Yb nuclei around N = 90.
Figure 1 shows a summary of the Qq values obtained for 159Yb, 160Yb, and 161Yb in the
RD measurements!:2 several years ago. What we found there was a distinct drop-off in
the collectivity above a rotational frequency of about 0.25 MeV. For these nuclei, where
the Fermi surface lies near the bottom of the i13/2 shell, we were able to understand our
lifetime results — at least qualitatively — in terms of cranked shell model (CSM) and
cranked Hartree-Fock-Bogoliubov (CHFB) calculations (e.g., see Refs. 2,3). After the
backbend, these nuclei undergo a shape change (driven by the aligned i13/2
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Fig. 1. Transition quadrupole moments for states in 139Yb, 160Yb, and 161Yb,
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quasineutrons) to a triaxial shape that is oriented so as to reduce the collectivity of the
rotation, i.e., to positive 7y values, while at the same time undergoing some reduction in
By, . v

Having gained some insight into the ways these nuclei near N = 90 adapt to the
forces exerted at moderately high rotational frequencies, we now address the question of
what happens to their collectivity under the stress of extremely rapid rotation. In
particular, there has remained much curiosity and speculation on what will happen to the
collectivity of the yrast sequence in the spin 22*+-40% range for 160Yb: will the Q¢ values
remain at about 3eb, the level we had found for the 20%-22+ states in our earlier RD
measurements; will the decreasing trend continue, arriving at'a near total collapse of the
collective properties by spin 30%; or will there be a return to collective behavior similar to
that seen in the ground band? However, due to the very short lifetimes of such states (< 1
ps), the RD method could not be employed. Instead, we used the Doppler broadened line
shape (DBLS) method where one backs the target with a stopping medium and
determines the line-shape distribution of the decays as the recoiling nuclei come to rest.

II. EXPERIMENT AND RESULTS

For these DBLS experiments the 160Yb was produced in the reaction
1208n(44Ca,4n)160YD at a beam energy of 200 MeV. The beam was provided by the 25-
MYV Tandem Accelerator at Oak Ridge. Measurements were made on two different
targets. In one case, 1.05 mg/cm2 1205 evaporated onto a 10 mg/cm2 Au backing was
employed and in the other, the same thickness of 12051 was used, but the backing was 28
mg/cm2 Pb. We collected these y-ray data in the coincidence mode with the Oak Ridge
Compton Suppression Spectrometer System which consists of 20 Compton-suppressed
Ge detectors. Four of the detectors are located at 45° with respect to the beam direction
and four at 135°. The data stored are from coincidences in each of these detectors with
any other detector. With the Au-backed target we collected a total of 394 x 100 Y-Y
coincidence events, while for the Pb-backed target, 90 x 10% such events were

accumulated.
To analyze DBLS data we utilized the program LINESHAPE# based on a

program originally obtained from Jules Gascon? at the Niels Bohr Institute. We# have
incorporated several new features into LINESHAPE to facilitate the analysis of DBLS
data. For example, we have added the least-squares minimization routine MINUET®
which was used in our program LIFETIME for the analysis of RD data; also added is the
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stopping power routine STOPO8 which provides the option of three prescriptions to
generate a set of stopping powers for the recoiling nuclei.

The time-dependent decay yield for a level is determined by both its lifetime and
the lifetimes of levels that feed into it. The decay information from the known precursors
cascading into the level of interest is handled in a straightforward manner by the
analytical solutions of the Bateman equations. However, it is necessary to set up a model
for the side feeding from the Y-ray continuum. We have tried both two-step cascade side
feeding and five-state rotational-band side feeding where a moment of inertia of 65
MeV-1 was used. The results from both types of modeling were used in the final lifetime
averaging process and the resulting 160Yb Q; values (averages of Pb-backed and Au-
backed Sn targets) are shown in Fig. 2, along with ourl:2 earlier RD results for the lower-
spin states.

ORNL-DWG 92M-6538
B rTT T T T T T T T [ T T I T T T T T[T T 71T

7 1%0Yb ®RD —
1e+{ ODBLS

2 -
22"

0.1 0.2 0.3 0.4 0.5 0.6
fiw (MeV)

Fig. 2. Transition quadrupole moments (Q) for members of the yrast
sequence in 160Yb. The solid lines are from the earlier recoil-distance

measurements!-2 and the open circles are from the current Doppler
broadened line shape experiments.



- 108 -

III. DISCUSSION

The data in Fig. 2 show that there is a definite recovery in the collectivity between
spins of 24+ and 34+ in the 160Yb yrast sequence, with a possible falloff again at I = 36+,
This pattern of a falloff followed by a recovery of collectivity in the yrast band is very
difficult to account for within the framework of current theories, and obviously deserves
additional study.

- In an attempt to better understand this behavior we felt that it may be helpful to
look at all of the available Q; values for the yrast sequences of even Yb nuclei. These
data are shown in Fig. 3. Note that also in 162Yb McGowan et al.9 have found what
appears to be a loss in collectivity for the states beyond the first band crossing by vijzp
quasiparticles, with the loss extending up to the highest state measured, I = 18+; but no
experimental data are available for the higher-spin states of 162Yb to tell us if it too
experiences a recovery in collectivity in the I = 20*-36% range. Our recent DBLS results
(Xie er al.10-12) for the high-spin region of 164Yb coupled with the lifetime results of
Bochev et al.13 for the lower spins reveal a fairly constant range of Q; values up to I =
28+, with an apparent dropoff at I = 30+ - 32+. As reported by Bacelar et al.14 a similar
dropoff in the Q; values of 166Yb is also present in the I = 28+ to 34+ states (hw =~ 0.4-0.5
MeV). In the case of 168Yb, lifetimes of the 26+ to 34+ members have been measured by
Lisle et al.15 and, as seen, the Q; values of these states show a steady decrease as a
function of rotational frequency.

The fundamental question is can we better understand what is happening at the
microscopic level to lead to these patterns of collectivity at high rotational frequencies.
For this, we use the deformation parameters from the Total Routhian Surface (TRS)
calculations of these Yb nuclei by Wyss ef al. 16 With these deformation parameters the
theoretical Q; values for the Yb nuclei are determined by use of the expression

6
Qt—m

Zert A3, (1+0.36B,)cos(30°+7)

where Ze is the charge on the nucleus and ro = 1.2 fm. The computed values are shown
as solid lines in Fig. 3. It is seen that the theoretical Q¢ values do predict the trends of the
data at high spins, but do not provide quantitative agreement with experiment. Probably
the two main features of agreement are: (1) at low %® values, theory provides the trend
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Fig. 3. Systematics of transition quadrupole moments for even-mass
ytterbium nuclei plotted as a function of the rotational frequency (hw).
The solid points for 160Yb are from the earlier RD measurements!:2 and
the triangles are from the current measurements. The 162Yb data are from

Ref. 9. The low-spin data for 164Yb are from Ref. 13, while the high-spin

data (triangles) for this case are from Refs. 10-12. Data for 166Yb are
from Ref. 14 and those for 168YD are from Ref. 15. The theoretical curves
are based on deformation parameters from the TRS calculations in Ref. 16.
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of increasing Qg values with neutron number as we move up from the N = 90 case; and
(2) theory predicts a trend of decreasing Qy values in each nucleus in the range of A =
0.25-0.50 MeV. We must add that part of the problem may be in the approximate nature
of our calculation of Q¢ from the deformation parameters. For a precise treatment of
lifetime data, one really needs the wave functions of the initial and final states for each
transition but, unfortunately, these are not available.

In conclusion, it is evident that we are making progress at a microscopic level in
our understanding of rapidly-rotating nuclei. At the same time, however, it is clear that a
fuller understanding of the evolution of collectivity and the accompanying changes in the
shapes of nuclei such as these demands both experimental data of higher quality and
more refined theoretical treatments. Vast improvements in both the quantity and the
quality of the experimental data are now on the horizon with the much larger Compton-
suppressed arrays currently being constructed. '

Research sponsored by the U.S. Department of Energy, under contract DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc. Work at Vanderbilt University
and the University of Tennessee is supported by the U.S. Department of Energy under
contracts DE-FG05-88ER40407 and DE-FGO05-87ER403611, respectively.
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I Introduction

The rotatlonal bands of the osmium isotopes display very interesting properties that vary with the
neutron number [1,2]. On the one hand the yrast bands of 182,184,1860s display a sudden and rather
strong gain in aligned angular momentum, whereas the lighter osmium nuclei such as 176,178,1800s
show a more gradual increase of alignment characteristic of strongly interacting bands. In addition, an
unusual rotational band has been found [3] in 1780s. It consists of seven regularly spaced transitions
about 36 keV apart which correspond closely to the spacing of the superdeformed band in 152Dy after an
A5/3 normalization. This band populates the yrast band directly, and the moment of inertia J(1) is found to
be much smaller than J(2). The most likely interpretation of this is a band with large deformation which is
undergoing systematic changes in deformation, pairing and/or alignment.

This latter finding in particular motivated us to carry out research on the higher spin states in 1790s.
Dracoulis et al. [4] have published their results on 5 rotational bands in 1790s. In the present work we
found six new bands and extended appreciably the spin limits in the other five.

II.  Results and analysis

The nucleus 1790s was produced at the 88-Inch Cyclotron of the Lawrence Berkeley Laboratory in
the 154Sm (30Si,5n) 1790s reaction using a 20 enA beam of 155 MeV 30Si. The enriched 154Sm
target was composed of three self-supporting foils, each 0.5 mg/cm? thick. The yrays emitted by the
reaction products were observed in the 20 Compton-suppressed Ge detectors of the HERA array. Only
three-fold and higher-fold events were recorded on magnetic tape. The prompt Yrays were Doppler
shifted, hence the gains of the detectors were adjusted so that all the spectra had the same energy
calibration and could be added.

The three-fold and higher-fold events were broken into pairs, altogether 220 millions, for double-
coincidence analysis. Extensive projections were made by gating various prominent lines and
observing in each case the coincident spectrum.

Based on many coincidence projections we have constructed the level scheme given in Fig. 1. The 11
bands are numbered at the top of the figure and below are given the proposed band assignments.

A. Band assignments
In Ref. [4 ] the yrast band was assigned as the 1/2-[521] band and the other two pairs of signature
partners as the 7/2- [514] and the 9/2* [624] bands. The 1/2- [521] a=+1/2 sequence was extended up
to spin 45/2- and is displayed in Fig. 1 as band 2. The a=-1/2 signature partner has been found in the
present work and is shown as band 1. There is a rather characteristic indication for the appearance of
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such Q=1/2 bands. Both signature components of the Q=1/2 band are decoupled due to the Coriolis
interaction. The moment-of-inertia parameter [E(I)-E(I-1)]/(2I) can be obtained as: [E(I) -E(I-1)}/(2]) =
1i2/(2J) [1+a(-1)H12] | where a is the decoupling parameter.This is plotted as a function of I2 in Fig. 2.
The experimental values of sequences 1 and 2 that comprise the two signature components of the 1/2-
[521] band are marked by diamonds and show a strong oscillation.

The assigned [4] 7/2- [514] o=-1/2 and o=+1/2 partners which were extended in the present work
up to spins 57/2- and 63/2- are displayed in Fig. 1 as bands 7 and 8, respectively. Their moment-of-
inertia parameter is also plotted in Fig. 2 as stars, and, in contrast to the previous plot, this curve is
rather smooth as one would expect of a K=7/2 band.

The 9/2¥[624] a=-1/2 and o=+1/2 sequences are also displayed. The moment-of-inertia parameter
of this band shows a very pronounced signature-splitting oscillation. Such strong oscillations were
- observed for K=7/2 and K=9/2 132 bands in the neighboring odd neutron osmium and platinum.

The bands 4 and S are newly found bands. Sequence $ is fed by band 7 through the 339.7- and
318.0-keV transitions and de-excites to sequence 8 by the 238.5-keV line. It seems also that the 15/2-
level in sequence 4 is partially de-excited to the 11/2- level in band 8, defining most probably the band
head of the two sequences as the 5/2- 115.1 keV state. The logical assighment following the
systematics in the neighboring osmium and platinum nuclei, is: a=-1/2 and a=+1/2 5/2- [512] for
bands 4 and 5, respectively. The moment-of-inertia parameter is plotted in Fig. 2 for bands 4 and 5
and seems to be a rather smooth curve as expected for this configuration.

B. Experimental Routhians and band crossings.

Additional important properties of the bands can be obtained by examining the experimental
Routhians. The reference parameters were taken as Jo=25 MeV-11i2 and J;=60 MeV-3i4. Only two
bands (band 4 and band 10) have rather pronounced backbendings. In all the other sequences the
alignment and the Routhian energies as a function of frequency have mainly a smooth behavior.
However, the band- crossing positions were determined from the Routhian energy plots .

1. The 5/2-[512] band
In this way the crossing frequency was determined as 0.24 MeV for band 4 , assigned as the 5/2-
[512] band and the change in alignment as Ai=8.5. These are in good agreement with the CSM
calculation of 0.24 MeV and Ai=10.6 for the AB crossing, which is expected for this negative-parity
band. The signature partner of this band, sequence 5 follows rather closely curve 4 and backbends at
about the same position, but, has not been observed to high enough frequency to be able to deduce the
crossing frequency and Ai accurately. :

2. The 1/2-{521] band
Bands 1 and 2, that comprise the 1/2-[521] band, display a rather gradual alignment as can be seen
from Fig. 3. The dynamic moment of inertia plots, show definite irregularities in these sequences.
The band crossings deduced from the Routhian energy curves are, 0.23 and 0.26 MeV, respectively,
and the alignment increments are Ai>4.5 and >8.5 , in good agreement with the AB crossing
expectations.
- 3. The 7/2-[514] band
The alignments of bands 7 and 8 which comprise the 7/2-{514] band, are more pronounced. Their
irregularities are strongly displayed by the peaks of their dynamic moment of inertia plots. Their
crossing frequencies, are 0.28 and 0.27 MeV, and their alignment increases are Ai=11 and 10.5 for the
o=+1/2 sequence 7 and o=-1/2 sequence 8, respectively. The Ai values agree very well with the CSM
prediction for the AB crossing, but the crossing frequencies are a little higher. It is interesting to note,
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however, that similar values were deduced [1] for the corresponding bands in 1810s from previous
experimental data and also in the isotone [5] 181Px.

4 The 9/2+[624] i132 band

The two signature partners of the 9/2+[624] band, sequences 9 (a=-1/2) and 10 (a=+1/2), display
quite different features in the alignment plot. Whereas the a=+1/2, curve 0 backbends around 0.3
MeV, the a=-1/2, curve 9, exhibits a more gradual alignment increase. This behavior was attributed
to possible differences in interaction strength. The crossing frequencies deduced from the Routhians
are 0.31 and 0.30 MeV and the alignment increases are Ai=6.5 and 5.5 for the a=+1/2 and a=-1/2
components, respectively. Taking into account that the AB crossing is blocked for those two
sequences, there is good agreement with the CSM prediction for the BC crossing frequency of 0.30
MeV and Ai=8.2 for the a=+1/2 component. The a=-1/2 component crossing, however, appears to be
lower in frequency experimentally, although the CSM value is slightly higher (0.31 MeV).

5 . Second band crossings in the i13/2 sequences

At the top of bands 9 and 10 are observed additional irregularities in the alignment plot i, and in
the dynamic moment of inertia curves. The crossing frequencies as deduced from the Routhian and
alignment curves are 0.44 and approximately 0.5 MeV and the alignment Ai increments are about 2.5
and >3 for the oi=-1/2 and a=+1/2 signature partners, respectively. While the crossing frequency of
band 9 occurs at the predicted proton ab crossing value we do not understand why the crossing of
band 10 appears at a visibly higher frequency. In Ref. [5] a possible upbending was observed at
1iw=0.4 MeV in the 9/2* band of the 181Pt isotone. This was attributed to the alignment of two hgyy
quasiprotons. The rather sharp upbend at the top of band 11 signifies a possible band crossing due to
an alignment of two hgyy quasiprotons at hicoc=0.43 MeV.

HOI. Summary

The structures in 1790s have been studied via a HI-induced fusion reaction. Six new bands
have been identified, and the spin limit in each of the previously known five bands have been
significantly extended. Eight of the sequences comprise four signature-partner pairs identified as the
1/2-[521], 5/2-[512], 7/2-[514] and 9/2+[624] Nilsson neutron orbitals. Another single sequence
extending up to spin (37/2-) is tentatively assigned as a component of the 5/2-[523] band. Two other
sequences which decay to the 9/2*[624] and the 7/2-{514] bands are found up to spins 61/2* and 65/2-
respectively. The experimental Routhians are compared with the CSM theoretical predictions for all the
sequences. The first crossings are indentified in all the first ten sequences as due to the alignment of a
pair of i13/2 neutrons. Second band crossings are found in the two positive-parity bands 9 and 10 and
in the negative-parity sequence that decays in the 7/2-[514] band. These second band crossings are
probably due to an alignment of two hgyy 1/2-{541] protons, and this proton alignment probably
appears also in sequence 11. The B(M1)/B(E2) ratios are discussed and compared with theory.
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Fig.2 The moment-of-inertia parameter as a function of I2. The experimental points for
bands 1 and 2, identified as the 1/2-{521] band, are marked by diamonds. Those of 4
and 5, comprising the 5/2-{512] band are indicated by x-¢s. Those of 7 and 8, identified
as the 7/2{514] band are marked by stars. The 9/2+{624] band is indicated by squares.
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Fig. 3 Alignment i in units of fi as a function of frequency fiw in McV of the 11 bands in
1790s. The curves are indicated by the corresponding numbers of the bands (sce fig. 3),
except for band 10 and 11 which are marked by O and +, respectively. Curves 1 and 2
are assigned as the a=-1/2 and a=+1/2 of 1/2-{521], 3 as the 5/2-[523}, 4 and 5 as the
o=-1/2 and a=+1/2 of 5/2-{512], 7 and § as the a=+1/2 and ox=-1/2 of 7/2-[514],
and 9 and 0 as the o=-1/2 and a=+1/2 of 9/2*[624] bands, respectively. The reference
parameters are taken as: J;=25 MeV-162 and J;=60 MeV-314.
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The Os nuclei lie at the begining of the transitional region between
well deformed and spherical shapes. Nuclei in this region are believed to be soft
with respect to deformation changes. The detailed theoretical analysis of [1],
shows that the alignment behaviour in the mass A=180 region is strongly correlated
with shape changes. Properties such as triaxiality and/or shape coexistence, may
arise due to softness of the nuclear potential and its sensitivity to particle
configuration and alignment. This results in a large variation of the backbending
behaviour of the neutron deficient Os nuclei [2,3,4], and the existence of highly
deformed intruder bands [5,6] and high-K isomerism in this mass region [7,8,9].
Furthermore, superdeformed structures were predicted [10] and evidence for a
superdeformed band was obtained in previous studies [6]. Therefore, we re-
investigated 80 0s to search for a discrete superdeformed band. The results
presented here were obtained as a byproduct. A more detailed paper is under
preparation.

The nucleus ¥°Os has been produced through the 150Nd (365, 6n) -
reaction at 177 MeV using the pulsed 36S beam delivered by the VICKSI accelerator
of the HMI, Berlin. In the first experiment (thin target) a self supporting '*°Nd
foil of » 0.5 mg/cm2 thickness, was used to search for fast transitions with
a minimum Doppler broadening, whereas in the second one (thick target) a &1 mg/o::m2
150Nd foil backed by & 7 mg/cm2 of Y7Au was used. The emitted y-radiation
was detected with the OSIRIS spectrometer. For each coincidence event the 7y-ray
energies, the times t  beam and the number of BGO elements fired together
with the corresponding sum-energy were recorded. A total number of & 340 and
% 450 millon two-fold events were recorded in the thin and thick target experiments,
respectively. These data were subsequently sorted to obtain several matrices by
setting suitable windows on the time spectra. Due to the comparatively low
statistics of the data set for the thin target experiment fold and sum-energy
windows were set just to suppress contaminations resulting from Coulomb
excitation of the target, radioactive decay and (n,n'y) reactions. In the thick
target experiment a relatively high fold condition (f29) was set which resulted in

very clean matrices containing only events belonging to the nuclei 180,181,

The nucleus *°0s was already previously the subject of very detailed

studies [11,12], but some new interesting features observed in the present study
deserve to be discussed in more detail. A revised partial level scheme of 1800
resulting from the present work is shown in fig. {. The bands are labelled by the
parity m, signature a and a running index n as (w,a),, following the same order as in
ref. [12]. The placement of the transitions are based on the prompt-prompt,
delayed-prompt and prompt-delayed coincidence relationships. A partial level
scheme containing all the identified delayed transitions deexciting the 7  isomer
at 1928 keV, will be published elsewhere [13] and are not included; here we want
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to concentrate mainly on the high-spins states (I = 10). We shall summarize and
discuss the most important results in comparison to those obtained in previous
studies [11,82]. Differences with previous level schemes will be emphasized.

A new weakly populated strongly-coupled rotational band labelled
as band 9 in fig. 1 (¢ 1.8% of the 2'> 0" ground state transition) with cascade and
crossover transitions was identified. It deexcites, respectively, into the 12~ and
17 states of the (-,0); and (-,1); sequences of band 1, through the two high
energy 1021.5 and 1238.8 keV transitions. We assigned I™ = (137) to the band head
relying on the DCO ratios of the two relatively strong 1021.5 and 1238.8 keV
transitions. Due to the low intensity gK—factors based on branching and MI1/E2
mixing ratios, could not be determined for this band and therefore no configuration
assignment was carried out. Assuming Al = 1 for the cascade transitions and
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Al = 2 for the crossover transitions the moment of inertia parameter AE(I=I-1)/21I
was plotted versus I? in fig. 2. No signature staggering is observed for the
identified members of the band. We searched for a half-life for the band head
of band 9. Within the limits of our experiment (T1/2 2 5 ns) no half-life was
measured for the 1021.5 and 1238.8 keV transitions.

10
g gL v 178y
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[} 8 |-
~
- 1800y
~ r
~
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3 N 1 PO L P
o] 100 200 300 400 S00 600
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Figure 2: Moment of inertia parameter AE (I2I-1)/2I plotted as a function of the
spin for bands 1 and 9 in 18005 and for the isomeric 7 band in 8w.

A new transition of 185.6 keV belonging to the (—1), sequence of
band 1| was identified which directly feeds the 7 isomer at 1928 keV as a result
of the analysis of the prompt-delayed, delayed-prompt and prompt-prompt Y-y
coincidence matrieces from the thick target experiment. Its placement in the level
scheme was confirmed through several coincidence spectra. The 185.6 keV line is
placed as 9= 7 transition. A stretched quadrupole assignment is consistent
with the observed DCO ratios, although a Al = 0, MI/E2 assignment cannot be
excluded. The 8 = 7 transition of ® 60 keV has not been observed. The observation
of this new transition allows furthermore to place two relatively strong interband
transitions of 539.2 and 555.3 keV .connecting the (—,1)3 and (—,1)»1 sequences. This
gives additional support for the placement of the 185.6 keV line as the 9™= 7~
transition in the (—,1)1 sequence of band 1. As a consequence of its placement
results a new spin and signature assignments for band 1. The spins increase by one
unit and the signatures of both sequences are exchanged as compared to previous
results [11,12]. In fig. 2 plots of the moment of inertia parameter versus I? for
the bands built on the 7~ isomers in the isotones 13%0s and 178W [14] are included.
The agreement between both curves is noteworthy. One should remark that the
difference in the phase of the oscillations discussed in [11] was removed. These
facts support the assumption that the same two-quasineutron configuration
v {7/27(633] ® 7/27[514]} can be assigned to the 7~ bands in both nuclei.

A possible explanation for the observation of the transitions connecting
the (--,1)3 and (—,1)1 sequences of same parity and signature could be related to
a configuration mixing between the levels of the same spin which the 539.2 and
555.3 keV transitions deexcite, respectively. This feature was also found in 1750s
[15], 810s [16], 18Pt [17] and '®r [18]. A rough estimate of the interaction
strength can be obtained from the energy differences [19] between levels of
equal spin. The upper limit of the interaction strength is |V| < 24 keV for the
17" levels assuming that it is half of the energy difference between the levels. A
better estimate can be obtained using the four level approximation of [20]
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assuming that the interaction is proportional to I and mixes only states of the
same spin. Using the experimental branching ratios for the 17 level of the (-1,
band at 3982.0 keV a value of V = 181 :8'3 keV was obtained for the interaction
strength of the 17~ levels. Using this value the calculated branching ratio for the
transitions deexciting the 17”7 level at 4031.8 keV gives A(355.3/588.7) ,= 0.29 in
good agreement with the experimental branching ratios of 0.27 = 0.10 obtained
as a weighted average from gated spectra on the 621.4 and 642.3 keV transitions
respectively.

An important discrepancy between the level schemes of 18005
reported in [11] and [12] is a different assignment of the yrast and yrare bands
of positive parity and signature @ = 0. One of the main arguments in ref. [12]
for the spin assignment of the yrast and yrare states [21,22], is based on the
observation of the interband transitions of 1050.5, 1093.4 and 1240.2 keV. We could
not confirm the existence of these transitions. Furthermore, we have accurately
determined the DCO ratio for the 527.3 keV transition giving 0.98 2 0.08 (gating
on the 523.3 keV transition) and 1.02 = 0.1 (gating on the 566.2 keV transition) in
agreement with stretched quadrupole character [23]. The spin assignment for the
level deexcited by the 527.3 keV transition could not be unambiguosly determined
from the angular distribution measurements and/or DCO ratio determinations,
but conversion electron coefficients are needed in addition. Combining the results
of conversion electron measurements of ref. [21] with the limits for the mixing
- E2/MlI ratio resulting from angular distribution measurment lead to the conclusion

that the only possible multipolarity for the 527.3 keV transition is stretched
quadrupole. These results strongly support the previous assignment of ref. [1i]
and our revised assignment in the present work.
_ New information about the states lying above spin I = 24 was
obtained for most of the bands. The high spin transitions producing the second
band crossing [12] could not be confirmed, but several new transitions were
identified. All of them were confirmed in several coincidence relations in both
experiments. The dotted transitions in fig. 1 have a confident level of ® 80%. Out
of the ten side bands in 180y reported in [12] only 7 bands could be confirmed.
In fig. 3a and 3b the alignment plots for the negative and positive parity bands,
respectively, are plotted as a function of the rotational frecuency in the frame
of the CSM [19].
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Figure 3: a)alignment plots for the negative parity bands in 8005 . The yrast band

is shown as a reference. b) idem a) but for the positive parity bands.
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It can be seen that for all the bands the second band crossing, previously
interpreted [12] as a consequence of h , proton alignments, vanishes. In the region
0.24 < hw < 0.30 all the bands display only one crossing. Furthemore, due to the
new identified transitions the yrast band shows a forward bending after the first
crossing at ® 0.28 MeV.

In summary, a new strongly-coupled rotational band starting at a
relatively high excitation energy was found; the observation and placement of the
185.6 keV transition in the level scheme, gives strong support to the considered
2-quasineutron configuration v {7/27[633] ® 7/27[514]} assigned to the 7~ isomeric
bands in ¥°0s and the isotone 178W; band mixing between the {(-,1), and (-,1)3
bands of same parity and signature was observed and the interaction strength
was estimated from experimental branching ratios; our results confirm the
previous assignment of ref. [11] for the yrast and yrare sequences in this nucleus
and with the identification of the new transitions above the states with I & 24
previous bands assigned had to be revised with the result that the second band
crossing vanishes.
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Rotational oblate bands consisting of regular sequences of magnetic dipole transitions have re-
cently been identified in %6-2°'Pb [1-8). Their observation indicates a drastic change in the high
spin configuration between the Hg, T1 and ***Pb nuclei, in which SD bands are clearly observed,
and the heavier Pb isotopes, where these weakly deformed oblate structures seem to dominate.

The high spin structures of "% Pb have been studied in two experiments carried out on the
20MYV tandem Van de Graaf at the Daresbury Laboratory, using the TESSA3 spectrometer, which
consists of 18 escape suppressed Ge detectors and a 50 element inner ball of bismuth germanate
(BGO). In the first experiment high spin states in **7~1%Pb were populated via the *3¢W(170,xn)
reactions at beam energies of 92 and 98 MeV. The data comprised the energy deposited in each Ge
detector and the sum-energy and fold recorded by the BGO ball for each event. A total of 18x10°
events were recorded at 92 MeV with 100x10° events at 98 MeV. E,1—-E,2 matrices of coincidence
events were formed for both beam energies which preferentially selected the *7~19°Phb nuclei by
requiring a BGO fold condition of >10. In the second experiment the same reaction was used but
now at a beam energy of 110MeV. This resulted in the population of states in 196:157Pb, A total of
140x%10°% coincidence events were recorded.

The analysis of these data has resulted in the observation of ten rotational structures, one in
199pp, five in 298Pb, three in *7Pb, and one in 1%Pb. The bands can be assigned to their respective
nuclei since vy-rays in the cascades are in coincidence with known transitions of the yrast sequences.
The assignments are further supported by excitation function data.

The bands in 1%6-2%1Pb have many intriguing features in common. For instance, several of the
structures are observed to have identical transition energies to within 3 or 4 keV (a property also
displayed by superdeformed nuclei in this mass region, eg [9]). Other properties of the bands can be
demonstrated by considering the structures seen only in !°Pb, and then extending the discussion
to include all the sequences observed in the other Pb nuclei.

. The previous energy level scheme of !%8Pb is given in [10]. A revised scheme, deduced from the
present work is presented in Fig 1. A typical spectrum for band 1 is presented in Fig 2. Five Al=1
cascades are found to dominate the level scheme above a spin of around 18h. Detailed accounts
for each of the bands can be found in [4,5], which also give the measured values of the transition
energies, relative intensities, and angular correlation ratios.

Several general features common to all the bands can be emphasized here. The assignments of
the bands to '°8Pb are based on the fact that all the transitions in each of the sequences are in
coincidence with known +-rays of this nucleus (for instance the 929 keV 14* —12% transition; yrast
transitions below this are generally not seen since the 12% state is isomeric). The assignments are
also supported by excitation function data.

Angular correlation measurements have been extracted from the coincidence data. In this case
9-v coincidence data were sorted into matrices which contained events from detectors at 35° and
90°, thus enabling the angular correlation ratio W(35°,35°,3)/W{(90°,35°,%) to be deduced for each
transition. Theoretical angular correlation ratios have also been calculated using the TRIFAC code
[11], averaged over various ¥ angles for detectors located in different planes and assuming full
alignment for the population of the substates. The results of these calculations yield ratios of 1.58
for a stretched quadrupole—stretched quadrupole correlation and 0.74 for a pure stretched dipole-
stretched dipole correlation. Experimental correlation ratios for varions known E2-E2 sequences
are all slightly lower than 1.50, suggesting an incomplete alignment of the substate populations.



- 123 -

Unfortunately, it was not possible (due to contamination) to obtain correlations for known stretched
dipole-stretched dipole transitions. However, it was clear from the measured values (typically <0.7)
for each of the sequences that the transitions are dipoles. Moreover, these ratios tend to be smaller,
on average, than predicted for a fully aligned pure stretched dipole-stretched dipole correlation.
Incomplete alignment of the magnetic substates would tend to increase the correlation values for
pure dipoles. Thus, the low experimental values tentatively suggest that there is a small negative

E2/M1 mixing ratio, §g2/ar1 (using the definition and sign convention of [12]) for each of the Al=1
cascades. Furthermore, since

sgn(8s2/a1)=580[Qo/(gx-gR)]

(see [13]), we can explicitly define the shape of the nucleus for a given strucure provided that gx-gr
is known (see below). '

The magnetic nature of the dipoles can be inferred experimentally. Observed feed-out from the
structures only appears to occur from near to the bandhead, and the intensity down the cascades
should be constant if gates are set on transitions higher up. The decrease in the observed intensity
for the transitions below the gate can only be accounted for by M1 conversion, which is about
15 times stronger than E1 conversion. We therefore conclude that sequences 1-5 are AI=1 bands
consisting of magnetic dipole transitions.

No associated Al=2 E2 crossover transitions could be confirmed for any of the bands. The exper-
imental lower limits for the ratio of the reduced transition probabilities B{M1:I—I-1)/B(E2:I—I-2)
vary between 12 and >30 (uy/eb)? over wide ranges of spin.

In order to characterize the bands several points must be considered. The fact that dipoles are
seen without observed quadrupoles suggests that the sequnces are built on high-K configurations
that are weakly deformed. Configuration constrained shell correction calculations [14] predict that
the K*=11" isomeric state observed in !9%:196P} [15,16] is based on a two proton configuration,
namely m(hg/2®i13/2). Measured g-factors [16] turn out to be consistent with this interpretation. The
calculated deformation of this state varies between §=-0.18 (***Pb) to 8,=-0.15 (2°°Pb) (ie, weakly
oblate). The dipole bands reported in [1-8] have been interpreted in terms of being built on this and
other similar high-K two proton configurations (eg, #(i13/2)%=13, "(ho/z)%—s: 7r(h9/2®s;/12)x_—_5),
which will also be weakly oblate. The bands in 1®Pb can be interpreted in similar terms.

The generally low stretched dipole-stretched dipole angular correlations suggest small negative
E2/M1 mixing ratios, g2 /M1, for the bands. From the equation above it is clear that if the structures
are based on proton configurations (large positive g-factors) then the quadrupole moment, Q,, must
be negative, and therefore the structures are oblate.

The variation of the dynamic moments of inertia, ¥(*}=dl/dw(=1/AE,) for bands 1-4 are shown
in Fig 3. The (*) moments of inertia are generally small varying between 10-25 A*MeV~1 over
quite a range of frequency. These values are comparable to the dynamic moments of inertia of the
many-quasiparticle oblate collective bands in the neighbouring Hg isotopes [17]. Band 1 shows a
rise at a frequency of iw ~0.2 MeV. Bands 2, 3, and 4 all have very similar $(*) plots which show
a rise at Aw ~0.4 MeV. A rise in $(?) indicates that an alignment of a pair of quasiparticles occurs
at these frequencies. At weak oblate deformation for !%8Pb (N=116) i13/2, Pa/2, and fs;; neutrons
all lie close to the Fermi surface. The observed rises in §(* can be explained in terms of alignments
involving these neutrons,

A striking feature of the bands is the varying degree of regularity that they display. Band
1 is highly regular with a roughly constant energy spacing of AE, ~43 keV. Bands 2,3, and 4
show larger differences in AE, varying in the range 30-60 keV. Band 5 is highly irregular with AE,
varying considerably over the cascade. These differences may be indicative of a varying degree of the
collective behaviour of the configurations upon which these structures are based. TRS calculations
indicate that the m(ho;2®iy3/2) configuration is the most oblate deformed with 8, ~-0.15. Band
1 may be based on this configuration. The w(hos2)* configuration is less oblate deformed with
B2 ~-0.10. It is sugested here that bands 2, 3, and 4 may have this as their underlying structure.
The 7r(hg/2®s;'/12) configuration is predicted to be only weakly deformed with B3, ~-0.05. This
configuration may be responsible for the highly irregular band 5.

The interpretation discussed above can be extended to include all the AI=1 bands observed to
date in 196-201ph, For example, the bands reported in 199-201Pb [7,8] are very similar to band
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1. They have highly regular energy spacings (~50 keV), and large experimental B({M1)/B(E2)
ratios (>30(ux/eb)?). They also display low frequency alignments (hw ~0.2 MeV). They have
been interpreted as bands built on the same high-K two proton configuration as band 1, namely
7(ho/3®i13/2), coupled to either one (1992 Phb) or two (%°Pb) i,3/; neutrons.

Three bands have been observed in °7Pb [2,3]. Two of these are fairly regular (AE, ~ 50-
60 keV) and may be based on either the m(he/)? or #(hg/2®i3/2) proton configurations. The
observation of associated E2 crossover transitions in one of the bands (see Fig 4) suggests that the
former configuration is the most likely (since it will have lower B(M1)/B(E2) ratios). Both the bands
display a higher frequency alignment at hw ~0.4 MeV, and these may be explained if the proton
configurations are coupled to aligned neutrons such as v(i;3/2)%. The lower frequency alignment of
v(iys/2) neutrons, predicted by CSM calculations to occur at fiw ~0.2 MeV, would then be blocked
and the higher frequency alignments would then correspond to negative parity neutron orbitals
(fs/2, Paj2)- The third band in 197Pb is highly irregular and is possibly based on the 1r(h9/2®sl"/12)
configuration.

The Al=1 band seen in !%6Pb [1] is very weak, but has characteristics similar to bands 2, 3
and 4 in 198Pb, implying that it may be based on either the w(hg/3)? or m(hg/2®i13/2) proton
configurations.

Further studies of these structures in the Pb nuclei; and the neighbouring Tl and Bi isotopes
are clearly required. For instance, lifetime measurements may shed light on the underlying configu-
rations of these structures.. Detailed spectroscopy, using large detector arrays such as EUROGAM
or GAMMASPHERE, would enable the systematic behaviour of these cascades to be established.
More information of the decay out from these bands may also yield information on the mechanisms
of decay of other low intensity collective structures, such as superdeformed bands.
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Abstract

We have studied the in-beam y-ray spectroscopy of 196Po, which is the first
Po isotope to exhibit collective vibrational structure. The onset of collective
motion occurs in this isotope because of the large overlap between valence
protons in hgy and valence neutrons in 13/ orbitals.

1. Introduction

The polonium isotopes with two valence protons provide an excellent laboratory in which
to study the transition between single particle and collective behavior in a nuclear system.
Polonium isotopes with N = 126 have structure characteristic of shell-model behavior with
yrast energy spacings of a two-particle j2 configuration. As the number of neutrons is
decreased, the large number of valence particles makes a shell-model description of the
low-lying structure difficult and the onset of collective structure is expected.

2. Experiment

We used the 172Yb(28Si,4n) reaction to study 196Po at the ATLAS facility with beam
energies of 141 and 145 MeV. The Argonne-Notre Dame BGO y-ray facility which
consists of 12 Compton suppressed Ge detectors and a 50-element inner BGO ball was
used. Approximately 35 million y—y events with an inner ball multiplicity K>3, as well as
all higher fold Ge data, were recorded to tape. The data were sorted off-line into a series of
matrices, of which the one with K=5 was used for the majority of the analysis. Angular
momentum assignments were determined through the use of DCO ratios. Earlier work! by
Alber, et al., studied the delayed ¥ rays depopulating the 850 ns 11- isomer in 196Po. As
summarized in Fig.1, we have extended this earlier level scheme with our prompt
spectroscopy measurements and have determined spins and probable parities of the levels.

(134} 196
(12+)
667
: 84 P°11z
11- 566
190 (10+)
10+ (850 ns) 11° 486

Coliective

Figure 1: Level Scheme of 196Po
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The study of neutron deficient Po nuclei via (HI,xn) reactions is greatly hampered by
competition with fission and multi-particle transfer reactions. As the number of neutrons is
decreased Coulomb-enhanced fission becomes the prefered channel, especially at high
angular momenta. However, through the use of the higher multiplicity cut on the BGO
calorimeter, we were able to filter out most of the fission as well as some of the Coulomb
excitation and transfer channels. The low-lying transitions in 196Po are the strongest y-ray
lines in the spectrum, after appropriate filtering, near Ey = 400- 500 keV.

3. Energy Systematics

The structure of Po nuclei can be expected to be similar to that of Te nuclei, which also
have two valence protons. Earlier work2:3 by Lee, et al., and Hem;y on Te isotopes
showed that as the neutron number decreased from singly magic 134Te to 118Te the
structure became collective vibrational. The absolute B(E2; 2+ — 0%) values are
exceptionally well-reproduced by the expectations of the vibrational limit of the interacting
boson approximation (IBA) model. Also, relative B(E2) values are in better agreement
with vibrational than rotational predictions.

In Fig. 2a we display a simple qualitative 2.0
indicator# of the transition between shell-model . @)
and collective structure in Te isotopes. The 15
ratio, R(6/4), of the energies of the yrast 6 to
4+ states are plotted as a function of the R(4/2) Forbidden Collective
ratio of the energies of the yrast 4+ to 2+ states. - 1] .
Such a plot can be divided into four regions. 3 X
The portion of the plot with R(4/2) 2 2.0 and % j4- .
R(6/4) = 1.5 can be labeled as collective, with , .
the lower limits the expectations for a simple | pe L Forbidden
harmonic vibrator. The quadrant with R(4/2) < 12
2.0 and R(6/4) < 1.5 is indicative of shell-model s
structures. The remaining two quadrants are 1.0 r v T r
"forbidden" in the sense that although one of the 0 14 1.8 22 26 3.0
two energy ratios is characteristic of collectivity, R(4/2)
the other is associated with single-particle 18 (b
behavior. :

161
The ratios of various yrast energies can be used Forbidden Collective
to determine the collective versus single-particle L4 . 196p
behavior. However, one needs to be judicious & < Pere
in the choice of the ratios plotted. Te nuclei £
have their valence protons in the g7/, orbital; % 121 Jongle Forbidden
therefore, the maximum angular momentum of 1. artiee .
two g, protons is 6. In Po the valence protons 104 » "
are in the hgp, orbital, with a maximum angular
momentum of 8. To show the comparison o8

between Te and Po more clearly we have plotted Lo 12 14 16 18 2.0
in Figure 2b the R(8/6) vs R(6/4) ratios, where ) ) ) R(m)' ) ’
again the solid lines demarcate the boundaries  pigure 2a: R(6/4) vs R(4/2) for 64sN<82 Te isotopes
‘between collective (R(8/6) 2 1.33) and non-  Figure 2b: R(8/6) vs R(6/4) for Ns126 Po Isotopes
collective structures. Although the Te nuclei Data taken from ref. 1,3,5 and present work.
show a gradual tracking from the single-particle

to the collective regimes, the behavior of the Po

nuclei is radically different. The Po R(8/6) ratio

stays tenaciously in the shell-model region

from 0 to 12 valence neutrons (corresponding to 219Po to 198Po) and does not enter the
collective area until it has 14 valence neutrons. However, 196Po is clearly inside of the
collective region of the plot.
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Data taken from ref. 1,5 and present work

Fi§ure 3 shows the systematics of the light Po nuclei. It is evident that as we go from
198Po to 196Po the energies of the yrast 2+, 4+ and 6+ states decrease, whereas the energy
of the yrast 8* state rises. It is this combination of energy spacings that signals the onset of
vibrational structure in 196Po. In addition, the 25 and 4, levels are now nearly degenerate
with the yrast 4* and 6+ states, respectively, as would be expected if these non-yrast states
are members of multi-phonon multiplets. ‘

If the low-lying structure in 1%6Po is vibrational, then the selection rule, ANph = %1, for
transitions between phonon multiplets should hold. Although no absolute B(E2) values
were obtained, the ratio of B(E2) values can be calculated from the ratio of the intensities of
the two transitions as seen in a gate taken on the gamma ray feeding the initial level. The
comparison between experiment and the expectations of the vibrational model are given in
Table 1, with the assumption that the observed transitions are of pure E2 character. The
relative B(E2) ratios of the non-yrast transitions, together with the energy spacings, are a
strong indication of vibrational collective structure. We propose that the last two neutron
holes play a major role in the onset of collectivity in 196Po.

Table 1: Ratios of B(E2) values

B(E2) ratios Vibrator Experiment

B(E2;42—2,)/B(E2;4,54)) 0.91 0.9

B(E2;22-21)/B(E2;2,-01) 0 0.02
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4. The p-n Interaction and Collectivity
The orderings of the single particle states for N < 126 and Z > 82 are shown in Figure 4.

.

p 1372

12 ———
T ————— '5,2 h,’z
0O T~ Pan
‘II’I
HIEOEK IO
"’Iz h!IIZ
n P

Figure 4: Shell Model levels for protons and neutrons in 196Po

In a naive picture N=112 is the first Po isotope in which there are holes in the neutron i135
intruder orbital, which is well known to drive the onset of deformation. In addition,
Casten® has shown that the proton-neutron (p-n) interaction plays a major role in the onset
of deformation. In particular, with the use of the parameter P = NpNp, / (Np + Ny), which
is a normalized ratio of the p-n interaction to the pairing interaction, systems with P > 4-5
are usually deformed.”

However, P is an incomplete representation of the p-n interaction, since it does not take into
account the actual overlap of the proton and neutron orbitals. If the protons and neutrons
are in states with very different quantum numbers, then it is unlikely that they will have a
large interaction. If, however, there is a high degree of spatial overlap, then the p-n
interaction could cause a large amount of mixing between the states and a corresponding
lowering of the energy that is a signature of collectivity.

Casten has also developed a simple way to quantify the amount of overlap of single-
particle wave functions with the use of a semi-classical angle. When two angular
momentum vectors are added to form a resultant, the three vectors obey the law of cosines,

which can be written as®

2 2 .
0j1,j2 = cos"1{(J2 - j] - §3) / @[ial*li2D}

If we replace the vectors with operators and extract the expectation value of the operators
then®

8j1,j2 = cos"L{IUU+D) - j1G1+D] - j2G2+D] / 2§11+ 1)+j2(j2+1)11/2}

This semi-classical angle can be viewed as the angle two single-particle states make with
respect to one another in order to form a total angular momentum, J, of a given state.It
gives a quantitative measure of the distribution in angles of the nucleons in a state with a
particular J.

Table 2 presents the seml-classmal angles of several I(j2,J)> conﬁguratxons located near the
Fermi surface in 196Po. The angles for the neutron (113/2) and proton (h9/2)
configurations at moderate angular momenta are similar. This indicates that there is a
larger overlap between this neutron intruder orbital and the valence proton orbital than was
the case in heavier Po isotopes, in which the i13/; orbital is fully occupied. This large
overlap means more p-n interaction, which then in turn drives the collective motion.
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Table 2: Semi-classical angles (in degrees) for |j2,J> configurations
j (single particle) J=2 J=4 J=6 J=8
i13/2 160 144 127 108
hg/a 152 127 99 63
f7/2 144 111 71 -
fs/2 131 82 - -
pa/z _ 90 . : :
pP1/2 - - ' ‘

5. Conclusion

The onset of collective vibrational motion has been observed in the low-lying structure of

96Po. The energy spacings of the yrast 2+, 4* and 6* states, as well as the 22 and the 4
statcs, are consistent with the spacings of one, two, and three phonon multiplets. Thc
ratios of the B(E2) values for decays from the 4 and 2 states are also consistent with
those for vibrational structure.

The transition at moderate angular momenta from single-particle behavior in 198Po to
collective behavior in 196Po can be attributed mainly to the valence ij3/ neutrons, since the
i13/2 neutrons have a large overlap with the valence hgy protons. The p-n interaction causes
mixing for configurations with spins less than 8, which yields collective wave functions
and a lowering of excitation energies.

This work has been funded in part by the National Science Foundation and the U.S.
Department of Energy, Nuclear Physics Division, under contract no. W-31-109-ENG-38.
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ABSTRACT

High spin physics is a vast topic addressing the variety of nuclear excitation
modes. In the present paper, some general aspects related to recent highlights
of nuclear spectroscopy are discussed. The relation between signature splitting
and shape changes in the unique parity orbitals is elucidated. The relevance of
the Pseudo SU(3) symmetry in the understanding of rotational band structure
is addressed. Specific features of rotational bands of intruder configurations are
viewed as a probe of the neutron-proton interaction.

1. INTRODUCTION

High spin spectroscopy aims to investigate the interplay of collective mo-
tion and single particle excitations as a function of angular momentum and
nucleon number, N and Z. During the recent years an increasing amount of de-
tailed high spin data has become available. In many nuclei states with same
quantum numbers (angular momentum and parity) have been reported to be
very close in energy (sometimes only &~ 1 keV). In case of odd-N or Z nuclei, it
indicates that certain single particle configurations remain orthogonal to rather
high spins, implying, that it makes sense to label different rotational bands by
means of additional quantum numbers. In other cases, it is related to a differ-
ence of the collective degree of freedom, e.g. two 12*-states of prolate and oblate
shape. The single particle and collective degree of freedom can of course not he
separated and in general we deal with a mixture of them. Spectroscopic data
from the last years reveal an extremely high degree of order, far from chaotic
motion. The expected-transition from order to chaos at higher excitation energy
and higher spin is at present not observed. In the following, we focuse on the
aspects of high spin physics which are related to the order of nuclear excitations.

Nuclei arve generally classified as being either spherical, transitional or de-
formed. The region of deformed nuclei is then divided in nuclei with prolate
and oblate shapes. These ground-states properties, although interesting and
very important, give a very limited discription of the richness of nuclear exci-
tations. The Pb isotopes have served as text book examples of spherical shell
model nuclei. Recent high spin data reveals the presence of highly collective
superdeformed prolate shapes,! see also BE.A. Henry’s contribution in this issue.
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In addition, very recent reports give evidence for the most regular collective
oblate bands observed hitherto.? Similarly, Sb-nuclei which show characteristic
excitation energies of spherical nuclei, have collective rotational bands reach-
ing frequencies of more than 2MeV, associated with stable prolate shapes (see V
Janzen’s contribution in this issue). Fast rotation is still one of the most efficient
tools to access the inner structure of nuclei.

2. SHAPE CHANGES AND SIGNATURE INVERSION

Even-even nuclei in mass A=120-130 region exhibit moderatly deformed
prolate shapes.3‘4 However, at higher spins the picture changes. Coexisting
collective 12+ states in Ba-nuclei have been interpreted as having prolate and
oblate shapes, respectively.5 Most recent high data spin in mass A=120 region
give evidence for transition from collective rotational bands to single particle
excitations.5" A new region of non-collective high spin states is being explored
(see also E Pauls contribution in this issue).

Direct measurement of the quadrupole moment of even-even nuclei at high
spin is a rather difficult task. On the other hand, the odd nucleon is a much
more sensitive probe to the shape degree of freedom. Rotational baunds in odd-
A nuclei exhibit a characteristic spectrum depending on whether the shape is
prolate or oblate: If the Fermi level is among the low-2 orbitals, one expects
decoupled rotational bands, the favored sequence considerably lower in energy
than the unfavored. If the Fermi level is among the high-Q orbitals, rotational
bands are strongly coupled, with no or little signature splitting between the
favored and unfavored sequence. In the latter case, one frequently observes
AT = 1 sequences, which are merely a realization of the strong coupling scheme
and not necessarely an indication for tilted cranking.

For the unique parity states the low-(high-)$2 orbitals are low (high) in the
shell for prolate (oblate) nuclei, whereas they are high (low) in the shell at oblate
(prolate) shape. Since the Fermi energy is rather well determined, the pattern
of the rotational band is directly realated to the shape. Prolate-oblate shape
transition and coexistence of collective rotational states in odd-proton nuclei has
been established in the mass A=120-130 region since some time ago.3?

Rotational bands in odd-A nuclei in the mass A=130 built on the %1/, neu-
tron orbital region show an increasing signature splitting with N, NV > 71. Since
at prolate shape, the {l-value is increasing with N, one expects the signature
splitting to decrease. The present data can be understood in terms of a shape
change from predominantly prolate to triaxial and oblate. 1!

Total Routhian Surface (TRS) calculations have been performed for the
hy1y2 configurations. The TRS calculations minimize the equilibrium shape
(/32,84and v) as a function of rotational freql.lency.ll’12 The signature splitting
between favored and unfavored sequence can be obtained from the energy dif-
ference at equilibrium shape of each signature, respectively. Figure 1 compares
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Fig. 1. Experimental and calculated signature splitting in hy, /2 neutron bands. The
calculated y-values as a function of neutron number are indicated to the left. The error
hars indicate the softness of the Routhian surface, within 100keV. (From ref. 10.)

the calculated and experimentally observed signature splitting in. The calcu-
lated change of y-deformation of the favored signature is also indicated for the
Ba-isotopes. In all these cases, the favoured signature is lowest in energy, which
is the most common case.

In odd-odd nuclei, however, signature inversion has been reported for ro-
tational bands, especially involving the unique parity high-j orbitals. This has
been taken as a ‘fingerprint’ of triaxiality with positive ~y-values.!3 (Accord-
ing to the Lund convention 14, v- value of 0°(—60°) corresponds to collective
prolate (oblate) rotation and - value of 60°(—120°) to non-collective oblate
(plolate) states.) Alternative explanations have been given by particle core cou-
15 1(’, introducing a residual neutwn -proton interaction!’:
the coupling to gamma vibrational states.!

8 or by

Experiments in the mass A=120 region show strong signature inversion
in odd-odd Cs nuclei, the effect being considerably larger than previous data in
the Rare Earth 1eglon 0 The lack of firm spin assignment hade made the results
from the Cs-isotopes difficult to interprete. Recently the group from Tsukuba
university has performed an extensive study of '*Cs, leading to more reliable
spin assignments.2! The signature splitting of 2°Cs is even larger than that of
12Cs and is present up to spin 15%, ie even for I > j, +j,. Particle Rotor calcu-
lations including a residual proton neutron interaction have been performed for
12005 22 The experimental signature inversion can roughly be accounted for by
either positive y-values or by the residual neutron-proton (np) interaction. The
excitation energies alone ar not enough to distinguish between the two scenar-
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Triaxial shape, v = 20° and no residual p-n interaction: open circles.

Axially symmetric shape with a residual p-n interaction: diamonds.

(From ref. 22.)

ios. However, the BM1/BE2 ratios are impossible to account for by asswuming
triaxial shapes with positive gamma. On the other hand the ratios are easily
reproduced by the inclusion of the residual np interaction (ﬁg.?).22

In order to further investigate the possibility of triaxial shapes, Total
Routhian Surface (TRS) calculations have been performed for the relevant high-
j configurations. The calculations for the vhyy/,@7hyy/2 configurations in CS-
isotopes only yield slight positive gamma values, far from being enough to acount
for the signature inversion. The same results are obtained for the vi 3/, 0mhy /2 con-
figurations in odd-odd nuclei in the Rare Earth region (Eu- and Ho-isotopes).

We can thus conclude, that the signature inversion observed in high-j
orbitals in odd-odd nuclei is less likely to be related to triaxiality than to the
dynamical coupling of protons and neutrons. One should also note that it is the
central term of the neutron-proton interaction, which gives rise to the signature
inversion and the resulting BM1/BE2 ratios.18 Previous calculations based on a
Q - Q force in a single-j shell result in a ten times weaker effect.1”
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3. ELECTROMAGNETIC PROPERTIES IN THE PSEUDO SU(3) SCHEME

The role and importance of the high-j unique parity orbitals in high
spin physics has been studied extensively. However, the pattern of the nor-
mal parity states is much more complex, since a far greater number of single
particle states are distributed in a more intricate way close to the Fermi sur-
face. A simplified classification of the normal parity states has heen given in
terms of the Pseudo SU(3) scheme.?3-20 The spin-orbit interaction (/- s) of the
Nilsson potential of medium and heavy deformed nuclei is roughly four times
as large as the orbit-orbit (I -1) part, (corresponding to a Nilsson parameter
of 4=0.5). Therefore, one can map the normal parity Nilsson states into a
Pseudo SU(3) oscillator Hamiltonian with degenerate levels (doublets) of same
pseudo A.([Nn,A] =L, [Nn,A—2]+1 > [N Al £ L, A=A~ 1, see also the
discussion in 27 ) How well is this symmetry realized in medium and heavy
nuclei?
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Fig. 3. Levelschem of 1" Re, (from ref. 28)
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A most beautiful example of pseudo spin doublets has been found recently
in the odd-proton nucleus 175R8,28 see fig.3. Two rotational bands built upon
the [402]5/2 and [404]7/2 orbital are very close in energy and linked by strong
interband M1 transitions (band 3 and 4). In the pseudo-SU(3) scheme, they
correspond to the [303] 1, | orbitals, respectively, originating from the spherical
[ = 3 state.

The in-hand BM(1) transition probability is proportional to the gyromag-
netic factor (go — gr)? resulting in very different transition rates for the [402]5/2
and [404]7/2 orbital, since the orbital angular momentun is once coupled parallel
and once antiparallel (9o = ¢: + (g5 — ¢1)(5:)). In this particular case, there is no
contribution from [ = 1 and gq can be calculted rather easily within the Pseudo
SU(3) formalism. ‘

L .

9o =g — ('—3'—%21‘)(93 — gi){&:), (1)
where a = 2/9 for the A = 3 orbital (for details see ref 25,28). Note also the
opposite expectation value for (3,) and (s.) as well as the opposite sign in front.

Using ¢,=0.7 gfrec (=3.9) and g;=1 for protons, one obtains g¢7/;=0.67
for the [303)] and 95/2=1.47 for the [303]] configuration. These values can be
compared with the asymptotic Nilsson values of 0.59 and 1.58 and experiment,
0.75 and 1.67.2% The results obtained within the pseudo-SU(3) model agree
rather well with the data and are better than the predictions from the Nilsson
model. (see further 25,28.)

Within the Nilsson model, the inter-band transitions are forbidden since
AN = 2. However, they are allowed within the pseudo SU(3) scheme since the
pseudo angular momentum A is preserved. As shwon in fig.4, the calculated
transitions from band 4 T to band 3 | are almost an order of magnitude smaller
than the experimental values. The drop (rise) of the intra-band BM1/BE2
transition rates in band [(T) suggests that mixing between the pseudo spin
doublets is present. In order to investigate the transition rates in the pseudo
spin doublet, three different version of the calculations were carried out:

1) no Coriolis mixing hetween band 3 and 4 (n = 0)
i1) calculations within the symmetry limt, i.e. full Coriolis mixing (n = 1)

i) calculations with Coriolis attenuation, to fit the experimentally observed
energy spectrum as well as transition rates (1 = 0.4)

In Fig. 4 the results of the three sets are demonstrated. In the presence of
Coriolis mixing, one is able to account for the BM1/BE2 transition rates, as
well as for the rather strong intra band transitions. The calculations within the
symmetry limit, which are essentially parameter free, very nicely account for the
observed trend. On the other hand, within the symmetry limit, band 4 would be
lower in energy than band 3 and one is not able to reproduce the energy split-
ting of the levels. If one aims at to reproduce both energy levels and transition
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Fig. 4. Comparisons of experimental (points) and calculated (curves) branching
ratios for the pseudo-spin doublet in '™Re. (a) Results for intraband B(Al1) and
B(E?2) ratios. The measured values for the ['3_{]73]] band are denoted by filled circles and
for the [303]| band by filled squares. _

(b) Results for B{M1)inter/ B(M1)intra ratios from band [3—673]] to band [303}]. The
filled points (experimental data) are not corrected for E2/A1 mixing ratios. whereas
the open points are corrected for the B(E2;1 — I — 1)intrq using the calculated é;,4r4
values shown in portion (c). Three variants of calculations with three different Coriolis
attenuation factors () are performed: no-mixing in the symmetry limit (n=0), full
Cloriolis mixing in the symmetry limit (n=1), and finally an attenuation factor which
reproduces the energy spectrum (1=0.4). The calculated B(M 1)iyter/ B{M D)intra values
for the case of [303]|— [303]{ also are shown in portion (b).

(c) Calculated mixing ratios 6%, for the [303] pseudo-spin doublet. The experimental
mixing ratios for a similar configuration ([303)]) in '™ Ta (from ref. 30) are shown as
filled triangles. (from ref. 28)

rates, the resulting Coriolis mixing turns out to be strongly attennated. i.e far
from the symmetry limit. (The symmetry limit also implies that the difference
in alignment between band 3 and 4 is 1%.) Different effects might be respon-
sible for the attenuation: The deformation of band 3 and 4 is calculated to be
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slightly different, which will weaken the Coriolis mixing. Deformation changes
are expected to occure in this massregion, which have influence on the energy
spectrum and mask the true mixing. The Pseudo SU(3) limit is not a very good
symmetry in real nuclei - e.g. the calculated energy separation between pseudo
partners is always much smaller than the experimental value’l. To shed light.
on this issue, more experimental information about the pseudo partuer orbitals
is needed.

4. RESIDUAL NEUTRON PROTON INTERACTION IN INTRUDER
BANDS

Rotational bands built upon intruder configurations belong to the most heauti-
ful examples of regular rotational sequences. They reveal the distinct features
of intruder like orbitals.and the strong interplay of the single particle with the
collective degree of freedom. Intruder orbitals origin from one shell above the
valence shell and carry a large single particle quadrupole moment. The combi-
nation of particle like character and the large quadrupole moment results in a
corresponding polarizing effect of the average deformed field.

It has been noticed, that the ¢;3/; neutron crossing frequency is shifted
in proton hg, intruder bands (for a summary see 32 and references therein).
A shift of the crossing frequency is commonly attributed to a reduction in the
pairing field due to blocking effects. In odd-A neutron bands e.g., the neutron
crossing is shifted to lower frequencies. In the case of intruder like orbitals,
however, the odd-proton seem to affect the neutron crossing and it is shifted in
the opposite direction. (Similarly, in neutron intruder configurations the proton
crossing frequency is affected.) These phenomena seem to be a general feature
of all intruder like configurations and have been attributed to the presence of
a residual np interaction, not present in standard mean field calculations. 3435
When the Fermilevel approaches the intruder like configuration, as is the case
for the hg/e proton intruder orbital when Z~ 73 — 75, the intruder becomes more
of a quasi-particle, less particle like and the effect is reduced.3? In the following
we will focuse on the case where the odd particle is a proton (neutron) and the
bandcrossing is occuring in the even neutron (proton) system.

‘In odd-A nuclei the band-crossing between the one-qp and three-qp con-
figwration is essentially determined by the energy gap, AE. between the zero
and two-qp aligned configuration and their interaction V. The energies of the
yraste and yrare configuration can be calculated by solving a 2 x 2 matrix, with
V as the off-diagonal term, the diagonal being determined by AE. The odd
particle remains essentially a spectator. The purpose of the np interaction is to
involve it directly in the alignment process.

The crossing frequency depends on the diagonal term, AE, which in stan-
dard Cranked Shell Model (CSM) calculations, is determined by the deformation
and the pairing gap. Since the intruder polarizes the nuclear shape to a larger
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deformation, there is a trivial dependence of the crossing frequency and inter-
action ¥V on deformation. In most cases, the crossing frequency and interaction
strength increase with deformation. However, the deformation effect alone is
not enough to account for the observed shifts of crossing and interaction.

A full analysis of this effect has to take into account the self consistent
change of the mean field in the presence of the nucleonic interactions. This
is very difficult to carry out. A qualitative understanding can be gained by
investigating a residual np interaction of Q- Q type on top of the calculted mean
field, in the sense of perturbation theory.

Since the @ - @ interaction is one of the main ingredients in the deformed
mean field one has to subtract the expectation value of the average single particle
quadrupole moment (core) from the interaction (we do not want to calculate the
interaction twice):

i <Yy li>

0% = Q= (@), Qu=Y <iYalk>, (Q) P

"

(2)

The average single particle quadrupole moment for neutrons and protons is
given by (Q). The residual @ - Q interaction, is a force which is left when

the contribution from the core ({Q)) has been removed. One realizes e.g., that
at spin 0 i the diagonal term of the residual @ - Q interaction vanishes, since

S g *_<Q >) = 0. This means that within this simple analysis, there is no
additional diagonal term at spin I = 0h.

However, the density of the rotating nucleus changes with spin. The
largest change occurs at the bandcrossing. The reason for the change relates
to the fact that the configuration is changing from zero-qp to two-qp, leading to
changes in the Fermi energy, the pairing gap and related scattering from positive
parity orbitals into negative parity and vice versa. The residual change of the
quadrupole moment can be investigated by calculating the quadrupole tensor at
fix deformation as a function of frequency. Note that this change is present at
all deformations. '

Since we are mainly interested in axial symmetric shapes associated with
intruder like orbitals, only the residual Qo term is calculted. In fig. 5, the calcu-
lated residual @)y mement for Z=60 is shown, where the Fermi level A and the
pairing gap A are determined selfconsistently at each frequency according to the
rotating BCS scheme. Proton nwmber 60 was chosen since this corresponds to
a case, where the BCS equation does not brake down after the bandcrossing as
it does usually. The deformation corresponds to values of the highly deformed
i13/2 neutron intruder bands, observed in several Z=60 Nd-isotopes. where one
expects the Ny, protons to align. The pronounced drop in the quadrupole mo-
ment is associated with the iy5/2 proton crossing (see fig.5). It implies that the
quadrupole moment of the nucleus becomes smaller after the bandcrossing, al-
though the deformation values are fixed. In other words, the deviations between
single particle potential and the nuclear density increase with spin, especially
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after the first band-crossing. In fully self consistent HFDB calculations. this effect
is taken into account.

When the aligning particles are within the unique parity sub-shell, one al-
ways obtains a drop in the microscopically calculated quadrupole moment after
the bandcrossing. Since the quadrupole moment of the intruder orbital is al-

ways larger than that of the core nucleus, Q4 > Q4o the residual np-interaction

int . Qa0 becomes negative after the band-crossing, shifting the two-qp con-
figuration to higher energies. In this particular case, using the selfconsistent
coupling strength?? one obtains a loss of the np interaction by & 200keV, which
will shift the S-band by that amount. If the aligning particles are below the
unique parity shell, i.e. they will become occupied because of the bandcross-
ing, then the quadrupole moment will increase resulting in a positive residual

int . Q20 interaction. Then the band-crossing frequency is expected to become
lower. This prediction can be tested in the Sb- and Sn region, where intruder
orbitals associated with hyy/oproton have been observed (see V Janzens contri-
bution in this issue).

If the residual np interaction shifts the crossing frequency to higher value
in intruder configurations, what will be the effect for configurations close to the
Fermi surface? Such orbitals are mainly of quasi-particle character and deviate
little from the average core quadrupole moment, i.e. Q% — Qq is rather small.
This holds expecially for the normal parity states close to the Fermi suiface.
(Deep hole states will give rise to a large residual quadrupole moment.) The
high-j unique parity orbitals are also of dominant quasi-particle character at low
frequency. However, the Coriolis interaction mixes in low-{2 states, giving rise
to a with frequency increasing residual quadrupole moment (although smaller
than that of the intruder). In the 24/ odd-proton bands in rare earth nuclei as
Ho and Tm e.g. , the low-! component is of hole character, yielding a negative
residual quadrupole moment. In that case the residual @ - @ interaction becomes
positive, since the residual quadrupole moment of the aligned 2qp configuration
also is negative. The 7,3/, neutron crossing frequency thus becomes lower in these
high-j unique parity orbitals, ie the effect is opposite to intruder like orbitals.

In addition to the shift in crossing freuency, one also observes an addi-
tional band-interaction hetween the one-qp intruder configuration and the three
qp configuration built on the intruder plus the aligned particles 3435 In the
CSM there is no additional coupling between neutrons and protons. besides
trivial dependence on deformation. The np interaction gives rise to additional
off diagonal terms, mixing one and three-qp configurations. The additional in-
teraction V can smooth out the bandcrossing. Instead of an expected backbend
only an upbend is observed, instead of an upbend one observes a smooth rise in
the moment of inertia, etc.

The off-diagonal matrix element V of a @ -Q interaction calculated from
the solution of the CSM, is too small as compared to experiment. This might
relate to the simplicity of the force. The short range components of the np
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Fig. 5. Change of the microscopically calculated residual Quadrupole moment y (Q—
(ng)) for protons at fix deformation, 3,=0.365, 3,= 0.01 and y=1.0°. The sudden
drop is associated with the alignment of hyyj; protons. Both the Fermi energy A and
the pairing gap A are adjusted to its selfconsistent value at each frequency hw. The
residual Q30 moment is given in dimensionless units. i.e. (2:%—22—y?) is divided by the
harmonic oscillator length. Coutributions from 14 harmonic oscillator shells are taken
into account in this calculation

force might be important as well as influence on np-pairing. On the other hand,

the additional interaction V is larger and has opposite sign in intruder config-

urations than e.g. high-j unique parity configurations. We can thus conclude
0 o

that one gains valuable insight from the @ -Q) interaction, however more refined
approaches are necessary in order to fully understand the high-spin behavior of
intruder configurations. :

Rotational bands built upon intruder configurations have in general heen
associated with enhanced collectivity at prolate shape. The recently discovered
oblate bands in Pb-region, can in a similar manner be classified as oblate in-
truder configurations, where very distinct oblate deformation driving orbitals
have become occupied as e.g. the 71372 = 13/2 proton orbital. Again very reg-
ular rotational sequences are observed. Similar effects on crossing frequencies
and band-interactions are expected. One can note, that the iy3/2 neutron cross-
ing in the oblate hgyy proton band in T, is considerably delayed as compared

to the cranked shell model calculations 5.
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4. CONCLUSIONS

The increased sensitivity and efficiency of todays detector systems has
enhanced the richness of nuclear spectroscopy considerably. Weak transition
between different rotational bands conrresponding to different single particle
configurations challenge theoretical models and set new constraints. Shape co-
existence is observed more frequently, pushing for unified models of nuclear
structure theory.

There is a definite beauty present in many level-schemes, related to the
pattern of rotational motion we can recognize. A nuclear level-scheme might
remind us of a tree, which has been growing higher for each year. We see
more and more of the details and the different branches but ave still far from
a complete picture. The progres in high spin nuclear physics is generally not
related to one single discovery, but to the systematic exploration of many nuclei.
Ouwr hope is that more detailed high spin spectroscopy will lead to a better
understanding of the nuclear many body problem as a whole. We are a bit on
that way.
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Abstract: In each of the prolate-deformed Isotopes '#°W and ’*”lw, a very
high-K non-collective state has been found which decays directly into
the corresponding ceollective ground-state rotational band. There Is

icomplete breakdown of the K-selection rule, In contrast to the partial

breakdown observed recently In '74Hf and '%%0s. Nevertheless, the non-
collective states themselves retain characteristics associated with a
prolate axially symmetric shape, Implying that K Is still- a useful
quantum number,

High-angular-momentum intrinsic states in nuclei are frequently
long lived as a consequence of angular-momentum selection rules. In
prolate-deformed nuclei with axial symmetry, the projection, K, of the

,angular momentum on the symmetry axis is a constant of the motion,

though rotational perturbations, e.g. the Coriolis interaction, lead to
the mixing of K-states. The selection rule for the multipolarity, X\, of
electromagnetic transitions, A2AK, is violated, but such "forbidden"
transitions are strongly retarded, in proportion''? to the degree of K-
forbiddenness, v=AK-A. The observation that the favoured decay path
minimises the degree of forbiddenness is called the "K-selection rule®.

The best examples of high~K isomers are found in the A=180 region
of nuclei. A celebrated case is the K=16 isomer in '7®Hf, with a half life
of 31 years. Macroscopic quantities of this exotic isomer have recently
been prepared® as a target for nuclear structure experiments. Although,
in principle, higher-spin isomers are expected to exist in '7°Hf, there is
no stable beam-target combination with which significantly more angular
momentum can be generated in '78Hf, even though it has a stable ground
state. Coulomb excitation does not in general lead to population of
Intrinsic states. Other isomers in the A=180 region have been studied at
high angular momentum In recent years,*~'° but the avallable data show
that the most energetically favoured very-high-spin iIntrinsic states are
simply not accessible with stable beams and targets. Perhaps the most
favourable possibility with present technology, and the closesf to '7®Hf,
s the reaction of +**Ca with '3Xe, with which high-spin states,
potentially up to about 60h, In '®°W and '*'W can be populated. Use of
the inverse reaction, combined with the recoil-shadow technique,
previously enabled'® the identification of new isomers, but without the
associated level structures.

We have employed a cryogenically frozen '?¢Xe target'' in the centre
of the TESSA3 array'? of y-ray detectors, together with a 4®Ca beam, to
study these tungsten isotopes. The bunched and chopped beam of 4®Ca was
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provided by the 20MV tandem accelerator at the Daresbury Laboratory.
About 65 million y-y-BGO coincidences were obtained. The experimental
signature of the very-high-spin isomeric decay in '®'W is remarkable:
gating on y-ray transitions in the rotational band based on the 9/2{624]
Nilsson configuration <(previously known'® tentatively up to the 668keV,
33/2429/2 4ransition) a series of sharp y-ray peaks is observed, up to
almost: 1MéV in energy. Severe Doppler broadening would normally be
expected, as the recoiling '®'W nuclei decay during the time that they
slow down and stop in the lead target backing. The sharp peaks show
that the nuclei have already stopped before they decay, and hence that a
long lifetimé 1s involved (2ps) which is considerably greater than the
~50fs collective rotational-decay lifetimes. In contrast, the Doppler-
broadening effect is clearly evident in the '®°W spectra gated on ground-
state-band transitions.

In '®*'W, isomeric population of the rotational band is the only
reasonable explanation for the sharp y-ray peaks. Part of the associated
level structure is shown in fig.l. Gating on the G614keV transition
itself, 1% is apparent that over 50% of the isomer decay proceeds
through the 9/2{624] ground-state rotational band. No other decay path
from the K=(57/2) isomer has been identified. An upper limit of 3ns for
the half life of the K=(57/2) intrinsic state 1is obtained from the lack
of any significant shift in the time centroid between the beam bursts
and -the associated y-y-coincidence events.

The '®°W ground-state-band gated spectrum, which shows significant
Doppler line-broadening for transition energies above 600keV, at first
sight appears to be as expected for a rotor, with collective sub~
picosecond transition rates. However, comparison with centroid-~shift and
line-shape calculations shows that there must be a significant long-
lived (>2ps) component at I=24. About 70% of the total population of
states in '°°W comes through a known'* K=14 2us isomer at 3.3MeV. A
complex decay pattern from a ¢ins isomer at 6.3MeV, with I=K=(25), has
now been identified, a s=implified version of which is illustrated in
fig.2. A rotational sequence of states is found above the isomer, the
lowest—energy and strongest transition being 430keV. Remarkably, the
430keV transition is seen in coincidence with members of the ground-
state band up to I=24. Although the implied 93keV linking transition is
not itself observed, this is consistent with a high electron conversion
coefficient and low y-ray detection efficiency. About 90% of the K=(25)
isomer decay proceeds through the other high-K structures.

The K=(25) isomer decay. in: 199 can be compared directly with that
in the N=106 isotone '°20s, where there is an I=25‘*> isomer* which has a
surprisingly strong (2%) branch directly to the I=24 member of the
ground-state band. If both isomers have I"=25*, then the implied Ml
Weisskopf hindrance factor for '°°W is ‘even smaller (by a factor 210%
than for '®20s. The situation for '9'W is similar to '®°W. The hindrance
per degree of K-forbiddenness, f,=(,)'/v, is (assuming v=22 and 24 for
the 972keV (E2) and 93keV (M1) transitions in '®'W and '®°W, respectively)
1.0¢f,<1.4: the transitions are essentially unhindered and there lis
complete breakdown of the K-selection rule.
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The question remains as to whether the drastic K mixing arises in
the Intrinsic non-rotating isomeric states, In the low-K rotational
states, or in both. An important indicator of high-K intrinsic structure
iz the sequence of rotational levels above a band head. Above the K=(25)
isomer in '°°W, there are three clearly identified levels with rotational
energy spacings, decaying by both Al=1 (M1/E2) and Al=2 (E2) transitions.
There 1s no signature splitting. Furthermore, the sharpness of the
observed AI=2 y-ray transitions above the K=(25> isomer is consistent
with the expected quadrupole moment, Q,~6.5b, providing K>20. We
therefore suggest that the intrinsic states themselves have high and
well-defined K-values; it is the high-spin states to which they decay
that involve drastic K-mixing. This conclusion 1is consistent with the
detailed observations’ of many branches from a K=14 igzomer in ‘'74Hf.

The mechanism, by which high~-K components enter into the
apparently low-K rotational bands, has been clarified by recent
experiments® on '7*W. In this nucleus, it was found that at the first
band crossing, the aligned band (usually called the s-band) has high K.
The Fermi-aligned coupling scheme is involved for the two 1i,;,, neutrons,
and Frauendorf has incorporated'® this feature into the cranking model
by allowing the cranking axis to "tilt" away from the principal axes of
the spheroidal shape. The aligned "band is then called a tilted band, or
"t-band". Thus, high-K components are present with large amplitude above
the first band crossing, which is important for understanding the high-K
isomer decays In' ‘7*Hf, '9*0s, '79W, ‘W and ‘®#'W, all of which decay into
low-K states at or above the t-band crossing. This provides at least a
partial explanation for the extremely low hindrance factors for the
izomeric transitions. The role of the hexadecapole (g,) deformation may
also be important in understanding the lower hindrance factors in the
heavier tungsten isotopes. The's, deformation is known to be particularly
large in these isotopes,’® and increasing with neutron number, causing
the low-Q 1,4,» orbitals to be brought closer to the Fermi surface and
increasing the effects of Coriolis K-mixing.
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Low-Spin Identical Bands in Odd-A Nuclei
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ABSTRACT

A comprehensive study of odd-A rotational bands in normally-deformed rare-earth
nuclei indicates that a large number of seniority-one configurations (30% for odd-Z nuclei) at
low spin have moments of inertia nearly identical to that of the seniority-zero configuration of
the neighboring even-even nucleus with one less nucleon. It is difficult to reconcile these
results with conventional models, based on the traditional picture of nuclear pair correlation in
vogue for more than three decades, which predict variations of about 15% in the moments of
inertia of configurations differing by one unit in seniority.

More than thirty years ago Bohr, Mottelson and Pinesl suggested that short-range
pairing interactions may be responsible for the observed reduction of the moment of
inertia of deformed nuclei compared to that of a rigid rotor. Shortly afterwards, this
expectation was confirmed by the first detailed application of the BCS pairing theory? to
nuclei3. A consequence of this interpretation is that the moments of inertia associated
with one-quasiparticle states in odd-A nuclei should be larger than that of the ground-
state configurations of the neighboring even-even nuclei4.

Therefore, the recent discovery’ of superdeformed rotational bands in several6-8

odd- and even-mass nuclei differing by a single nucleon that have identical <y-ray
transition energies to within a few keV, has received a great deal of attention.
Explanations of these "identical bands" (IB) range from a simple, "accidental”
cancellation of the various terms associatéd with the contributions of the valence
nucleons to the moment of inertia,?-10 to strong-coupling of pseudo SU(3) orbitals to the
even-even core,!l1 and finally, to a suggestion of rotational alignment of pseudospin®.7.
All these explanations assume that the largest contributing factor to the odd-even
difference in the moments of inertia, namely the pair force, is substantially weakened for
high-spin superdeformed states. However, these scenarios would fail to explain identical
bands at low spin, where the blocking of the pairing contributions of the odd nucleon is
predicted to reduce the nuclear superfluidity, thereby increasing the moment of inertia of
an odd-A nucleus by about 15% for rare-earth nuclei3-12. (Recent reports of IB's in
nearby even-even nucleil3:14 compare bands which have the same number of
quasiparticles and, thus, do not probe the effects of blocking on moments of inertia.)

This work reports a systematic comparison of nearly two hundred odd-A bands in
normally-deformed rare-earth nuclei with their neighboring even-even isotone or isotope
having one less neutron or proton. The difference in the moments of inertia of the
neighboring odd-Z and even-even isotones is <2% for the low-spin part of nearly 30%
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of the bands. This is much smaller than the expected 15% increase. Such data present a
serious challenge to the traditional picture of monopole pairing correlations which has
been in vogue for more than three decades. In order to characterize this unexpected
result, the Z, N, configuration, and excitation-energy dependence of the normally-
deformed identical bands were investigated. '

As an example, the decay sequences of three "identical bands" in 171Lu are
compared in Fig. 1 with a rotational core defined by the yrast sequence of 170Yb, the
neighboring isotone with one less protonl3. The variations between the transition
energies of the [40417/2 band in 171Lu and the corresponding values in the 170Yb core
(shown in parenthesis in Fig. 1a) are small, indicating nearly equal dynamical moments
of inertia for these bands. In the context of the present paper, bands in neighboring odd-
and even-mass nuclei with nearly identical moments of inertia are termed "identical".
Since bands which have identical moments of inertia have constant alignments, i,
constancy of alignment has been used as a signature for identifying identical bands.

(Alignment is defined as the difference in spin at constant y-ray energy.)

. The alignments of the [404]7/2, [402]5/2, and [514]9/2 single quasiproton bands
in 171y are shown in Fig. 1c. The alignments for all three configurations remain nearly
constant, indicating that all these seniority-one (i.e., one-quasiproton) configurations have
nearly identical moments of inertia to that of the seniority-zero yrast configuration of

170Yb. In Fig. 1b, the plots for the [404]7/2 and [402]5/2 configurations of 171Lu and the
“yrast configuration of 170Yb fall on nearly identical curves, resulting in nearly zero
- alignments. In contrast, the [514]9/2 plot parallels the 179Yb curve, but is displaced
_upward by an average alignment of iy, = 0.93 5.

Values of the average alignment , iy, and the variation of i relative to igy, V(i ),
expressed as a percentage, have been extracted for 174 single-proton bands with Z = 67-
77 and N = 90-110 for which spin, parity, and configuration assignments exist in data

bases!3:16 Explicitly, V(i) is defined as:

(4E,),

V()= 100/ N (i =i,
®=(100/N) 2 (i ~kn | 7E), | ()

Y

where (AEy), represents the difference in the energies of the two stretched E2 transitions
that populate, (Ey)n+1, and deexcite, (Ey)p, the nth member of the rotational band. N, the
total number:of transitions in each band, varies from 3 to 14. While the first term in‘the
above summation measures the constancy of the alignment curve, the second term
ensures that the contributions of the low- and high-spin members of the band receive
equal weight. The signature partners of K=1/2 bands, which have a large signature
splitting, were analyzed separately. The average alignments, igy, and the corresponding

percentage variations, V(i), for the 52 bands with an alignment variation of £ 1% are
displayed in Table I as a function of Z, N, and Nilsson configuration. The last three rows
of the table show, for each of the listed configurations, the number of bands analyzed, the
average variation, and the percentage of the bands with alignment variations of less than
1%. Surprisingly, 30% of the bands analyzed have alignment variations of less than 1%,
and nearly 12% have alignment variations of less than 0.5%, comparable to the variations
of the best examples of the superdeformed identical bands. The occurrence of 1B

becomes even more prevalent if configurations that contribute large terms to the moments
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Fig. 1. (a) Level scheme for the [404]7/2 configuration in 1711y, The corresponding transition
energies for the 170YDb “core" are given for comparison in parenthesis below the 171Lu wransition energies.
(b) Comparison of the distribution of spin as a function of gamma-ray transition energy for a variety of

seniority-one configurations in 171Lu and the 1[404]7/2® n[402]5/2 configuration in 1721¢ with that of
the ground-state band in 170Yb. (c) Alignment plots of the seniority-one and -two configurations shown
in Fig. 1b relative to the ground-state band of the 170y} as a function of the gamma-ray energy.

of inertia (e.g., [660]1/2 or [541]1/2) and nuclei with N < 93, which are easily polarized
by the valence nucleons, are omitted from the analysis. Indeed, there is a clear increase
in the tendency to encounter IB for nuclei with N > 100. These nuclei are among the best

rotors and have stable 37 deformations. A preliminary analysis of odd-neutron rare-earth
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Average alignment, i,,and percent variation in alignment, V(i), of

rotational bands with alignment variations V(i) £ 1% as a function of element, neutron
number (N) and Nilsson asymptotic quantum numbers.
with V(i) > 1%. The last three rows give the total number of bands analyzed, the average
alignment vanauon, and the percentage of the known bands with V(i) < 1% for each

Dashes indicate known bands

configuration.*
Element
N [402]5/2 (404172 411912 (411132 (5411172 [(523)72 (514192 (505)11/2
610 99 0.07,04 - -
o4 04009 - - 11,08
96 03208 0.250.5 020,08 - -
69T™ 90 036,05 -
92 0.03,0.5° -
94 - 0.63,0.7 - 190.7
o8 0.13,1.0 - - - 1208
100 0.06,0.3 - - ~
n g2 , 0.36,0.5 -
94 -0.17,0.6 0:18,0.7 - - -
96 00406 - - - -
98 '006-07 - - - -
wo 00508 0.04.0.2 - . 09306
02 02004 008,01 - - 0380.1
04 - 00502 002,04 - - 0.150.1
106 012,08 -0.03.0.1 -0:59,03 041,0.5
7T g 00306 - 2708 -
0o 00702 - - -
w2 02205 - 3208 -
104 0.000.2 -0,18,03 - 0.17,0.6
106 - 0.130.6 - 064,09
108 0.02,02 0.58,08
15R¢ 102 - 3402 -
106 - - 0.40,04
108 0.06,0.5 - 03104
110 002,04 -
7 o8 - 1607
100 - 2908 -
108 - 3208 _
4106
Total #of Bands 27 24 23 6 41 1 2 3
Average V(i) 28 09 29 26 sS 38 32 15
Freq. as 1B 48% 61% 13% 17% 15% 2% 35% 13%

*No IB are observed in 7 occurrences of the [660]lfz configuration having an average V(i) of 5.9.

nuclei indicates that though many neutron-based: identical bands with similar

characteristics exist, their occurrence is less frequent than those based on protons.
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The clearest trend emerging from this study is the fact that 56% of the observed
identical bands arise from the deformation-aligned [404]7/2 and [402]5/2 orbitals. Nearly
60% of the bands based on these orbitals fall into the IB category. In contrast, the
percentages of the rotational-aligned identical bands are 15% and 0% for the [541]1/2 and
[660]1/2 orbitals, respectively. Indeed, deformation- and rotational-aligned bands, which
exert opposite polarizing forces experience, respectively, the smallest and largest
susceptibility to alignment. These two factors strongly influence the moments of inertia.
However, such systematics may also be associated with configuration-dependent short-
range interactions.

An examination of the frequency of the IB as a function of the excitation energy
of the bandhead reveals that about 57% of the bands with alignment variations of less
than 0.5% have excitation energies of less than 100 keV. However, this lopsided
distribution is a result of the large density of the deformation-aligned orbitals near the
Fermi surface in this region. Indeed, the average value of V(i) for the deformation-
aligned [402]5/2, [404]7/2, and [514]9/2 orbitals is nearly independent of the band-head
energy. This result is counterintuitive in that the largest contributions to pair correlations
are from orbitals near the Fermi surface, whose occupation should produce the largest
effect on nuclear superfluidity and, hence, the largest variation in the moment of inertia.
It also is noted that adopting as a core either the even-even isotone having one more
proton, or an average of the two neighboring even-even isotones produces substantially
fewer identical bands. Indeed, such systematics also are counter to the expectations of a
paired system, which would require comparison with the average of the neighboring
isotones.

Perhaps the strongest challenge to the conventional BCS theory of pairing comes
from identical bands differing by two quasiparticles. The K™ values of these excited
bands in the seniority-two systems suggest the involvement of the two orbitals that also
give rise to identical bands in the neighboring seniority-one systems. For example, the
K™ = 6+ identical band in 172Hf is consistent with the coupling of ®[404]7/2® r[402]5/2
configuration to the 170Yb core. Indeed, the systematic occurrence of seniority-two
K™ = 6+ identical bands in 172-178Hf (i, = —0.42,-0.57, —0.02, and —~0.12, respectively)
coincides with the occurrence of [404]7/2 and [402]5/2 identical bands in the

neighboring odd-A 171-177Lu nuclei (see Table I). Analogous to 192Hg, 170Yb acts as a
core for many of the seniority-one and -two identical bands in its neighboring nuclei.

Other examples of nearly identical bands which may be built around the 170Yb core
include the {v[521]1/2 ® v[512]5/2} configuration in 172Yb (K* = 3+ i,,, = 1.3), and the
{v[521]1/2® n[404]7/2} bands in 172Lu (K% =3, §, =0.6; K* =4, iz, = 1.1). (The
similarity of the K™ = 4~ band in 174Lu and the [404]7/2 bands in the neighboring

173,175Lu nuclei has been noted previously!7.) The systematic existence of seniority-
zero, -one and -two configurations with identical moments of inertia defy the
conventional interpretation of moments of inertia in terms of the mean-field approach.
Such configurations must have significantly different pairing correlations and, therefore,
for an occupation of two quasiparticles are expected to exhibit as much as a 30%
increase in their moments of inertia.

To further investigate the deformation dependence of 1B, bands with A=130 [Ref.

18] having deformations of B2 = 0.35 (i.e., intermediate between that of normally-
deformed and superdeformed bands) were also examined. Two identical bands based on

neutron excitation, 132Ce — 136Nd (V(i) = 0.14%) and 135Nd — 136Nd (V(i) = 0.2%), were
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identified. Because the spins of these bands are not known, only their incremental

alignment Mod(i,2) = 1.8% and 0.67% respectively, could be determined. The existence of
identical bands at a variety of deformations is a clear indication that these bands are not

critically linked to the B2 (or B4) shape parameters via any yet-to-be discovered
symmetries. Rather, large, stable quadrupole deformations may simply facilitate their
occurrence.

An important question raised in connection with the superdeformed IB's is
whether or not their alignments are integer’. In contrast to the superdeformed cases, the
spins, excitation energies, and configurations of the identical bands studied here are
known, allowing unambiguous determination of their alignments. In view of the
common occurrence of the IB's based on a variety of configurations and at various
deformations, it is doubtful that any microscopic mechanism based on accidental
cancellations 9:10 can provide a viable explanation. Therefore, we compare the
alignments shown in Table I with predictions of two phenomenological models which ob
ovo assume identical moments of inertia for the core and the neighboring odd-A systems.
In the strong-coupling limit of the particle-rotor model, alignments of the K=1/2 bands
are given as 2i = (-1)I-1/2 g, where I is the spin and a is the decoupling parameter.

Relative alignment is zero for the K# 1/2, states. In the pseudo SU(3) model and its
phenomenological variants that invoke L- S coupling to explain alignments of the
identical bands, i =t 0.5 h for the normal-parity seniority-one bands relative to their
even-even cores. The seniority-two bands in the pseudospin-one (S=1) state have an
alignment of 1A relative to their seniority-zero configurations. (The "triplet pairing”

scenario suggested in Refs. 6,7 postulates that integer alignments may result from the S=1
state of the vacuum.) - The intruder orbitals fall outside the scope of this model.

Alignments of the normal-parity orbitals, and in particular the [402]-[404]
pseudospin doublets, provide a unique opportunity to clearly distinguish between the
strong-coupling, the pseudo SU(3), and the "triplet pairing" scenarios which give,
respectively, i = 0, 0.5, and 1 % for the K+1/2 orbitals. Barring a few exceptions, the
observed alignments shown in Table I are in good accord with the predictions of the
strong-coupling scheme, and provide no evidence for quantized alignments of 0.5 or 1 #.

The fact that constant alignmengs: (i) exist for both normal-parity and intruder states, (ii)
are generally nonquantized, (iii) are present at very low frequencies, and (iv) are

occasionally negative (e.g., i~— 0.5 % for the lowest K = 6+ bands in 172.174Hf) argues
against rotational alignment of pseudospin as a general explanation for 1B's. Nearly all
the N=5 identical bands exhibit (non-quantized) anomalous alignments. Within the
particle-rotor model, these alignments arise naturally from the mixing of the highly
alignable [550]1/2 intruder orbital into the [523]7/2, [514]9/2, and [505]11/2 Nilsson-
model states by the Coriolis force. The particle-rotor model, however, is not able to
describe the experimental alignments quantitatively.

In symmary, a systematic analysis of more than 200 one- and two-quasiparticle
bands in the rare-earth region reveals an anomalously large number of identical bands
(30% for odd-Z nuclei) at low spin and normal deformation. The existence of the
identical bands at deformations intermediate between normal and superdeformed was also
established.. The frequent existence of identical bands for an extended range of

deformations (varying from B2 = 0.25 to 0.6) indicates that such occurrences are not

restricted to the domain of superdeformed nuclei. The systematics of the identical bands
suggest that they share a common basis and that the large stable deformation and the
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weaker pairing correlations of the superdeformed bands simply facilitate the
manifestation of this phenomenon. The alignments of these bands in normally-deformed
nuclei, unambiguously determined, are not quantized, and do not seem to be the result of
the rotational alignment of pseudospin. It is doubtful that any of the conventional mean
field theories can explain the origin of these bands or the systematics of their alignments.
In particular, the reduction of the BCS pairing correlations due to the blocking of one and
two orbitals implies large changes (up to 30%) in the moments of inertia and cannot be
reconciled with these systematics. Likewise, both the lack of a dependence of IB's on the
bandhead excitation energy and the fact that IB's are nearly always observed for an odd-A
nucleus and the even-even system with one less particle instead of the average of the two
neighboring even-even systems are counterintuitive to pair correlations. It remains to be
seen whether extensions of the present mean field theories will succeed in accounting for
the data, or whether a new, fresh approach to account for short-range interactions is
necessary.
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Abstract: High sensitivity experiments with 48 Ca, 8O and ® Be induced reactions using the
ESSA-30, TESSA-3 and NORDBALL arrays have provided eztensive new information on
the high spin level structures of '™ Hf and *"™ Hf. During the series of experiments, several
new bands have been found and most known bands have been extended considerably. Spin
and ezxcitation energy ranges for 1™ Hf are now ~35h and ~13 MeV, respectively, and for
17 Hf ranges are ~30h and ~7 MeV, respectively. Several new high-K structures have
been found in ™ Hf and the structure of these and the already known high-K bands in
both nuclei together with the new Tilted Azis Cranking approach might ezplain the small
K-hindrances observed for K-isomers in this region.

The apparent breakdown of the K-selection rule observed in 820s!) where a K*=25%
isomer decays directly into the yrast band has stimulated an experimental as well as
theoretical activity in order to understand the mechanism behind this feature. The ex-
perimental activity has revealed several other high seniority states with unexpectedly
low hindrance in their decays. In particular, the finding of low hindrance factors in the
Hf-nuclei?) as well, where a high degree of axial symmetry has been demonstrated, has
removed some of the ambiguity.in the conclusions of reference 1). The softness towards
non-axial symmetry in ¥ 0s would in itself shed doubt on the validity of the K-selection
rule.

We have therefore concentrated our research on W- and Hf-nuclei where axial sym-
metry is prevailing and where we expect to isolate other causes of the small K-hindrance.
Here we will discuss two experiments on the rotational band structure built on high and
low seniority states in '™ Hf and !"*Hf. The new theoretical approaches involves cranked
shell model (CSM) calculations with cranking about an axis tilted with respect to the
principal axes. We will present a comparison of our new experimental results to such
calculations and discuss the implications for the decay of high-K isomers.

The experiments were performed with the TESSA-3 array at Daresbury Laboratory,
U.K., and with the NORDBALL array at the Niels Bohr Institute. In the former, the
reaction 130Te(*8Ca,4n)'™Hf at an energy of 195 MeV and bunched beam was used. In
the latter, the reaction '"Er(°Be,4n)'""Hf at 43 MeV was used. The two experiments
yielded about 5:107 and 4-108 two-fold 7-coincidence events, respectively.
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Figure 1 shows the !™Hf ground state band and the S-vibrational band extended to
I=34h. This has allowed a clarification of the previously reported®) double-crossing at
I=24%. The (-band crosses the ground state band at Aw=0.37 MeV and remains ener-
getically favoured up to the highest spin identified at I=34A. The gsb is crossed by an
unidentified structure beyond Aw= 0.4 MeV. The favoured signature part of the K™=(1)"
octupole band has been extended to I=39%, where the nature of this band probably is a
4-q.p. structure. This band crosses the gsb and the extension of the #-band at frequencies
of hw=0.45 and 0.5, respectively (see Fig. 2). Three new band structures have been identi-
fied in addition to the 20 known beforehand?). Two of these are probably of 2 q.p. nature.
The lowest spin level identified in one of these cascades at 2685 keV has previously been
proposed as the 12* member of the S-band?). This band has now been extended to I=32%.
The second new band structure starting at 1910 keV has a most probable spin of 5, 7~ or
6% deduced from its transitions to the gsb. A structure starting from a band head at 1563
keV is proposed as a K™=4"1 two quasi-neutron configuration and is identified up to I=25k.

The nature of the many quasi-particle structures available as final states is important
for the understanding of the highly fragmented decay*%) from the K*=14% isomeric state.
Equally important is the structure of the isomeric state itself which is a 4-q.p. 2 quasi-
neutron, 2 quasi-proton band head. The band built on the 3312 keV K*"=147 isomer
is identified to I=27#% and has the nature of a strongly coupled band without signature
splitting (see Fig. 2). Two new high-seniority structures involving two signatures have
been identified. A band-head at 4403 keV is assigned K™=18% from its decay pattern
into the K™=14* band, and a band-head at 5203 keV is assigned K™= (217) from its
decay pattern into the K™=18+% band and systematic arguments. The tentative assign-
ment of K™=21" should be pointed out since many degenerate transition energies are
observed. With the K™=21" assignment this band extends to I=30% and becomes yrast
at I=26A. In this way, the nature of the yrast line changes from rotational aligned struc-
tures to deformation aligned structures at a frequency of about w=0.36 MeV (see Fig. 2).

In 175 Hf, the known®7) level scheme has been verified and the 1- and 3-q.p. bands have
all been extended to higher spin values, the 5/2~ [512] ground state band to I=45/2% and
the 7/2%[633] band to I=57/2k. This extension of the 7/2+[633] band shows that the
K™=35/2" 1.2us 5 q.p. isomer at 3015 keV becomes the yrast configuration until it loses
this character to a K™=(45/2%) 7 q.p. isomer with microsecond half-life at 4636 keV". It
can also be seen that the two known 9 q.p. intrinsic states will not be yrast as they are
110 keV and 160 keV higher in energy compared to the 7/2%[633] band, respectively. A
competition between rotational alignment and deformation alignment for the yrast prior-
ity is clearly demonstrated.

~ An interesting fact about the high-seniority bands in these two nuclei is that they do
not show any signs of signature splitting up to the highest spins. This indicates persis-
tance of deformation alignment and small mixing with low-Q structures. Bands of this
type have been discussed by Frauendorf®) as uniform rotation about an axis pointing in
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a direction different from the principal axes. It has been shown that these socalled TAC
solutions (Tilted Axis Cranking) in TDHF can have lower energy than the usual PAC
(Principal Axis Cranking) solutions. Because of the tilted axis, signature is no longer a
good quantum number and the corresponding rotational bands will be Al=1 bands, a
unique feature of high-K bands. The absence of signature splitting in the high-K 3-, 4-,
5-, and 6-q.p. bands observed in the two nuclei (see Figs. 2,3) is taken as experimental
evidence for observation of TAC solutions. It is also demonstrated that intrinsic high-K
states become yrast, as shown for the K"=35/2" isomer in 75Hf and the band built on
the K™=(21") intrinsic state in 1™H{f. The TAC calculations demonstrate the presence of
energy minima for high-K structures at tilting angles ¥ between 0° and 90°. Such minima
could work as virtual stepping stones in a complicated decay sequence from isomeric high-
K states to rotational aligned low-K states with 9=90° and thereby reduce the apparent
K-forbiddenness.

In conclusion: New experimental information on band structures in 7*Hf and "Hf
has demonstrated a competition for yrast between rotational and deformation aligned
structures. The density of high-K structures near yrast seems to be a cause of the appar-
ent breakdown of the K-selection rule. The tilted axis cranking calculations shows that
band members in high-K structures have energy minima which competes with principal
axis cranking solutions.
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Figure 1: Partial level scheme of 174-HFf,
showing the ground state band, beta band,
the favoured signature of the octupole
band, and the three high-K bands above
the XK = 14 isomer at 3312 keV.
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Figure 2 and 3: Experimental Routhians for ?"*Hf and "> Hf, showing the yrast—.conﬁgurations
and the 3-6 q.p. high-K bands.- A Harris reference with the parameters Jo=32.7 MeV ~ 142
and J,=112.4 MeV 344 was used in both cases.
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ABSTRACT

We suggest that properties of single-particle motions in superdeformed
nuclei may be significantly affected by coupling effects with low-frequency,
octupolé’ vibrational modes with K = 0,1,2 .and 3. We also indicate a
possible relationship between octupole instability of superdeformed shape
and supershell effects. In this connection, stability of classical periodic
orbits and of KAM tori for single-particle motions in a reflection-asymmetric
superdeformed potential are investigated.

INTRODUCTION

As is well known, properties of nuclear surface vibrations are strongly
dependent on shell structures of average potentials. Since we have a new
shell structure in superdeformed nuclei, which is drastically different from
that of ordinary deformed nuclei, we expect that new kinds of nuclear surface
vibrational mode to emerge above the superdeformed yrast states. In fact,
the RPA calculation in the uniformly rotating frame, with the use of the
single-particle states obtained by the cranked Nilsson-Strutinsky-BCS pro-
cedure, has indicated that we can expect highly collective, low-frequency
octupole vibrational modes (with K =0, 1, 2 and 3) about the superde-
formed equilibrium shape.!? The main reason why the octupole™ is more
favorable than the quadrupole is that each major shell consists of about
equal numbers of positive- and negative-parity single-particle levels which
are approximately degenerate in energy at the superdeformed shape.

* Rigorously speaking, these reflection-asymmetric modes are not pure octupole, but
are superpositions of odd-multipoles. '
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Existence of low-frequency octupole modes would imply that particle-
hole or quasiparticle modes of motion in superdeformed nuclei might be
significantly affected by the coupling effects with these vibrational modes.
In this talk, we report some results of theoretical calculation which indicate
the importance of such particle-vibration coupling effects to understand the
properties of Landau-Zener band-crossing phenomena recently observed in
19314 3

In the latter half of this talk, we would like to suggest a possible relation-
ship between octupole instability of the superdeformed shape and supershell
effects. We also discuss stabilities of periodic orbits and of KAM tori for the
single-particle motions in reflection-asymmetric superdeformed potentials.

OCTUPOLE VIBRATIONS BUILT ON SUPERDEFORMED
YRAST STATES

We solve the RPA equations for the Hamiltonian
1 " 7]
H=h-33 xsxQ@skQar (1)
K

where k' is a cranked single-particle Hamiltonian of the Nilsson-plus-BCS
type,
B = hNilsson — A Z(Czcg + C;Ci) - /\N - wrotj:v ) (2)
)

and Q; g are the doubly-stretched octupole operators.! We determine the
equilibrium quadrupole deformation by means of the Strutinsky method
and use a large configuration space composed of 9 major shells (for both
protons and neutrons) when solving the couple<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>