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Evidence for triaxial deformation near NÄ86: Collective bands in 152,153Dy and 153Ho
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The N586,87 isotopes of dysprosium and holmium have been investigated using the Eurogam IIg-ray
spectrometer. A new collective rotational band has been observed in153Ho and the previously observedn i13/2

band in153Dy has been extended to much higher spin. Comparing these bands and similar bands in152Dy with
the collective bands in theN590 isotopes of Dy, Ho, and Er suggests that the firsth11/2 proton crossing is not
observed atN586,87. This observation has led to the reinterpretation of four of the previously observed bands
in 152Dy. It is proposed that the low deformation collective bands in152,153Dy and 153Ho are associated with a
triaxial shape with large positive gamma and that they have a similar origin to the recently observed triaxial
superdeformed bands in163–165Lu.
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I. INTRODUCTION

Studies of the isotopes of Dy (Z566) and Ho (Z567)
have revealed that rare-earth nuclei can exhibit a wide v
ety of nuclear shapes and structures@1–7#. In the dysprosium
nuclei, near theN582 spherical shell closure, the domina
shape at low excitation energies is of an oblate sing
particle nature with quasivibrational characteristics. At larg
neutron numbers (N.89) the yrast states arise from mode
ately deformed collective rotors (b2'0.2) @8#. At very high
spin some of the more neutron-deficient nuc
( 151Dy,152Dy,153Dy) @9,10# become superdeformed~SD!. In
152Dy there are three collective bands which coexist with
oblate single-particle states at low spin. These bands h
been associated with moderately deformed rotational st
tures@11,12#. As 153Dy and 153Ho have an additional proton
and neutron relative to152Dy, respectively, one would expec
them to also exhibit the three structures observed in152Dy.
Single-particle and SD structures have been reported in
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nuclei @4,9,13,14#, and in 153Dy a collective band based o
an i 13/2 neutron has been observed@13,15#. In contrast, in
153Ho, no experimental evidence has previously been p
sented for a moderately deformed collective band, altho
previous studies@14# have noted the similarity of its single
particle level scheme to that of152Dy.

This paper reports the first observation of a moderat
deformed collective rotational band in the nucleus67

153Ho86,
and on the extension of the153Dy band up toJp5 101

2
1\.

Both of these bands are discussed in terms of the cran
shell model and compared with similar bands in the adjac
dysprosium and holmium nuclei. It is proposed that the m
erately deformed bands in152,153Dy and 153Ho are associated
with a triaxial shape (b2'0.3 andg'20°). The relationship
of these triaxial bands with the highly deformed~or superde-
formed! triaxial bands (b2'0.4 andg'20°) in 163,164,165Lu
and 154Er is discussed. One of the bands in152Dy which
previously was assigned as superdeformed has been id
fied as a candidate for a highly deformed triaxial band.

II. EXPERIMENTAL DETAILS

The data presented here were obtained from two sepa
experiments, performed with the EUROGAM II g-ray spec-
trometer@16# at the IReS Strasbourg. This array compris
30 Compton suppressed HPGe coaxial detectors@17# which
were situated at angles of 22.4°, 46.4°, 133.6°, and 157
with respect to the beam direction, and 24 Clover detec
@18# placed in two symmetric rings about 90°.

High-spin states in 153Ho were populated via the
120Sn(37Cl,4n)153Ho fusion-evaporation reaction, at a bom
barding energy of 177 MeV. The37Cl beam was provided by
the Vivitron electrostatic tandem accelerator and was in
dent upon two stacked, self-supporting targets of120Sn, each
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of nominal thickness 440mg cm22. Approximately 7.7
3108 events of escape suppressed fold>4 were collected
during the experiment. The 4n exit channel,153Ho, was the
most intensely populated, carrying'45% of the total evapo-
ration cross-section. For comparison, the154Ho(3n),152Ho
(5n),153Dy (p3n),152Dy (p4n), and 150Tb (a3n) channels
carried'2%, 3%, 8%, 10%, and 22% of the total reacti
intensity, respectively.

High-spin states in153Dy were populated via the124Sn
( 34S,5n)153Dy fusion-evaporation reaction at a bombardi
energy of 182 MeV. A total of 3.23109 events of escape
suppressed fold>5 were collected during this run. The de
tails of this reaction has been described previously, and
be found in Sec. II of Ref.@12#.

III. RESULTS

A. 153Ho

These data were sorted into anEg-Eg-Eg three dimen-
sional coincidence ‘‘cube’’ for analysis with theLEVIT8R @19#
software. A search for rotational bands was performed w
the automatic search algorithms described in Refs.@20–22#.
As a result of these searches four rotational bands were
served and assigned to the nucleus153Ho. Three of these
bands were consistent with superdeformed bands and
been discussed in Ref.@4#. The remaining band has simila
properties to the low-lying rotational bands in152Dy @12#.
The assignment of this band to the nucleus153Ho has been
confirmed on the basis of coincidence relationships betw
band members and transitions in the known level sche
~the 913-, 632-, 363-, 456-, and 762-keV transitions! @14#.

A g-ray coincidence spectrum of this band, obtained
summing all possible combinations of double gates for tr
sitions in the band, is presented in Fig. 1. The band cons
of nine g-ray transitions spanning the energy range 8
<Eg<1343 keV~Table I!, with an average energy separ
tion of DEg'65 keV. This band is populated with a simila
intensity ('0.7%) to the yrast SD band in153Ho @4#. The
in-bandg-ray separation is larger than that for SD bands
this region (DEg'50 keV), but it is similar to that observe
for the moderately deformed bands in152Dy @11,12# (DEg
'65 keV), suggesting that this band isnot a SD band.

The multipolarities of the in-band transitions have be
established from the asymmetry ratio@23#, defined as

Rasym5
I g~Phase I!

I g~Clover!
.

Using this method, known stretched quadrupole transiti
(DI 52) haveRasym51.0, while stretched dipole transition
(DI 51) were observed to haveRasym50.5. The values of
Rasymextracted for the in-band members are shown in Ta
I, and are consistent with theRasym expected for a sequenc
of stretched quadrupole transitions. Due to the relativ
weak intensity of this band a definite decay path to the y
states in153Ho could not be determined. Although this ban
has manyg rays with similar energies to152Dy(B) @12#, the
04430
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fact thatg rays associated with the decay of152Dy do not
appear in Fig. 1 indicates that the assignment of this b
to 153Ho is correct. Most of the intensity of the band pass
through the 762-keV transition, while a minimal fraction w
found to be in coincidence with the 1043-keV transitio
This implies one of two possibilities; either the ordering
the 762- and 1043-keV transitions are reversed when c
pared with the level scheme of Radfordet al. @14#, or one of
the decay out transitions is a 762-keVg ray. The latter im-
plies that the lower lying states assigned to this band wo
be yrast, which is considered unlikely as these states
previously unreported. Thus the former hypothesis appe
likely; such a reassignment is not precluded by the anal
of Radford@14#.

B. 153Dy

These data were also sorted into anEg-Eg-Eg coincidence
cube for analysis. A sample double gated spectrum of
extendedi 13/2 band observed in153Dy is presented in Fig. 2
The spectrum was obtained from summing all possible co
binations of double gates resulting from the combination
two lists of energies, excluding the diagonal gates~718.6,
759.3, 799.2, 840.2, 886.9, and 937.8! and the~840.2, 886.9,
937.8, 993.8, 1051.4, 1110.5, 1170.8, and 1230.3! in the co-
incidence cube. This produces a very clean spectrum of
band. Two transitions that are not associated with the b
are clearly visible (Eg5636 keV andEg5213 keV) in Fig.
2. These transitions have been previously assigned to153Dy
@24#, and definitively places this band in153Dy. The 75.6-
keV transition associated with the decay of this band to
636 keV 11

2
2 level could not be observed in these data due

absorbers placed in front of the HPGe detectors. The m

FIG. 1. A spectrum of the rotational band in153Ho obtained by
setting double gates on all pairs of transitions in the band (
→1343). The band members are marked by an arrow and t
transition energy. Transitions in the decay of the153Ho spherical
states are marked by their transition energies. The double arr
mark the expected position of transitions in152Dy. The upper inset
shows the result of setting a double gate on the 948- and 1083-
transitions. Band members are marked by an arrow. The lower i
is as for the upper, but the result of a double gate set on the 9
and 1015-keV band members.
5-2
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sured transition energies, and relative intensities for the
band transitions are presented in Table I.

IV. DISCUSSION

While nuclei such as153Ho can be characterized as pr
dominantly single-particle in nature at low spin, the obser
tion of rotational bands in this region of the Segre´ chart is
not new. Nuclei in the vicinity of theZ564 subshell closure
such as151Gd @25#, 152Dy @11,12#, and153Dy @15,26# are
known to possess collective rotational bands at low exc
tion energies based on the occupation ofn i 13/2 intruder or-
bitals. Nuclei withN>90 are well established as good roto
@2#, and in all of these cases orbitals arising from then i 13/2
shell play an important role in determining the observ
characteristics. Those Dy and Ho nuclei withN<90 exhibit
characteristics of both collective and single-particle mod
In these nuclei comparisons between theoretical predict
and the experimentally observed behavior has been rem
ably consistent. For example, total Routhian surface~TRS!
calculations@27# for 156Dy indicate that a single minimum in
the potential energy surface~PES!, Fig. 3~a!, persists up to
the highest rotational frequencies. The deformation par

TABLE I. The measured transition energies, relative intensit
and Rasym ratios for the observed bands in153Ho and 153Dy. The
intensity measurements for153Ho have been normalized to th
1218.7-keV transition, those for153Dy have been normalized to th
447.3-keV transition. The 1515-keV transition is tentative.

153Ho 153Dy
Energy~keV! Intensity Rasym Energy~keV! Intensity

447.3~4! 100 ~5!

487.6~4! 84 ~5!

532.0~4! 127 ~5!

581.1~4! 97 ~5!

626.8~4! 93 ~5!

674.2~4! 81 ~5!

718.6~4! 79 ~5!

759.3~5! 41 ~6!

799.2~5! 42 ~6!

840.2~5! 37 ~6!

806.2~13! 32 ~1! 886.9~5! 31 ~6!

862.9~6! 62 ~2! 0.85 ~4! 937.8~5! 26 ~6!

947.8~13! 91 ~3! 0.94 ~4! 993.8~5! 25 ~5!

1014.6~6! 90 ~3! 0.88 ~3! 1051.4~6! 17 ~5!

1082.6~5! 88 ~2! 1.25 ~25! 1110.5~6! 17 ~4!

1150.2~5! 70 ~2! 0.97 ~3! 1170.8~6! 15 ~4!

1218.7~5! 100 ~2! 0.73 ~3! 1230.3~6! 11 ~4!

1287.4~5! 67 ~2! 0.97 ~4! 1288.1~7! 9 ~3!

1342.9~7! 59 ~2! 1.21 ~5! 1344.3~7! 7 ~3!

1399.5~7! 7 ~3!

1457.9~10!

1515 ~2!

Spin assignment Spin assignment

806 keV57
2

2→ 53
2

2 447 keV17
2

1→ 13
2

1

1342 keV89
2

2→ 65
2

2 1515 keV101
2

1→ 97
2

1
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eters predicted for this minimum,b250.23, g50°, are in
remarkable agreement with those determined experimen
@28#. At this deformation it is expected that several gains
aligned angular momentum, or ‘‘alignments,’’ resulting fro
paired band crossings will occur. The first of these expec
crossings is the neutronAB ( i 13/2)

2 at \v'0.28 MeV fol-
lowed by the first paired proton crossing (h11/2)

2 at \v
'0.43 MeV. To identify the occupied orbitals at the nucle
Fermi surface experimentally, the band crossing freque
vc and the gain in aligned angular momentumD i x ~or align-
ment!, are used. The values ofvc and D i x are generally
extracted from alignment plots. The alignment of a rotatio
band is determined by subtracting a reference term~account-
ing for the behavior of the core! from the level spins, as
discussed in Ref.@29#. In Fig. 4 the alignments of the yras
bands in theN590 isotones156Dy,157Ho, and158Er are plot-
ted. From this figure it is clear that the expectedi 13/2 neutron
alignment occurs in all three nuclei. Theh11/2 proton ApBp
alignment is observed in156Dy and 158Er but it is blocked
in 157Ho by the odd proton in anh11/2 orbital. However, the
BPCP proton crossing is seen in band 1a of 157Ho and the
start of theAPDP crossing is observed in band 1b. The dif-
ferences in the rate of increase of the alignment in th
nuclei ~e.g., 156Dy,158

Er) is due to the density of states at th
proton Fermi surface.

As can be seen from Fig. 4, the alignment plo
for 152Dy(A) and 153Dy differ from those of theN590 iso-
tones. Although the152,153Dy bands are observed to highe
spins, there is no evidence for paired band crossings, suc
the ph11/2, at the higher rotational frequencies,. This su
gests that the deformations of152Dy(A) and the153Dy band
are somewhat different than that of156Dy.

A. Triaxial shapes in 152Dy and 153Dy

The nuclei 152Dy and 153Dy have similar level schemes
with the predominant de-excitation path from high sp

,

FIG. 2. A spectrum of thei 13/2 band in153Dy obtained by setting
all possible combinations of double gates between the~717, 759,
799, 840, 887, and 938! and the~840, 887, 938, 994, 1051,1111,
1171, and 1230! transitions. All the transitions in the band are l
beled by their respective energies. The unmarked peak in the s
trum at 636 keV is from153Dy, and represents the decays fro
spherical levels fed by this band.
5-3
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through spherical single-particle states. Alternative paths
ist via the collective bands that are observed to low sp
such as bandA in 152Dy @11# and the band in153Dy extended
in this paper. The lowest states in these bands have b
known for many years, with their extension to high sp
made possible by developments in spectrometer techno
The 153Dy band discussed here was observed in 1977
Klein et al. @13#, who compared it with similar bands in th
N587 isotones149Sm and151Gd. They carried out particle
rotor calculations@13# to determine the most probable stru
ture and deformation parameters for the bands based on

FIG. 3. TRS calculations for~a! thenAB configuration of156Dy
at \v'0.38 MeV, ~b! the nAB configuration of152Dy. Four dis-
tinct minima are identifiable, the superdeformed~at b2'0.59, g
'1°), two triaxial minima ~at b2'0.31, g'19° andb2'0.25,
g'215°), and the single particle~at b2'0.11, g'50°). ~c! The
nABpAF configuration in152Dy, showing the triaxial minimum at
b250.36 andg524°.
04430
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1 band heads observed in their experiments. As
result of these calculations it was suggested that the ba
were based on the occupation of three neutrons within
i 13/2 shell ~see Sec. 4.1 of Ref.@13# for more details!. In
addition their calculations suggest that this band lies in
minimum in the nuclear PES defined by the deformat
parametersb250.21, b450.1, andg523°. These deforma-
tion parameters suggest that153Dy is more susceptible to the
g degree of freedom than156Dy. A similar scenario was
predicted for152Dy @30#, and noted in the paper reporting th
extension of 152Dy(A) to high spin by Nyakoet al. @11#.
Following the observation of superdeformed (b2'0.6)
states in152Dy @33# more detailed calculations were pe
formed by Dudeket al. @31#. They predicted that152Dy(A)
has deformation parameters ofb250.25 andg525°, i.e.,
the band is triaxial.

We have carried out TRS calculations for152Dy @Fig.
3~b!# which show the presence of four distinct minima
high spin. Two of these minima can be readily identified, t
first as superdeformed, the second belonging to sin
particle states (g'55°). The other two minima are triaxia
one with a large positiveg and one with a smaller negativ
g. Calculations performed with the cranked Woods-Sax
model indicate that the protonh11/2 paired crossing, at mod
erate deformations (b2'0.25), is expected to becom
quenched for large positiveg values, in agreement with th
predictions of Dudeket al. @31#. In contrast, a paired proton
crossing is expected if theg degree of freedom is negative
making the bands more like those in156Dy @2# and158Er
@32#. The assumption of a minimum with a negativeg degree
of freedom was assumed in more recent work@12# and led to
incorrect configuration assignments being attributed to
152Dy low deformation bands.

As discussed above, one method of comparing exp
mental and theoretical data is via alignment plots. An alig
ment gain of'15\ is observed at\v'0.3 MeV in 152Dy

FIG. 4. The experimental aligned angular momentum as a fu
tion of rotational frequency for the yrast bands in theN590
isotones157Ho and 158Er. Also shown for comparison are the yra
TD bands in152,153Dy. The Harris parametersI0532.1 MeV21\2

andI1534.0 MeV23\4 were subtracted as a reference band.
5-4
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bandA ~Fig. 4! with the major contribution to the alignmen
caused byi 13/2 neutrons~the AB crossing!. If the remainder
is due to the alignment ofh11/2 protons, as suggested in Ref
@11,12#, then the total alignment at high frequency should
greater than that observed in the bands in156Dy @2# and 158Er
@32#. It is clear from Fig. 4 that the total alignment of158Er,
after the proton alignment, is much greater than that
152Dy~A!, which should not be the case if the paired prot
crossing takes place in152Dy(A). It is much more likely that
this additional alignment ('5\) in 152Dy(A) at low fre-
quency is due to the vibrational nature of152Dy at low spin.
Hence it can be concluded that no alignment gain, due
paired proton crossing, is observed in152Dy(A).

The band reported in153Dy exhibits similar properties to
that of 152Dy(A), suggesting similar deformation paramete
but with an extra alignment of'2.5\ at the highest frequen
cies. This can be reconciled with the extrai 13/2 neutron or-
bital that is occupied in153Dy. The crossing that is observe
in 153Dy at \v'0.37 MeV ~Fig. 4! is consistent with the
neutronBC paired crossing@5# as theAB neutron crossing is
blocked by the oddi 13/2 neutron. With no other obvious
alignments occurring, it can be concluded, as for152Dy(A),
that no paired proton crossing is observed in this nucleu

In order to determine the deformation of nuclear sta
their transition quadrupole moments (Qt) have to be mea-
sured via lifetime experiments. No lifetime data are availa
on the reported band in153Dy, however, theQt for some of
the states in152Dy(A) has been measured@12#. The deforma-
tion of these states can then be determined by relating
measuredQt to the expected values ofb andg. However, a
moderately deformed nucleus withb2'0.30 andg'20° ex-
hibits aQt similar to a nucleus with a lowerb2 of 0.20 and
g close to zero. Thus, in this case, theQt data cannot distin-
guish between these two predicted deformations. Henc
no paired proton crossing is observed and the theoretical
culations predict triaxial shapes with positiveg it is con-
cluded that both152Dy(A) and the band in153Dy are asso-
ciated with the deformation parametersb2'0.30 and g
'20°.

The low deformation bands in152Dy were designated
@11,12# as A, B, and C whereas the superdeformed ban
have been labeled SD1, SD2, etc. This latter method p
vides a better rapid recognition of the deformation of t
bands. Thus we have relabeled the triaxially deformedA, B,
andC bands in152Dy as TD1, TD2, and TD3, and the153Dy
band as TD1. This nomenclature is also consistent with
TSD designation for the triaxial superdeformed bands
163,164,165Lu @34,35#.

B. Comparison with the triaxial SD bands in 163Lu

A number of triaxial superdeformed bands have been
served in the nuclei163,164,165Lu @34,35#, and the transition
quadrupole moments of the strongest of these bands
determined to be'11eb, consistent with a deformation o
b2'0.4 andg'20°. Theoretical studies of the nuclear PE
of these lutetium nuclei with the Ultimate Cranker TRS co
shows that these bands are associated with a triaxial s
(b'0.4 and andg'20°) which led them to be described a
04430
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superdeformed triaxial bands. One feature of these band
that the magnitude of the dynamical moment of iner
(J (2)) is approximately constant at a value of'75 \2/MeV.
This is higher than the values of'62 \2/MeV and
'68 \2/MeV for the TD1 bands in152,153Dy over the range
of \v from 0.5 to 0.6 MeV, Fig. 5.

In Refs. @34,35# it was pointed out that a key feature o
the triaxial minimum in163,164,165Lu was the formation of a
large neutron shell gap atN594 and a large proton shell ga
at Z571. Also it was noted that the single-particle leve
which increase greatly in energy asg increases from 0° to

20° are then@402# 3
2 and thep@402# 5

2 originating from the

2d3/2 orbital. At b2'0.4 then@402# 3
2 crosses the Fermi sur

face whenN594 and thus is emptied, thep@402# 5
2 has the

same behavior atZ571. Therefore transferring particles ou
of these particular orbitals when they are close to the Fe
surface produces a strongg-driving effect.

In the case of152,153Dy, then@402# 3
2 orbital is again close

to the Fermi surface whenN586,87 andb2'0.3. It is this
orbital which is emptied asg increases from 0° to 20°@Fig.
7~a!#. Thus the majorg-driving effect has the same origin i
both the163,164,165Lu and152,153Dy nuclei. The lower quadru-
pole deformation of152,153Dy, relative to the lutetium bands
is due primarily to having onlyh11/2 proton orbitals occu-
pied, whereas a strongly quadrupole drivingi 13/2 proton or-
bital is also occupied in the lutetium nuclei whenZ has in-
creased to 71. Thus the minimum in the PES changes f
b250.3 tob250.4. The dysprosium nuclei could be class
fied as moderately deformed triaxial and the lutetium nuc
as superdeformed triaxial, although it may have been be
if this description had been reserved for the very large de
mations withb2 greater than 0.5.

C. 153Ho band TD1

In the more axially deformed SD nuclei in theA'150
region theJ (2) moments of inertia are smoothly varying an

FIG. 5. The dynamical moment of inertia,J (2) of the triaxial
deformed bands in152,153Dy and153Ho. Also shown for reference is
the J (2) of the yrast SD band in152Dy.
5-5
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their magnitude and variation with frequency are charac
istic of the different high-N orbital configurations. Thus
these plots have been successfully used to assign higN
configurations to excited bands in neighboring nuclei@36#.
The J (2) of the TD1 triaxial bands in152,153Dy also vary
smoothly~Fig. 5!, and they have different features and ma
nitudes which are characteristic of the occupation of two a
three i 13/2 neutron orbitals, respectively. Therefore theJ (2)

plots of these bands in152Dy and153Dy are taken as refer
ences for the number of occupiedi 13/2 neutron orbitals.

The J (2) of the band in153Ho is shown in Fig. 5. The
band is relatively short but over the observed region of f

FIG. 6. Single-particle Routhians calculated for protons close
the Fermi surface in152Dy using a universal Woods-Saxon potent
and the deformation parametersb250.30, b4520.004,g518.0°.
Solid lines represent orbitals with (p,a)5(1,1/2); dotted lines
those with (p,a)5(1,21/2); dot-dash lines those with (p,a)
5(2,11/2); dashed lines those with (p,a)5(2,21/2).
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quency it is very similar in magnitude to TD1~and TD2! of
152Dy. Therefore it is concluded that only twoi 13/2 neutron
orbitals are occupied and also that the 67th proton does
drive the nuclear shape to either greater or smaller defor
tion. The single-particle proton Routhians are shown in F
6 for a deformation ofb250.3 andg518°. In the more
neutron rich isotopes of holmium~e.g., 157Ho) which have a
deformation ofb250.2 andg50°, the lowest energy band

has the odd proton in the@523# 7
2 orbital and excited bands

with protons in the@404# 7
2 and@411# 1

2 orbitals. However, at

a largerb2 with g, the down-sloping 2f 7/2 @541# 1
2 orbital is

lowest in the feeding region of the153Ho band (\v

50.5–0.6 MeV). This orbit crosses thep@523# 7
2 at \v

'0.45 MeV which could cause the discontinuity ofJ (2) at
this point ~Fig. 5!, and may be the cause of the associa
decay out of the band. Although the occupation of the dow

sloping p@541# 1
2 orbital may increase the deformatio

slightly, it would not be as great as the adjacenti 13/2 @660# 1
2

orbital which drives the lutetium triaxial bands tob250.4
with J (2)'75\2/MeV. As J (2) for the 153Ho band is much

lower in magnitude it is concluded that thep@660# 1
2 orbital

is not involved and neither is thep@523# 7
2 as no evidence

was found for a signature partner for the153Ho band despite
a detailed search.

Thus it is proposed that the band in153Ho is triaxial with

the odd proton in the@541# 1
2 orbital. The band will havea

51 1
2 and the alignment is expected to be about 2 –\

greater than the152Dy TD1 band. These conditions are sa
isfied by a spin assignment of57

2
2→ 53

2
2\ to the 806-keV

transition in the153Ho band which gives an alignment ga
of '2\ relative to the152Dy TD1 band~Fig. 8!.

o

d

as
FIG. 7. Single-particle Routhians calculate
for neutrons close to the Fermi surface in152Dy.
~a! Shows the evolution of the neutron orbitals
a function of quadrupole deformation (b2 and tri-
axiality, g). ~b! Shows the effect of rotation (v)
at a deformation ofb250.30 andg530°. Solid
lines represent orbitals with (p,a)5(1,11/2);
dotted lines those with (p,a)5(1,21/2); dot-
dash lines those with (p,a)5(2,11/2); dashed
lines those with (p,a)5(2,21/2).
5-6



f
n

ir
te
u-

d

pr
g
-

-
is

in
re

a-
g

e-

of

d

-

dif-

s

en
the
is
nsi-
to

ver

g

l-
t
the
nce

as
th
re

e

e

ies.

the

e in

n

in

EVIDENCE FOR TRIAXIAL DEFORMATION NEAR . . . PHYSICAL REVIEW C 66, 044305 ~2002!
D. 152Dy band TD2

The excited bands in152Dy have different behaviors o
their J (2) moments of inertia, Fig. 5. Band TD2 has a co
stantJ (2) between\v50.45 and 0.62 MeV of 60\2/MeV, a
value very similar to the TD1 bands in152Dy and 153Ho. This
indicates that the band has only twoi 13/2 neutron orbitals
occupied. As the obvious neutron excitation is to the th
i 13/2 orbital, it is concluded that the TD2 band is associa
with a proton excitation. The most likely orbital to be occ

pied is thep@541# 1
2 , the same orbital involved in the153Ho

band~see the previous section!.

The proton hole must be in either the@532# 3
2 (a51 1

2 ) or

the @402# 5
2 (a52 1

2 ) orbital. In the former case the ban
would have positive parity witha50, an alignment'2\
greater than the153Ho band, and it would interact with152Dy

TD1 band when thep@541# 1
2 (a51 1

2 andp@532# 3
2 levels

cross at a frequency of\v50.63 MeV, Fig. 6. However,
this crossing must occur at a higher frequency than that
dicted, otherwise the152Dy TD1 band would show a stron
increase inJ (2) at \v50.63 MeV. Also as band TD2 ap
proaches this crossing theJ (2) moment of inertia would de-

crease if the hole was in thep@532# 3
2 orbital whereas experi

mentally J (2) shows a small sharp increase. Thus it

concluded that band TD2 is not associated with ap@532# 3
2

hole. The proton hole must therefore be in the@402# 5
2 or-

bital, giving the band negative parity anda511, with an
alignment slightly greater than the band in153Ho.

There is no obvious explanation for the small, sharp
crease inJ (2) at high frequency as a proton effect. If it we
associated with neutrons it could be due to the interaction

the n@400# 1
2 orbital with the thirdi 13/2 @651# 3

2 orbital. The
reason this upturn inJ (2) is not seen in152Dy TD1 is prob-

FIG. 8. The experimental aligned angular momentum as a fu
tion of rotational frequency for the TD and TSD bands in152,153Dy
and153Ho. Also shown is the alignment for the yrast SD band
152Dy. The Harris parametersI0532.1 MeV21\2 and I1

534.0 MeV23\4 were subtracted as a reference band.
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ably associated with a slightly higher quadrupole deform
tion in band TD2~due to the occupation of the down-slopin

@541# 1
2 orbital! causing the crossing to move to a lower fr

quency. The bump inJ (2) at \v50.36 MeV could be due

to the interaction between the@541# 1
2 and the@523# 7

2 proton
orbitals. The associated experimental alignment change
3.5–4\, Fig. 8, is consistent with the 2.5\ alignment for the

@541# 1
2 orbital ~determined from the153Ho band! and the

negative alignment of'1\ associated with the vacate

@532# 7
2 orbital. This leads to a probable alignment of'3.5\

relative to the152Dy TD1 band which is satisfied if the 581
keV g ray in TD2 is a 172→152 transition.

This configuration and the associated spin assignment
fers with that suggested in Ref.@12#, which erroneously as-
sumed that only onei 13/2 neutron orbital was occupied. A
the spin assignments suggested here are 6\ greater than that
suggested in Ref.@12#, this means that the band has be
incorrectly linked into the level scheme. We propose that
previously proposed strong linking transition of 581 keV
instead a member of the band, positioned as the final tra
tion before de-excitation. The de-excitation of this band
the single-particle states is most probably distributed o
several different decay paths.

E. 152Dy band TD3

TheJ (2) moment of inertia of152Dy band TD3 has a very
different shape and magnitude compared to152Dy TD1 band,
Fig. 5. However, it has similarities with band TD1 in153Dy
which has threei 13/2 neutron orbitals occupied. The zigza
discontinuity at\v50.38 MeV in TD3 is associated with a
small shift of 4.5 keV in the energy of the state which fo
lows the 788-keVg ray. It is known experimentally that, a
this point, part of the intensity of the band de-excites into
single-particle states as the band is observed in coincide
with g rays below the 171 isomer. Thus as theJ (2) moment
of inertia is very similar to that of the153Dy band between
frequencies of 0.4 and 0.6 MeV it is concluded that TD3 h
three i 13/2 neutron orbitals occupied. Compared wi
the 152Dy TD1 band the hole is in either one of the signatu

partners of the@532# 3
2 orbital or the@400# 1

2 (a51 1
2 ) or-

bital. A complication in the former possibility is that th
frequency of the interaction between thea52 1

2 signature

components of the@532# 3
2 and@530# 1

2 orbitals varies rapidly
with small changes of deformation. If the hole is in th

@532# 3
2 (a52 1

2 ) orbital then it is expected that theJ (2) of
TD3 would follow closely that of the153Dy band at all fre-
quencies. However, it deviates strongly at high frequenc

If the hole is in then@532# 3
2 (a52 1

2 ) orbital then theJ (2)

of TD3 would closely match that of the153Dy band except
possibly at lower frequencies where the interaction with

n@530# 1
2 could occur thus leading to an increase inJ (2).

However, again there is no explanation for the decreas
J (2) at the high frequencies.

At a deformation ofb2'0.30 andg'20° the crossing

between the strongly up-slopingn@400# 1
2 and the strongly

c-
5-7
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down-sloping n@651# 3
2 orbitals occurs at a frequency o

\v50.6 MeV, although the exact position of the crossi
changes rapidly with small changes inb2, Fig. 7. Indeed, as
no large increase inJ (2) is observed in152Dy band TD1 up
to \v50.7 MeV, it is concluded that this crossing mu
occur at a frequency greater than 0.7 MeV. If the hole is

the n@400# 1
2 (a51 1

2 ) orbital, then theJ (2) should match
that of the153Dy band, except possibly at the highest fr
quencies where the first indication of the crossing betw

then@400# 1
2 and then@651# 3

2 could occur. This would resul
in a small reduction ofJ (2) compared to the153Dy band and
this feature is observed experimentally. The crossing ban

the 152Dy TD1 which has then@400# 1
2 orbital occupied and

thus the slow increase inJ (2) of TD1 at the high frequencie
could also be due to the first indication that this crossing
being approached.

In conclusion, it is considered that the data are best
plained by the152Dy TD3 having the configuration involving

the excitation of a neutron from the@400# 1
2 orbital to the

@651# 3
2 orbital. The alignment of TD3 is very similar to

the 153Dy band, and thus it is suggested that the 683-keVg
ray is a 181→161 transition, which produces the alignmen
shown in Fig. 8.

This explanation differs from that suggested previously
that threen i 13/2 orbitals are occupied, as opposed to the o
suggested in Ref.@12#. As the spin assignments proposed
this paper are 4\ higher than that suggested previously@12#
this means that the band has been incorrectly linked into
level scheme of152Dy. The previously proposed 690- an
526-keV linking transitions must link into the decay schem
in a different way.

F. 152Dy band TSD1

Dagnalet al. @36# reported the observation of six collec
tive bands which decayed through the 171 isomer in152Dy.
Five of these bands hadJ (2) moments of inertia with a mag
nitude greater than 80\2/MeV at high frequencies and thu
were clearly associated with superdeformed statesb2
'0.6). The other band~labeled SD3! had J (2) below
80 \2/MeV and they could not definitely assign the band
an excitation producing a characteristicJ (2) of a superde-
formed high-N configuration in a neighboring nucleus. T
J (2) of this band~Fig. 5! is also much larger than the pro
posed triaxial bands in152,153Dy. However, as it lies betwee
75 and 78\2/MeV in the frequency range \v
50.45–0.65 MeV, it has a similar magnitude to the m
ments of inertia of the superdeformed triaxial bands
163,164,165Lu @34,35#. Recently a new SD band with aJ (2) of
over 80\2/MeV has been reported by Lagergrenet al. @37#
in 154Er, and they propose that the original SD band, wh
has a lowerJ (2) of '76 \2/MeV, is a superdeformed tri
axial band similar to those in the lutetium isotopes. TheJ (2)

of this TSD band in154Er is constant between\v50.45 and
0.6 MeV, it has a discontinuity at\v50.65, and a steady
increase ofJ (2) below\v50.45 MeV. Thus SD3 in152Dy
exhibits the magnitude ofJ (2) which is characteristic of the
04430
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superdeformed triaxial bands in154Er and 163,164,165Lu and it
is proposed that it is also a superdeformed triaxial ba
Accordingly it has been relabeled as TSD1 in152Dy.

The slow decrease ofJ (2) above\v50.65 in TSD1 is a
unique observation. It probably does not have the same
gin as the decrease ofJ (2) in band TD3, which has been

linked to the crossing of the@651# 3
2 and @400# 1

2 neutron
orbitals, as at the higher deformation ofb250.36 this cross-
ing has moved to a much lower frequency and, indeed, co
be responsible for the increase inJ (2) at \v50.4 MeV in
both TSD1 and the band in154Er. A more likely explanation
for the decrease inJ (2) at high frequency is the approach o

the crossing of the filled@660# 1
2 (a51 1

2 ) with the empty

@402# 5
2 proton orbitals. This band TSD1 is most probab

based on ani 13/2 proton excitation excitation from band TD
~which has 3i 13/2 neutrons! giving an additional proton align-

ment of'4 –5\, plus the@541# 1
2 proton excitation observed

in band TD2 which provides an additional alignment gain
'2.5\. The resulting total alignment gain of'7\ relative to
band TD3 indicates a spin assignment of 312 –292 for the
793-keV transition which yields the alignment plot shown
Fig. 8. Relative to152Dy band TD1 the proton configuratio

is probably @402# 5
2

22 @541# 1
2 @660# 1

2 and the neutron con

figuration @400# 1
2

21@651# 3
2 producing a band with negativ

parity anda511. One difference in the features of TSD
in 152Dy is that it is observed up to\v50.8 MeV compared
with \v50.65 MeV in 154Er and under 0.6 MeV
in 163,164,165Lu @34,35#. TRS calculations for this configura
tion @Fig. 3~c!# indicate a minimum in the PES at a deform
tion of b2'0.36 andg'20° that is only present at high
spin, in agreement with the experimental data.

This interpretation provides an explanation for this ba
that was lacking in Ref.@36#, and modifies the band hea
spins, lowering them by 7\.

V. CONCLUSIONS

In conclusion, a new rotational band has been observe
153Ho that exhibits characteristics similar to bands obser
in 152Dy. In addition, thei 13/2 band in 153Dy has been ex-
tended to higher spins. These bands are discussed in term
the cranked shell model, and resulted in a reinterpretatio
the configurations previously proposed for the bands
152Dy. On the basis of the theoretical calculations coupled
the absence experimentally of anh11/2 proton crossing, these
bands have been assigned as triaxially deformed and in
case of one band in152Dy as triaxially superdeformed. Th
similarity with the triaxial superdeformed bands in the lut
tium isotopes and in154Er is discussed. Proposals have be
made for the configuration of the bands relative to the T
band in 152Dy, this has led to tentative spin assignments.
order to confirm these assignments for the excited band
152Dy and 153Ho, a large data set is required to observe
linking transitions between these bands and the sin
particle states.
5-8
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