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Structural behavior of ¥7-15:15Dy in the I = 30-50%: spin regime
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Significant extensions to the high-spin excitation spectrum of the N = 91, 92, 93 isotopes *"!381¥Dy have
been achieved using the high-efficiency y-ray spectrometers Euroball and Gammasphere. These nuclei were
populated via weak 3n or axn exit channels in fusion evaporation reactions. In '¥’Dy, the yrast band has been
extended to I = %Jr (tentatively to %Jr) with four sideband structures (two of which are new) observed in
the 35-50% spin range. In 38Dy, three bands have been extended to 42+(447), 40, and 41~(437), whereas in
199Dy the yrast band is observed to %ﬁ (%+). The high-spin behavior and band crossing systematics of the Dy
isotopes and of the neighboring N = 91, 92, and 93 isotones are discussed in terms of rotational alignments

and shape transitions. Cranked Nilsson-Strutinsky calculations without pairing have been performed for detailed

comparisons with the very high-spin states observed in '*’Dy.
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I. INTRODUCTION

The observation of states of increasingly high angular mo-
mentum in nuclei, and the resulting rich variety of phenomena
that occur, has been made possible by the availability of
sophisticated detector systems. The current state-of-the-art,
high-resolution y-ray detector arrays, exemplified by Euroball
[1] and Gammasphere [2,3], continue to chart new regions of
angular momentum and excitation energy in nuclei throughout
the periodic table. It is in the light A ~ 160 Dy and Er
nuclei that the highest spin states in normal deformed nuclei
have been systematically observed (I ~ 60h and Ecxcj ~
30 MeV) [4-11]. A specific pattern of particle alignments
is expected to emerge in these nuclei that allows the extraction
of information on nuclear pairing correlations, as well as on
the configuration dependence of nuclear deformation. At high
spins (I > 30nh), dramatic changes in shape have been observed
in N = 88-90 Dy and Er nuclei [11-23], and evidence for
so-called “unpaired” band crossings has been obtained in
N >91 Er nuclei [4-8], providing detailed information on
the single-particle spectrum of states involved. In the present
work, significant extensions into the / = 30-50% spin regime
have been made for the level schemes of N = 91, 92, and 93
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Dy isotopes (°713%:15Dy). The high-spin behavior of these
Dy nuclei and their neighboring isotones is discussed in terms
of rotational alignments, deformation differences, and shape
transitions.

II. EXPERIMENTAL DETAILS

The nucleus "Dy was populated at high spin using
the '?*Sn(*®S,31)!>’Dy reaction. The 165-MeV beam was
provided by the 88-inch Cyclotron at Lawrence Berkeley
National Laboratory, USA. The target consisted of two stacked
400-pg cm~2-thick foils of isotopic '>*Sn. The deexcitation
y rays were detected by the Gammasphere array, which com-
prised 93 large-volume Compton-suppressed Ge detectors.
The event trigger required five or more Compton-suppressed
Ge detectors to fire in prompt coincidence. A total of 1.3 x 10°
events were collected. This experiment was primarily aimed
at the spectroscopy of '*Dy using the dominant 4n reaction
channel [11]. The cross section for the 3n channel populating
157Dy was only <3% of the total reaction cross section.

The nuclei % 1%Dy were populated at high spin using the
reaction '**Te(*®S,axn) at a beam energy of 170 MeV. The
beam was provided by the tandem accelerator at the Laboratori
Nazionali di Legnaro, Italy. The target consisted of two stacked
foils of 3%Te, each of thickness 0.5 mg cm~2 with a 0.5 mg
cm™? Au backing. The primary aim of this experiment was

©2005 The American Physical Society
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to study high-spin states in the nuclei '6""'92Er [8] populated
by the dominant xn reaction channels. The cross sections for
the a3n and a4n exit channels corresponding to 315Dy
were only about 1 and 2%, respectively, of the total reaction
cross section. The deexcitation y rays were detected in the
high-efficiency array Euroball III. The array consisted of
14 seven-clement Cluster detectors [24], 26 four-element
Clover detectors [25], and 30 single-crystal Ge detectors [26].
All the Ge detectors were Compton suppressed. The data were
unfolded into 2 x 10'° y3 coincidence events.

A third experiment, primarily aimed at the investigation of
high-spin states in 1> 1%0Er, was carried out using the reaction
130Te(®*S, xn) at a bombarding energy of 170 MeV. The
same targets as for the Euroball III measurements were used.
The beam was obtained from the Vivitron accelerator at the
Institut de Recherches Subatomiques, Strasbourg, France. The
y rays were detected with the Euroball IV spectrometer, which
included the same complement of detectors as Euroball III,
as well as a BGO inner ball for y-ray multiplicity and sum-
energy calorimetry measurements. Approximately 2 x 10°
events were recorded. The inner ball was used to select very
high-spin states by requiring a high-multiplicity condition on
the BGO ball data. Information on >’Dy was obtained via the
weak (*1%) a3n particle evaporation channel.

The unfolded y* and y* events in the above-mentioned
experiments were analyzed using the RADWARE software
analysis packages LEVIT8R and 4DG8R [27].

III. EXPERIMENTAL RESULTS

The level scheme for "Dy deduced in the present work
is shown in Fig. 1. The majority of the new information was
obtained from the Gammasphere data, although useful infor-
mation for the very top of the yrast band was extracted from
the Euroball IV data set. Spin-parity assignments at low spin
are adopted from Refs. [28-30]. All the sequences continue
with rotational-like behavior to higher spin, and therefore the
new in-band transitions reported here are assumed to be of
stretched electric quadrupole (E2) character.

The yrast ([651]3/2) band in '3’Dy (band 5) was previously

observed to %+ in Ref. [29]. In a recent study by Hayakawa
et al. [30] several sidebands were established. The two

[521]3/2 sequences (bands 2 and 3) were observed up to
37~
2

[651]3/2 signature (band 6) to 477+ and the two signatures of

the [505]11/2 orbital (bands 7 and 8) to £~ and £ . The
spectra obtained from a sum of triple coincidences within
these bands using four-fold histograms from the Euroball IV
and Gammasphere data are displayed in Figs. 2—4. The yrast

sequence [band 5 (Fig. 2)] has been extended by six transitions
to a spin value of %+ (tentatively %Jr). The unfavored 13/,
[651]3/2 signature (band 6) has been delineated further by
three transitions to a spin value of %+. A new sequence (band
1) was observed which feeds into the favored signature of the
[521]3/2 band (band 2) at %7. Band 1 is traced to a tentative

9777 state, as shown in [Fig. 3(b)]. The [505]11/2 bands

and %7 (tentatively %7 and %7), the unfavored i3/,
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157

1500 g S Dy Band 5
— S m
- = wn
T2
‘2 1000 [ — g b
> =
s!
() § _
500 < A ]
m N <
- ¥ =
ol h I
1100 1200 1300 1400 1500 1600
Energy (keV)

FIG. 2. High-energy part of a triple gated, summed coincidence
spectrum for the yrast band (band 5) in "Dy obtained from the
Euroball IV experiment.

(bands 7 and 8) are extended to spin values of (§_) and %_,
respectively (Fig. 4(b)). In addition, another new sequence
(band 4) was observed, see Fig. 4(a). The latter sequence has
been assigned tentative spin values from 371_ to %7.

Level schemes for 15Dy as deduced from the present
work are presented in Fig. 5. In 158Dy, bands 1, 2, and 3
have been extended from 28%,257, and 28~ [31] to 42*
(44%), 40~, and 41~ (437), respectively. The yrast se-
quence in 159Dy, band 1 (i.e., the favored i13,,[642]5/2 a =

81t
[32] to 2

(875+). Spin-parity assignments are taken from Refs. [31-35].
All sequences continue with rotational-like behavior to higher

. . +
~|—% signature), has been delineated from %
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FIG. 3. Triple-gated, summed coincidence spectra for (a) band 2
and (b) band 1 in "Dy derived from the Gammasphere experiment.
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FIG. 4. Triple-gated, summed coincidence spectra for (a) band
4 and (b) bands 7 and 8 in '*’Dy obtained from the Gammasphere
experiment.

spins and, therefore, the new in-band transitions observed in
this work are again assumed to be of stretched E2 character.
Figures 6(a), (b), and (c) provide examples of double-gated
coincidence spectra obtained from these data for band 1 [which
has been assigned parity and signature (7,«) = (+, 0)], band
2 (=,0), and band 3 (—,1) sequences in '*¥Dy, respectively.
A double-gated spectrum for the yrast sequence (band 1) in
159Dy is shown in Fig. 6(d).

IV. DISCUSSION

Experimentally deduced aligned angular momenta [36]
(or alignments) versus rotational frequency for the bands in
57Dy and 8Dy are plotted in Figs. 7 and 8, respectively.
The quasiparticle labeling scheme for the bands of given
(m, ) uses the convention of Ref. [37]. A representative
cranked-shell-model (CSM) calculation for 33Dy (which is
also useful for 7:1Dy) can be found in Ref. [36]. The
CSM has become a standard model with which to understand
the excitation spectrum of rotating rare-earth nuclei. These
calculations predict band crossings in this region of nuclei
to be because of the alignment of the first (AB), second
(BC), or third (AD) pairs of ij3,, quasineutrons in the
rotational frequency rangeiw = 0.25-0.40 MeV. Abovehiw =
0.40 MeV a similar set of alignments involving the first
(A, B,), second (B,C)p), and third (A, D)) pairs of hy
quasiprotons is expected. The systematics of the experimental

PHYSICAL REVIEW C 72, 064307 (2005)

band-crossing frequencies, gains in aligned angular momenta,
and interaction strengths can be compared with the CSM
predictions.

In Figs. 7 and 8, the subtracted reference was based
on the Harris parametrization [36] with the values Jy =
32.177" MeV? and 3, = 34.0n~* MeV*. This reference gives
a constant alignment for the (—, ~|—%) three-quasiparticle
configuration (B, A B) in the odd-proton neighboring nucleus
157Ho [38], which is also displayed in Figs. 7 and 8 as a
dotted reference trajectory. This set of reference parameters is
convenient when comparing the high-spin alignment proper-
ties in the neighboring nuclei, because the second and third
neutron i3, crossings BC and AD, as well as the first and
second Ay, proton alignments A, B, and B,C,, are blocked
for this configuration. The approximate rotational frequencies
of various band crossings are indicated in Figs. 7 and 8 and are
discussed in more detail below in the context of the systematic
behavior of neighboring nuclei. Note that the major new
high-spin sequences in "Dy (bands 1 and 4) track each other
very closely in their alignment behavior and appear to form a
natural signature pair. This is consistent with our tentative spin
and parity assignment for band 4 (see also Fig. 11).

The alignments of the yrast ( +, +%) bands in the odd-A,
N =289, 91, and 93 Dy nuclei are given in Fig. 9(a).
All these bands experience a gradual but large gain in
alignment from hw = 0.25 to 0.6 MeV. This smooth gain is
interpreted as originating from the alignment of the second
pair of i3, neutrons (BC) near hw = 0.35 MeV, closely
followed by the first proton &1/> (A, B)) crossing near hw =
0.45 MeV. The gain of approximately 117 is consistent with
this interpretation since the BC and A , B, crossings are known
to produce alignments of around 5k and 6%, respectively
[39]. Thus, by using the B,AB configuration in '’Ho as
a reference (combined with comparisons with neighboring
nuclei), an explanation of the “anomalous” BC alignment in
159Dy discussed by Liang er al. [34] can be found. It is a
consequence of a very gradual alignment caused by a strong
interaction strength for the BC (and A, B),) crossing(s).

The structure of these odd-A Dy yrast bands can be con-
sidered to evolve from a single-quasineutron configuration (A)
at low spin, to a five-quasiparticle configuration (ABCA ,B))
at high rotational frequencies. The negative-parity sidebands
(bands 2 and 3) in '3 Dy (see Fig. 8) display the same gradual
neutron (BC) and proton (A, B,) alignments at high spin. In
the yrast (+,0) band (band 1) of '** Dy, the first i13/2 neutron
(AB) crossing occurs at hiw = 0.3 MeV. This crossing is also
present in the I57Ho reference band, which at low rotational
frequencies is the hy;/, one-quasiproton configuration B,.
In 57Dy, (see Fig. 7), all the structures except bands 5 and
6, which start out with very small alignment (<3%) at low
frequencies, undergo an even larger gradual gain of alignment
of approximately 157 caused first by the AB neutron alignment
(91) followed by the A, B, proton alignment (6/2). Band 6 is
interpreted as the unfavored i3/, neutron signature B, and
therefore the AB and BC crossings are Pauli blocked. The
alignment above liw =~ 0.35 MeV in this band is interpreted as
the B to BAD band crossing.

It thus appears that a A,B, crossing with strong inter-
action strength occurs in all observed bands in N >89 Dy

064307-4



STRUCTURAL BEHAVIOR OF B7138159DY IN THE . . .

PHYSICAL REVIEW C 72, 064307 (2005)

158
1 Dy 159D
(44%) . (15048) 3 Y
1
(12?2) (437) - T (15333)
42* ~T— 14724 (11?6) 1
174 41~ ~T— 14137
2 (85/2%)--~-- (13900)
40% 13550 40~ 13539 131 !
| (1170)
128 1099 39- 13006
81/2+ 12730
38* 12422 38~ 12440 1071
124
1085 1044 37- + 11935
. _ 77/2*% 11606
36 1337 36 11396 1020
* 1070
1037 993 35— 10915
_ * 73/2% 10536
34+ + 10300 34 10403 969
995 940 33~ + 9946 1019
32- 921 69/2* 9517
- ‘*‘ o505 % 9463
o5 893 31 + 9025 968
30+ 350 30‘+ 8570 873 65/2* + 8549
89|8 845 29- + 8152 923
- v 28‘+ 7725 827 61/2* * 7626
796 27~ —f— 7325 ny
845 26~ + 6929 780
+ 57/2* Y~ 6745
26 —f— 6617 746 25~ + 6545 /
793 24-—*— 6183 731 812
24* —f— 5824 695 23~ —T— 5814 53/2* —Y~ 5903
737 22- —Y— 5488 685 804
22% —Y— 5087 645 21 —Y— 5129 49/2* _f, 5099
20'+ 4843 637
+ % 596 - _Y_ 4492 770
20 _Y_ 4408 - 147 9 . 45/2+ —T— 4329
627 !
n & 5¥44 - 727
18+ _ 17- Y~ 3905
590 7! © 482 3703 v 42 J602
" _ 15- —Y— 3370
16 + 3797 14 o 3221 _ 482 . 678
578 27 2810 B.¥- 2888 37/2 —Y— 2924
we ¥ 2613 [ 33 _a3s 620
. 760 2479 838 11 /—'— 2453 33/2+ 2304
. -¥-
12 g!;-zow---*----%s- -------------- - 9‘32 so/oe B 17
+ 1751
107 Y1527 mm = B 478
e 425 25/2* _7_393 1273
. w0 21/2* 2= 880
8" ¥ 633 17,2+ 303 577
4+ 22 . 2T
321 317 1372+ &L 366
2+ 218 99 9/2+% 240
o+ 99 (0]

FIG. 5. The level schemes deduced for *®Dy and '>°Dy. Energy values are in kiloelectronvolts, tentative transitions are indicated by dotted
lines and tentative spin, and parity and level energies are given within parentheses.

nuclei, even though the low-spin yrast structure changes
from weakly prolate deformed in the light Dy isotopes to
strongly prolate deformed for the heavier ones [41]. This
interpretation is in agreement with theoretical predictions
regarding the oscillatory nature of the band crossing interaction
strength with particle number [42—44]. However, more recent
theoretical work aimed specifically at the systematics of the
yrast bands in even-N Dy isotopes, such as those using the

angular-momentum-projected Tamm-Dancoff model [45],
still predict a more noticeable change in moment of inertia
(weaker band-crossing interaction strength) for the first proton
crossing (A, B,,) than is experimentally observed.

In Fig. 10, the alignment of the yrast sequences in
157,158,199y and some neighboring isotones observed to high
spins are compared. There are many common features in
these plots, including a gradual and consistent progression

064307-5



A. PIPIDIS ez al.

3000 {3 |5
2000 -
1000 -

0]

958 *
5

158Dy Band 2

—
o)

138Dy Band 3

wo oS
o O O O
o O O O

1 1 1

685

5 695
760 * 746
796

731
780

Counts
o
o
o

=

(d) *°Dy Band 1

923

o
~
o

o
L
==
E

T T T
700 900 1100 1300

Energy (keV)

FIG. 6. Double-gated, summed coincidence spectra of (a) band 1
(7, o =) (+,0), (b) band 2 (—,0), (c) band 3 (—,1) bands in 3Dy,
and (d) band 1 (+,+3) band in *’Dy. The 760-, 958-, 757-, 838-, and
932-keV side-feeding transitions in Dy are marked with asterisks.

in band-crossing interaction strengths with varying particle
numbers. The linear increase in the critical band-crossing
frequency fiw, with decreasing proton number for the first i3/,
(AB) crossing in the N = 92 even-even nuclei [Fig. 10(b)]
has already been documented and discussed in detail [56].
This behavior is consistent with an increase in quadrupole
deformation when moving from Hf to Dy [40], which results
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FIG. 8. Experimental alignment (i) versus rotational frequency
(hw) for bands in '8 Dy. The band crossings are labeled at the
appropriate rotational frequencies [36,37]. The AB and BC labels
refer to the first and second i3/, neutron crossings and the A, B,
label to the first &;;,, proton crossing. Harris parameters of Jy =
32 MeV~'A? and 3, = 34 MeV—h* were used. These provide a
constant alignment above iw = 0.2 MeV for the three-quasiparticle
configuration (B,AB) in *"Ho [38], included as a reference trajectory
(dotted) for comparison.

in the neutron Fermi surface for the latter being further
from the highly alignable, low-£2 components of the i3/,
shell. A detailed comparison of the alignment frequencies in
these Dy isotopes is not possible because the BC and A, B,
band crossings have a strong interaction strength. However,
the alignment gains and approximate critical frequencies of
these band crossings form a consistent picture with those in
neighboring nuclei, as shown in Fig. 10.

The alignment systematics discussed above form a coherent
body of data, which are generally well described within the
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FIG. 9. Experimental alignments i versus rotational frequency
hw for (a) odd-N '35~15Dy isotopes, and (b) the yrast bands of
even-N,'>*~19Dy The band crossings are labeled at the appro-
priate rotational frequencies [36,37]. Harris parameters of Jp =
32 MeV~'72 and 3; = 34 MeV—3%* were used. Information for the
other Dy isotopes is taken from Ref. [16]('**Dy), Ref. [17,18]('**Dy),
Ref. [11] (***Dy), and Ref. [40]('Dy).

cranked-shell model with pairing included [36]. However,
at very high rotational frequency there are known instances
where the observed alignment gains in certain configurations
do not fall within the standard CSM-plus-pairing framework.
Such occurrences have been investigated in the N = 91-94 Er
isotopes [5,7,8]. It was shown that a satisfactory explanation
of the alignments and energy ordering of the bands at high
spins can be achieved within a framework that used a specific
spectrum of single-particle orbitals in which static pairing
correlations are quenched.

In Dy, one such alignment anomaly occurs in the
tentative (—,—i—%) sequence, band 4, at iw =~ 0.55 MeV [see
Fig. 7(a)]. To investigate this as well as the general behavior at
very high spin of bands in 1>’ Dy, a detailed set of configuration-
dependent cranked Nilsson-Strutinsky calculations [12,57]
without pairing has been carried out. The results of these
calculations for ’Dy are displayed in Fig. 11(b), where
different configurations, labeled by their number of occupied
N =5hy1, proton and N = 6113, neutron orbitals (e.g.,
75%6% = [6,2)), are given. These theoretical trajectories can
be compared with the experimental bands plotted in Fig. 11(a).

In the calculations, we have used the standard Nilsson
model parameters [57], but with the modification that the
u value of the N = 6 neutron orbitals has been increased from
0.34 to 0.40. Note that the latter value is used for the A = 150
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FIG. 10. Experimental alignments i versus rotational frequency
hw for (a) (+,41/2) bands in N = 91 isotones, (b) (4,0) bands in
N =92 isotones, and (c) (+,+1/2) bands in N = 93 isotones. The band
crossings are labeled at the appropriate rotational frequencies [36,37].
Harris parameters of Iy = 32 MeV~' 72 and 3, = 34 MeV A" were
used. References (apart from the Dy isotopes presented in this work)
are as follows: (a) for N = 91 isotones Ref. [46]°Gd, Ref. [4]"°Fr,
Ref. [47]''Yb, Ref. [48]'*Hf, and Ref. [49]'W; (b) for N = 92
isotones Ref. [50]'3*Sm, Ref. [51]'°°Gd, Ref. [6]'®°Er, Ref. [52]'%%YD,
and Ref. [10,53]'%*Hf; and (c) N = 93 isotones Ref. [8]'°'Er,
Ref. [54]'%Yb, Ref. [53]'Hf, Ref. [55]'¢"W.

parameters [58]. With this modification, our parameters are
essentially equivalent to the A = 165 parameters of Ref. [59]
for the valence oscillator shells in the deformed rare-earth
region. Indeed, these A = 165 parameters are known to give a
very accurate description of the ground-state properties of the
deformed nuclei in this region.

The calculations describe the yrast band as a [6,3] configu-
ration with the signature partner much less favored in energy.
The signature partner bands 7,8 and 2,3 are then described
as [6,(1)4] [high-j configuration 7w (h11,2)%v(h11/2) " (i13/2)*]
and [6,2], respectively. These configurations are calculated at
excitation energies and signature splittings that are roughly in
agreement with experiment.

The remaining bands 1 and 4 are essentially signature
degenerate up to I ~ 30, which means that they are most
likely built from signature partner configurations. The fact
that they are not seen below I = 15 furthermore suggests that
they start out as three-quasiparticle configurations. Because
the neutron v(i 13/2)3 configuration is strongly favored over
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a large spin range, it seems most natural that they are built
from this neutron configuration combined with a negative-
parity proton configuration, i.e., Refs. [7,3]. This also gives a
natural explanation for the crossing in band 4 as a crossing
with a [5,3] configuration. Note that such crossings where
two hyy,o protons are de-excited to orbitals below the Z =
64 subshell gap are natural explanations in an unpaired
formalism [60].

There are, however, also some problems with this interpre-
tation for bands 1 and 4. For example, the [7,3] configuration
is calculated around 0.5 MeV too high in excitation energy, so
that the crossing in band 1 occurs around I = 30 compared
with the observed value I ~ 40. There are three [5,3] configu-
rations at similar energies shown in Fig.11, one with the proton
configuration 7(g7/2ds2) *(h11/2)°(d3/2)" (whose signature
partner is predicted to be considerably higher in energy) and
two signature degenerate bands with the proton configuration
ﬂ(g7/2d5/2)_3(h11/2)5. It is the former band, which is lowest
in energy at high spins, that is our preferred interpretation for
the highest spin states in band 4. However, the presence of the
other bands suggests the possibility of a similar crossing in
band 1 that is not observed experimentally. One explanation
could be that we need to use a different spacing between the
g7/2ds/> and the d3 ), shells, which would affect the relative
energies of the [5,3] bands.

For the description of the calculated bands in '*’Dy, it
is instructive to introduce the quantity Ip,.x defined as the
maximum spin value that can be built in the pure j-shell
configurations. In the ground-band configuration the noncol-
lective Iy state is built as 7 [(g7/2ds/2) 70 (h11/2)g1as vI(he)2
f7/2)(1’8(i 13 /2)f6'5]34,5, where the number of particles or holes
in the different groups of orbitals is given as a superscript
and the corresponding maximum spin values as a subscript.
It is thus easy to calculate Ij,x = 62.5. If the (groups of)
Jj shells were pure, all spin vectors would be quantized (aligned)
along the same axis in this Ij,,x state and the band would
get a standard termination in an axially symmetric state. The
notation above does not refer to the pure j shells, however,
but to the orbitals dominated by these j shells. Thus, with
increasing deviation from spherical shape and with increasing
rotational frequencies, the orbitals will get larger admixtures
from other j shells. For example, there is a small mixture
of the proton hg;, and f;7,, shells into the /iy, orbitals
and a small mixture of the &/, shell into the neutron hg/,
and f7/, orbitals. It then becomes possible to build the /i«
state even though the angular momenta are not fully aligned,
i.e., for a state that is not axially symmetric at y = 60° but
instead triaxial, corresponding to small collectivity. There
will then be a competition between the non-collective state
and a slightly collective state and depending on how the
particles are distributed over j shells, one or the other will
be lower in energy. Note also that even though the deformation
might be away from the y = 60° axis, there will be a large
overlap with the fully aligned state in terms of how the angular
momentum is built. Conversely, the shape at I = I, might
have a strong influence on the B(E2) values for the states with
I approaching I,,x. In the present calculations for the yrast
band configuration ([6,3]), the energy minimum is found for
y ~ 35°. However, the lowest energy for y = 60°, i.e., the
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FIG. 11. The observed bands of '"’Dy (upper panel) and the
calculated configurations drawn relative to a rigid rotor reference,
E.on = A x I(I + 1). The experimental bands are labeled by their
parity, signature, and band number. The calculated configurations
are labeled by their parity, signature, and the number of occupied
N =5, hyy, protonand N = 6, i3, neutron orbitals, e.g., 7 55v6% =
[6,2] (with the number of /i, neutron holes in parentheses if
applicable). Closed symbols are used for signature o« = +1/2 and
open symbols for « = —1/2. The I, states (see text) are shown by
large open circles or large open squares, depending on if the lowest
energy minimum for this spin value is calculated at y = 60° or at a
triaxial shape. The present configurations build the yrast line up to
I =~ 60, but for higher spin values configurations with protons in the
higher shells, hq,> and i,3,,, come lower in energy as indicated by
the asterisk symbols. (Note that the subtracted rigid rotor reference
values [A(expt) = 0.0075 MeV and A(theory) = 0.007 MeV] have
been chosen such that the slope of the (4,1/2) yrast trajectories at
I = 35nh are similar in theory and experiment. The large differences
in curvature at low spin values can be traced to the fact that the
calculations do not include pairing correlations.)

lowest energy for a fully aligned state, is less than 0.1 MeV
higher in energy, so from the calculations, we cannot decide if
this configuration terminates in a non-collective state or not.
In Fig. 11, the I,,x are shown by large open circles or large
open squares, depending on if the lowest energy minimum
for this spin value is calculated at y = 60° or at a triaxial
shape.

We have also included one band with fewer holes in the
proton core in Fig. 11, namely [4,3], which has the same
particle configuration (with the addition of two ds;, proton
holes in the Z = 64 core) as the very favored terminating
I =50.5" state in the neighboring isotone '"’Er[4]. Bands
of this kind with few hy;/, protons are generally found to
terminate in a more favored manner and this is indeed what
we find, i.e., the terminating state in 157Dy at [ =545 is
lower in energy than the I = 52.5, 50.5, . . . states when drawn
versus a standard reference (see Fig. 11). Furthermore, with the
A = 150 parameters [58], this configuration actually becomes
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yrast. The latter finding indicates the level of uncertainty of
the relative energies in the present calculation because the
A = 150 parameters have been commonly used when investi-
gating the competition between collective and non-collective
states in this mass region.

With increasing spin, as discussed above, nuclei in the tran-
sitional rare-earth region (N =~ 90) are known to undergo an
angular momentum induced transition from prolate collective
rotation to oblate non-collective behavior via the mechanism
of band termination [12]. For the even-even Dy isotopes this
shape change can be observed [see Fig. 9(b)] from the drastic
change in alignment curvature in the yrast (4,0) bands for
N =88 [14-16] and N =90 [11] at hw = 0.45 and 0.55
MeV, respectively. No evidence for such a transition in *®Dy
can be seen up to hw = 0.6 MeV and spin 44h. This is
consistent with experimental results on the only other N = 92
nucleus, '®°Er, observed to such high spin values and rotational
frequencies [4,6] [see Fig. 10(b)].

V. CONCLUSIONS

The latest generation of very high efficiency y-ray detector
arrays provides the opportunity to study nuclear structure
phenomena at high spin in rare-earth nuclei populated at a very
small fraction of the total reaction cross section and in nuclei
that may not be easily accessible using standard (H I, xn)
reactions. The significantly extended data on '37-15%1Dy
presented here show regular rotational structures up to spin
~250n. All the observed bands undergo the first proton (A, B,,)
alignment with a strong interaction strength that consistently

PHYSICAL REVIEW C 72, 064307 (2005)

appears throughout the Dy isotopic chain. The alignment
systematics in Dy isotopes also exhibit a strong interaction
strength for the second ij3,, (BC) band crossing. The latter
successfully explains the previous claim of “poor agreement”
between theory and experiment regarding the alignment gain
at the BC neutron crossing in '*Dy. An alignment that does not
fit into the cranked shell model plus pairing framework that is
so successful at lower spins is observed in one band in 3Dy
above I = 35h. This anomaly is interpreted as an unpaired
band crossing and this is consistent with the predictions of
cranked Nilsson-Strutinsky calculations where static pairing
correlations are assumed to be negligible. No evidence is
observed for the onset of a prolate to oblate shape change
in 8Dy up to spin 447, in contrast to lower mass even-even
Dy isotopes.
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