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Reliable and precise lifetimes of excited states in 1*°Dy were measured by means of the recoil distance Doppler-
shift technique in the coincidence mode. The experiment was performed at the Laboratori Nazionali di Legnaro
with the GASP array and the Cologne coincidence plunger apparatus using the reaction '>*Sn(*¢S,4n)!3Dy at
a beam energy of 155 MeV. New values of the branching ratios of transitions depopulating the levels of the
first excited band have been derived. The measured transition probabilities of '**Dy in the ground-state band
and the first excited band as well as the energy spectra are compared to the predictions of the recently proposed
X(5) model and to an interacting boson approximation fit. The comparison reveals a different behavior of the
intraband transition strengths and indicates a possible coexistence of a normal deformed ground-state band and
an X(5)-like first excited band. It also reveals that in '3°Dy, the y degree of freedom plays a more important role
than it does in the well-established X(5) nuclei with N = 90. A fit of the data using the general collective model
suggests that a deeper collective potential V (8, y) may also be a reason for the differences in the spectroscopic

properties of Dy and those nuclei.
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I. INTRODUCTION

The position of '*Dy in a transitional region between
spherical and deformed nuclei has attracted much experimental
and theoretical interest over the last decades. A significant part
of the corresponding studies was dedicated to the high-spin
phenomena observed in this nucleus. In the present work, we
concentrate on the ground-state band and the first excited
band up to the moderate spin of about 16/. These states
were investigated already in the early seventies. In the works
of Andrews et al. [1] and Lieder et al. [2], the interesting
phenomenon of the crossing between the first excited band (or
B band) and the S band was studied. The S band becomes yrast
at the I™ = 16™ level, where the levels of the continuation of
the ground-state band (g.s.b.) start to form the yrare sequence.
A portion of the level scheme of 3Dy relevant to the present
study is displayed in Fig. 1. The lifetimes of the yrast states up
to high spins were measured by Ward et al. [4] and Emling ez al.
[5,6]. The results of these works implied rotationally induced
shape changes affecting the parameters 8 and y of the intrinsic
quadrupole deformation. These changes were supposed to
lead to irregularities of the collectivity, expressed through
the B(E2) values, in the spin region below I™ = 16*. The
purpose of the present work is to re-measure the lifetimes of
the levels in the ground-state band and to determine for the first
time lifetimes in the first excited band by using the recoil
distance Doppler-shift method (RDDS) [7] and thus to verify
the earlier suggested irregularities in the B(E2) values. One of
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the reasons for doing this is that many theoretical calculations
using mean-field approaches, e.g., Refs. [8—11], cannot repro-
duce such significant irregularities in the collectivity in the spin
region considered (up to 14—16%). Apart from this interesting
physical topic, our work has been additionally stimulated by
advances in experimental techniques which make possible the
use of large multidetector arrays and provide the analysis with
data of higher statistics. The development of the differential
decay curve method (DDCM) ensures an adequate analysis
tool for the data taken in coincidence mode [12,13].

Another important motivation for the present experimental
work was the introduction of the new X(5) symmetry at the
critical point of the SU(3)-U(5) phase transition [14]. This new
symmetry had been experimentally established in '>2Sm [15]
and "°Nd [16] for the first time and was later also used to
characterize the neighboring N = 90 nucleus >*Gd [17]. The
isotone 3Dy was also regarded as a promising candidate
for exhibiting the characteristic X(5) features. The present
work aimed to supply further experimental data, especially
electromagnetic transition probabilities, to allow stringent tests
of the X(5) predictions for °Dy.

II. EXPERIMENT

To populate excited states in !'3°Dy, the reaction
1245n(36S,4n) at a beam energy of 155 MeV was used. The
beam was provided by the XTU tandem of the Laboratori
Nazionali di Legnaro, Italy. The target and stopper foils were
mounted in the Cologne coincidence plunger [18] in which
the change of the target-to-stopper distance is realized by
moving the target holder. The constancy of the preset distance
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FIG. 1. Partial level scheme of '3°Dy according to Ref. [3].

is controlled by a feedback system using a piezoelectric
device. More details about the plunger setup can be found
in Ref. [18]. The target consisted of 0.9 mg/cm? tin, enriched
to 97.7% '>*Sn, which was evaporated onto a 1.8 mg/cm? Ta
foil serving as a backing. At these conditions, the energy of
the %S ions after passing through the backing foil amounted
in the middle of the target to 142 MeV to ensure a maximal
reaction cross section. A 12.0 mg/cm? Au foil was used to
stop the recoils leaving the target with a mean velocity (v)
of 1.83(2)% of the velocity of light c. The y rays deexciting
the Dy nuclei, which are produced in the dominant exit
channel of the reaction, were registered with the GASP
array [19] in its configuration I. This array consists of 40

large-volume Compton suppressed high-purity germanium
(HPGe) detectors and an inner bismuth germanate (BGO) ball
which in the case of our experiment consisted of 74 elements.
For the data analysis, the 40 HPGe detectors were grouped into
seven rings such that all detectors of one ring were positioned
at approximately the same angle with respect to the beam axis.
For the present coincidence RDDS experiment, the rings of
interest are naturally those where appreciable Doppler shifts
can be observed, namely ring 0 (mean angle with respect to
the beam axis of 34.6°), ring 1 (59.4°), ring 5 (120.6°), and
ring 6 (145.4°). Each of these rings consists of six detectors.
As a trigger condition for data acquisition, two-fold or higher
germanium signals were required to fire in coincidence with
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at least two BGO elements. In the measurement, data were
taken at 23 target-to-stopper distances x ranging from 2.7
to 2902 um. In addition, data were taken at the electrical
contact between the target and stopper foils, i.e., at x ~ Oum.
After corrections for energy shifts and gain matching of the
detectors, the data were sorted into 1176 y-y coincidence
matrices (4096 x 4096). To correct for random coincidences,
these matrices were built by subtracting matrices constructed
using a nonprompt time gate from matrices corresponding to
a prompt time gate. Each final matrix accumulates coincident
events where two y rays are registered by detectors belonging
to a particular two-ring combination at a given distance.
A total of 2.1x10° doubles and higher-fold events were
collected. Normalization factors for the different distances
were determined by using events corresponding to pairs of
strong coincident transitions (cf. also Ref. [18]). As part of the
experiment, energy, full width at half maximum, and efficiency
calibrations were made with an '3?Eu source. With the same
setup, we also performed a Doppler-shift attenuation (DSA)
lifetime measurement for the higher spin states, the results of
which are presented in Ref. [20]. Spectra for the analysis of the
RDDS data were obtained by setting a gate from above on the
shifted component of a transition feeding the level of interest.
Examples of such spectra at different distances are shown in
Fig. 2 to illustrate the quality of the data.

2500 Ground-state band gated
on the 509 keV transition
2000 RING 0: 34.6°
266
1500 | () 366 16 jum
)
1000 445
)
500
(S)
O et Ahemstirrr e,
» 2000t @ 51 um
= L)
=
S
1000 ®
()
S)
0 Mv‘AJ
T s ~ 4um
1000 (S)
) ,|S)

250 300 350 400 450 500
~-ray energy [keV]

FIG. 2. Spectra of transitions in the ground-state band of '3°Dy
obtained with a gate set on the shifted component of the 509 keV
y-ray transition in rings 0, 1, 5, and 6. The spectra are measured at
the indicated distances with the detectors positioned at 34.6° (ring 0)
with respect to the beam axis. The energies of the y-ray transitions
are indicated in keV. The labels U and S denote the unshifted and
shifted components of the transitions, respectively.
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II1I. DATA ANALYSIS
A. Analysis of the RDDS data

For the data analysis, the differential decay curve method
(DDCM) developed in Refs. [12,13] was employed. Referring
the reader for the details to the quoted works, here we only
present the main points of the procedure. At each target-to-
stopper distance x, the lifetime 7(x) of the level of interest is
obtained from

{Cs, Ay} —a{Cs, B} 1
T(x) = —

Lic Ay W

; ey

where
o {Cs, Au} +{Cy, Ay}
~ {Cy, B,} +{Cy, B}

Here, (v) is the mean velocity of the recoiling nuclei, and
the quantities in braces are the number of coincident events
corresponding to detection of the Doppler-shifted (s) or the
unshifted (#) components of the y-ray transitions involved
in the analysis. In Eq. (1), it is implied that transition A
depopulates the level of interest whose lifetime has to be
determined and which is fed directly by transition B. The gate
is set on the s component of transition C lying higher in the
cascade above the level of interest, and only one feeding path
leads to level A. More general expressions for the derivation of
7(x) for the case of complex feeding patterns can be found in
Refs. [12,13]. In the interesting case of a gate set on the direct
feeding transition B, Eq. (1) reduces to
{Bs, Ay} 1

(x) = —%{st A w 3)

@

The derivative in the denominator of Eqgs. (1) and (3) is
obtained by fitting piecewise with polynomials the gated
decay curve of the shifted component of transition A (i.e.,
the quantities {Cy, A} or { By, A}, respectively).

Obviously, the derived values of 7 (the 7 curve) should not
depend on the distance at which they have been determined
and correspondingly should be constant when plotted versus
distance. A deviation from such behavior immediately indi-
cates the presence of systematic errors in the analysis. For the
derivation of the mean value of the lifetime, not all points of
the 7 curve are used but only those which are reliably defined,
i.e., lie within the so-called region of sensitivity. Usually, this
region covers the interval of distances where the quantities
participating in the right-hand side of Egs. (1) and (3) are
not too small. By gating from above the level of interest,
all problems related to unobserved feeders are eliminated.
In addition, by gating only on the shifted component of a
feeding transition, the effect of nuclear deorientation cancels
out completely and does not influence the results of the lifetime
analysis [21].

Figure 3 illustrates the lifetime determination for the 6,
level in 1%°Dy. The data are measured with the detectors of
ring 0, and the gate is set on the shifted component of the
direct feeding transition of 445 keV (cf. Fig. 1; also, for more
details see Sec. IV). The areas Iy, = {By, A} of the shifted
component of the analyzed transition of 366 keV are presented
in the middle panel together with a curve corresponding to a
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FIG. 3. Lifetime analysis at the 6] level. Middle panel shows
the intensity Iy, of the shifted component of the 366 keV transition
measured with the detectors of ring O in coincidence with a gate on
the shifted component of the directly feeding transition of 445 keV.
The curve is a piecewise polynomial fit of the shifted component;
quantity Iy, corresponds to the quantity {B,, A} in Eq. (3). Bottom
panel shows the intensity of the unshifted component I, of the
366 keV transition at the same gating conditions. It corresponds
to the quantity {B,, A,} in Eq. (3). The curve in the bottom panel
represents the derivative of the fitting function from the panel in the
middle multiplied by the value of the lifetime t derived from the
analysis. This function reproduces the unshifted component, which,
divided by the derivative according to Eq. (3), yields the values of the
lifetime displayed in the top panel for each distance. The mean value
of the lifetime and its uncertainties are also shown.

piecewise fit with second-order polynomials. The derivative
of that curve as a function of distance x corresponds to the
quantity %{BS, Ay} in Eq. (3). The numerator { By, A,} in that
equation, namely, the areas I, of the unshifted peak of the
366 keV transition, is presented in the bottom panel. The values
of the lifetime at each distance x obtained using Eq. (3) and
which lie in the sensitivity region are displayed in the top
panel. The mean value of the lifetime is also indicated with
its uncertainties. The derivative %{BS, A} of the areas of the
shifted component (or %Ish), multiplied by the mean value
of the lifetime, is displayed in the bottom panel. This curve,
as it should be expected, reproduces quite well the areas of
the unshifted component I,,. Further examples of lifetime
determination can be found in the next section.
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In practice, the analysis was performed by considering
separately the coincidence data taken with the detectors
belonging to the different rings of GASP. To investigate a
given level, gates on a feeding transition were set in the y -y
matrices at all rings where contaminants or other problems did
not disturb the gated spectra. Then, the spectra corresponding
to every “gated” ring at each distance x were summed up,
and the resulting spectrum analyzed. With two forward and
two backward rings, this means that (maximum) four lifetime
values were determined for both direct and indirect feeder
cases. The lifetimes determined from different matrices as well
as with different gates are statistically independent and allow
a check of consistency. The final value of the lifetime t of
every level of interest was derived by averaging the individual
results.

A more careful consideration of the data is necessary in
the cases where the lifetimes determined are comparable to or
smaller than the mean slowing-down time of the *°Dy ions in
the gold stopper. During the slowing down, which takes place
in about 1.2 ps, the emission of deexciting y rays leads to the
appearance of a complementary (DSA) component in the total
line shape which can be treated according to the technique
described in Ref. [22], where further details can be found. To
derive correction factors for the full range of short lifetimes of
interest, we applied the approach introduced in Ref. [23]. Gated
spectra for the different distances were simulated, using again
the results of Ref. [22], with a cascade of levels possessing
properties close to the observed ones. Then, these spectra were
analyzed according to the conventional DDCM, i.e., without
taking into account the DSA effects. The determined lifetimes
were compared to the ones implemented in the simulation, and
thus a set of correction factors was derived. These correction
factors increase to 43% for the shortest lifetime derived in the
present work (see next section) and, on the other hand, are not
needed for lifetimes larger than 2.0 ps. They were determined
using stopping powers for '°Dy ions in gold derived from the
tables of Northcliffe and Schilling [24] with corrections for the
atomic structure of the medium [25,26]. More details on our
approach for the Monte Carlo simulation of the slowing down
of the recoils can be found in Ref. [22] and the references cited
therein.

B. Determination of branching ratios

To determine branching ratios in '*°Dy, we used the data
from the measurement with the DSA method described in
Ref. [20]. The experimental setup for this measurement was
the same as for the RDDS measurement from the present work.
The only difference was that the Sn material of the target
(0.9 mg/cm?) was directly evaporated onto a 13.4 mg/cm?
Ta foil serving as a backing to stop the recoils. Branching
ratios were determined in the first excited band of positive
parity, for Al =0 and A/ = 2 transitions. For this purpose,
spectra were obtained by gating on pure E2 transitions with
Al =2 (I +2 — I) which directly populate the level of
interest. The gate was set in a coincidence matrix (59°, X)
on the axis (X) associated with the detection of y rays by
every detector of GASP. The gated spectra were associated
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with the detection of y rays by the detectors of ring 1 at 59.4°.
An efficiency correction was applied using the results of the
already mentioned calibration with a '3>Eu source. To correct
for the angular correlation effects, the following steps were
performed. The 219 possible two-detector combinations in the
matrix (59°, ¥) were reduced to 48 angular correlation groups
by using the relations [27]

W(180° — 6y, 180° — 65, ¢),
W6, 180° — 65, ¢ + 180°),
W(180° — 61,6, ¢ — 180°),  (4)
W0y, 180° — 65, 180° — @),
W(180° — 8y, 65, 180° — ¢).

W, 0, ¢) =

The function W(6,, 6,, ¢) describes the angular correlation
[28] of two successive y rays, the first being detected at an
angle 0; with respect to the beam axis and the second one being
detected at an angle 6,. The angle between the planes defined
by the detection directions and the beam axis is denoted by
¢. In our case, to minimize the number of correlation groups,
the precise values of some of the polar and azimuthal angles
of the GASP detectors were replaced by approximated values
differing by no more than 3.4° from the actual values. Then, the
angular correlation functions forthe / +2 — I — I— 2 and
I +2 — I — I cascades were calculated by averaging over
the possible detector pairs participating in the building up of the
matrix (59°, ). According to Ref. [3], the investigated I — [
transitions depopulating levels in the first excited band have a
pure E2 character. Therefore, mixing ratios §; = O and 6, = 0
were employed in the calculation of the angular correlation
functions [28]. For the transitions of interest, to characterize
the distribution of the magnetic substates we employed the
typical value of o = 3. Due to the specific choice of ring 1,
the angular correlation effects were small, which is translated
in values of the correlation function in the range 0.96-0.97
for all cascades of interest. A systematic error of 5% was
added to the statistical error of the intensities determined
from the efficiency corrected peak areas. The final values of
the intensities, corrected for angular correlation effects, are
presented in Table 1. They were used for the determination of
the branching ratios employed in the calculation of reduced
transition probabilities.

IV. RESULTS

In the present work, 14 lifetimes have been derived, 7
in the ground-state band (g.s.b.) and 7 in the first excited
band (8 band at lower spins and S band at higher ones). The
results of the analysis are summarized in Table II. Examples
of the lifetime analysis are shown in Figs. 4-7. Below we
consider in more detail the analysis of the data for the different
levels investigated. These details are necessary to stress the
carefulness of our analysis and to clarify discrepancies with
previous experimental work.

PHYSICAL REVIEW C 74, 024313 (2006)

TABLEI. Branching ratios in the first excited positive-parity band
of *Dy. Data from the present work (column 4) are compared to data
from [3] (column 5). n.o. denotes the nonobserved transitions.

IT Energy (keV) E, (keV) I f"p I }I;“
4f 1088.3 259.6 n.o. 11(1)
317.9 n.o. 2.0(3)
684.1 100 100(7)
950.5 n.o. 9.0(15)
6, 1437.3 349.0 72(4) 73(4)
666.9 100(5) 100(5)
1033.2 14(4) 34(7)
8 1858.6 421.3 100(4) 100(7)
642.5 40(3) 65(10)
1089.3 12(2) 8(2)
105 2315.6 456.9 100(4) 100(4)
591.6 11(2) 7(1)
1100.3 11(3) (1)
125 2706.9 391.1 100(4) 100(6)
421.0 61(4) n.o.
982.2 21(4) 43(8)
145 3065.9 178.7 n.o.
359.1 100(4)
780.0 6(2)
16} 3498.8 432.6 - 55(4)
611.3 ® 100(4)
187 4025.8 527.1 100 100

Contaminated by the 609.6 keV transition (20 — 187).

A. Ground-state band

Because of the small Doppler shifts of the 266 keV
transition, only the most upstream and downstream detector

TABLE II. Lifetimes determined in the present work in '3°Dy.
The values 7., are corrected for the finite slowing-down time of the
recoils in the stopper. The literature values in column 5 are taken
from Refs. [4,5]. See also text.

" Energy (keV) T (PS) Teorr (PS) TLit (PS)
2f 137.8 1060(150)  1060(150) —1187(11)
4 404.2 45.6(5) 45.6(5) 42.6(38), 43.0(40)
67 770.4 9.04(15)  9.04(15)  11.3(8), 13.2(11)
8 1215.6 3.31(10) 3.31(10) 3.2(2), 3.2(5)
107 1724.5 1.51(8) 1.69(11) 1.29(8), 1.3(3)
127 2285.2 0.90(5) 1.04(7) 0.78(5), 0.67(14)
141 2887.0 0.49(13) 0.70(15) 0.98(12), 0.73(10)
45 1088.3 6.5(17) 6.5(17) -
65 1437.3 5.14(34) 5.14(34) -
8 1858.6 3.02(15) 3.02(15) -
105 23156 224(14)  2.24(14) -
125 2706.9 6.53(15) 6.53(15) -
145 3065.9 10.8(3) 10.8(3) 6.2(10), 7.8(8)
16/ 3498.8 1.87(7) 2.00(11) -, 1.6(7)
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rings (0 and 6) were used for gating in the analysis of the 2/
level (cf. Fig. 1). The gated spectra were also analyzed for
rings 0 and 6. Therefore, because of the long lifetime of the
level, only distances above 600 wm were used.

Spectra for the analysis of the 4] level could be obtained
by a gate on the direct feeding transition of 366 keV. However,
there are two contaminating transitions, the 143L — 12;r of
359 keV, and the 87 — (67) of 363 keV, which hinder the
use of the backward rings for gating. The gated spectra could
be analyzed here for all four rings with appreciable Doppler
shifts.

The backward rings could also not be used for gating on the
direct feeder in the case of the determination of the lifetime
of the 6] level. The y line of 439 keV of the 107 — 82
transition cannot be separated at backward angles from the
shifted component of the direct feeding transition of 445 keV.
In the derivation of the areas of the depopulating transition
of 366 keV, two contamination y lines have to be taken
into account. One of them (of 359 keV) originates from
the decay 14, — 127 and influences the gated spectra only
with its Doppler-shifted component. This causes difficulties in
determing the areas of the transition of interest at forward rings.
Another y line of 363 keV originates from the depopulation
of the 21/2* level in > Dy, produced in a competing reaction
channel. This level is fed indirectly by a 442 keV transition,
whose shifted component cannot be strictly separated from
the shifted component of the 445 keV transition. Therefore,
this contamination has to be taken into account when the
areas of both shifted and unshifted peaks are determined. The
comparison of the lifetime values obtained by using different
rings leads to a very good agreement. We should note that if
we use the contaminated backward rings for gating and do not
take into account the 363 keV transition, we can reproduce the
result of the measurement [5] which led to a lifetime value that
is 44% higher than the real lifetime. The lifetime analysis at
the 6] level is illustrated for ring O in Fig. 3.

The lifetime of the 8T level could be determined only by
using gates on indirect feeders because higher in the cascade,
the 167 — 147 transition has exactly the same energy
(509 ke V) as the direct feeding transition (cf. Fig. 1). Although
the contaminating intensity is weak, it leads to the appearance
of a long-lived component in the quantities describing the
time behavior of the 8] level. Therefore, we used for gating
the 602 keV 14] — 12] transition at ring 5. At forward
angles, the gates were contaminated by the 20;r — 18?r transi-
tion of 609 ke V. Ring 6 could not be used because of the 105 —
10] transition of 591 keV. All other higher-lying y lines in the
ground-state band were contaminated by transitions within the
bands of negative parity. In the spectra gated by the indirect
feeder, the areas of the depopulating transition of 445 keV and
of the direct feeder of 509 keV transition have been determined.
In the latter case, the influence of the annihilation line of
511 keV, which was not fully suppressed by the sorting
procedure, had to be taken into account. The analysis at all four
gated rings yielded consistent results. The lifetime analysis at
the 8T level is illustrated for ring 1 in Fig. 4.

In the determination of the lifetime of the 10;r level,
the direct feeding transitions were weak (interband) or con-
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taminated. The direct feeding transition of 561 keV in the
ground-state band overlaps with the 17, — 15, transition.
With the same arguments for the choice of gates, the same
gated spectra as for the 8? level were used here. The areas of
the 509 keV transition were simply taken from the analysis
of the lower level. To determine the areas of the 561 keV
transition, it was necessary to take into account in rings 0 and
6 a contamination originating from '3 Dy. The contaminating
y line of 550 keV belongs to the (23/27)— 19/2~ transition
and is fed by a transition of 593 keV. The y line of the latter
transition lies in the spectrum measured with ring 5 at the
same place as the shifted component of the transition used for
gating. Again the lifetime values obtained at the four gated
rings were in very good agreement.

The lifetime of the 12} level could be determined by using
a directly feeding transition for the gate in rings 5 and 6. At
forward angles, the shifted component of the direct feeder
is contaminated by the transitions 20] — 18] of 610 keV
and 167 — 147 of 611 keV. The areas of the depopulating
transition of the 561 keV transition were determined by taking
into account the contamination of the y line from Dy
(cf. above, lifetime determination at the 107 level). The results
obtained at the four rings analyzed are in a good agreement.

5.5
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4.5
4.0

156

Dy; 8, " 3.28(19)ps
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2.0t RING1 AT 59.4°
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Iun; 7-dIsh/ dx
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0 LR X i
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FIG. 4. Same as in Fig. 3, but for the 87 level using a gate set on an
indirect feeder. Here the bottom panel shows the numerator of Eq. (1).
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FIG. 5. Same as in Fig. 3, but for the 12] level.

The lifetime analysis at the 12 level is illustrated for ring 6
in Fig.5.

Due to the short lifetime of the 14;r level, only the data
measured at the shortest distances could be used for its
determination. Contaminating transitions were not present in
the gates nor in the gated spectra to be analyzed. This allowed
the use of the full statistics of all rings.

The results of the analysis are presented in Table IT where
they are compared to earlier data [4,5] for '3®Dy. As already
mentioned, the finite slowing-down time of the recoils in the
stopper influences the determination of the short lifetimes
(below 2 ps in the present case). The values determined using
our standard approach were corrected for this effect according
to the procedure outlined in Ref. [23] and are labeled as T¢orr
in Table II. Compared with data from the literature for
the g.s.b., the present shorter value of the 6 level is
impressive. With the exception of the case of the 2| level, the
lifetimes from the present work are characterized by smaller
uncertainties.

B. First excited band

The long lifetimes of the 12 and 14; levels lead to a long
effective feeding time for the states below the band crossing.
An additional problem that appears in the analysis of this band
is the leak of intensity to the g.s.b. levels. Because of the latter
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effect, the lowest level in the first excited band whose lifetime
could be determined is the 4; one.

To derive its lifetime, gates were set on the directly feeding
transition of 349 keV in all four rings. The only observed
decay of the 45 level is through the transition of 684 keV to the
47 level. Nevertheless, the statistics of only one gated ring were
not sufficient for a determination of the area of the unshifted
component. To obtain a suitable signal for this component,
it was necessary to add the spectra measured at different
angles. For this purpose, the spectrum in the region of interest
where the two components are separated was divided into two
parts, each containing one of the components. The spectrum
containing the shifted component was shifted to coincide with
the shifted component in ring 0. The shifted components
measured with the detectors at backward angles were reflected
with respect to the mean position of the distribution of the
unshifted peaks. A complementary difficulty in the analysis
was caused by contamination from the 22 — 207 transition
in the S band higher in the cascade. This contamination
appears only in the shifted component of the spectrum of the
investigated 4, — 47 transition of 684 keV. The 22 level has
a very short lifetime (r = 0.4 ps), and in the spectra for the
distances of importance (x > 70 um) in deriving the lifetime
of the 4;’ level, the full intensity of the 22;r — 20;r y line is
Doppler shifted. Its contribution to the shifted-peak area of the
684 keV transition could be determined, after an efficiency
and intensity balance correction, from the intensity of the
187 — 16/ transition and correspondingly subtracted. It was
found that about 65% of the area of the investigated shifted
peak is due to the contamination.

For the 6; and 83’ levels, the gates on the direct feeding
transition could be employed without problems from contam-
ination. Similarly, no contamination was present in the gated
spectra at all four rings.

The gate on the 391 keV transition, which directly populates
the 105 level, is contaminated at backward angles by the
10 — 107 transition of 385 keV. Therefore, only rings 0
and 1 were used for gating. For the analysis of the depopulating
y line of 457 keV, all four rings were employed.

For the 12 level, again gates on the direct feeding transition
could be employed with the exception of ring 0. In this ring,
the shifted component of the direct feeder is contaminated by
the 366 keV transition in the g.s.b. (cf. Fig. 1). The results
in the four analyzed gated rings are in good agreement.
The analysis for the 125 level at ring 5 is illustrated in
Fig. 6.

When setting the direct gates for the analysis of the 14;
level, it was necessary to take into account the contaminating
cascade 1007 — 87 — (67) consisting of the transitions of
439 and 363 keV. This contamination could be avoided by
using gates in rings 5 and 6. To analyze the depopulating
359 keV transition, it was necessary to take into account the
presence of the transition 6 — 4] of 366 keV. The analysis
for the 14;r level at ring 6 is illustrated in Fig. 7.

To analyze the data for the 16/ level by gating on
the directly feeding transition, it was necessary to avoid a
contamination originating from ' Dy. Gates set at the forward
rings provided spectra that could be analyzed in all four gated
rings.
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FIG. 6. Same as in Fig. 3, but for the 12 level.

The results of the analysis for the first excited band
are summarized in Table II. Almost all level lifetimes are
determined for the first time. The lifetimes of the 145'r and 16]L
levels are longer than the earlier determined values [4,5].

The reduced electromagnetic transition probabilities B(E?2)
derived in this work are presented in Table III.

V. DISCUSSION

In Fig. 8, we present the transition quadrupole moments Q,
in the g.s.b. derived from the experimental B(E?2) values using
the relation

5
B(E2,1 —> [ —2)= FQ[2(11<20|1 —-2K)%, (5
T
with K = 0. In the framework of the rigid-rotor model [29],
the transition quadrupole moments within a band are equal to
the intrinsic quadrupole moment Qg which is related [30] to
the deformation § via

3
Qo = ——ZR2B(1 +0.168). (6)
VSm 0
According to Ref. [31], because of the difference between
the nuclear charge distribution and the mean field, g =
1.1Bmean-fietld- The experimental Q; values in Fig. 8 are
compared to calculations performed in the framework of
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FIG. 7. Same as in Fig. 3, but for the 145 level.

different nuclear models. The simplest of them is the ax-
ially symmetric rigid-rotor model [29]. The data are very
well described by this model, and earlier suggestions for
rotation-induced shape changes [5] are not confirmed by the
present data. From the transition strength B(E2, 2] — 0]) =
0.834 (137) 2 b2, we derive Qg = 6.5 (5) eb and Brean-field =
0.27(2). The experimental Q, value for the ZT — OT transition
was used as a normalization factor for the theoretical calcula-
tions presented in Fig. 8. Many theoretical calculations of tran-
sition strengths within the g.s.b. up to spin 147 and higher in
the yrast band are available in the literature [8—11,32-34]. For
Fig. 8, we have chosen, on the one hand, the three benchmark
models—the axial rigid rotor, the X(5), and the U(5) limit of
the interacting boson approximation (IBA)—which trace the
gross features of the spherical to deformed phase transition.
On the other hand, we show two calculations (labeled A
and B) with semimicroscopic mean-field approaches which
reproduce the data within the error bars. Curve A represents the
cranked Hartree-Fock-Bogoliubov calculations with variation
after exact projection onto good particle number from Ref. [8].
These calculations give an overall description of the level
energies and predict a behavior of the B(E2)’s which is
very close to the expectations for a symmetric rigid rotor. At
higher spins in the yrast band, however, the calculations cannot
reproduce the fine structure of the B(E?2) data, especially
the fluctuations around the band-crossing region. Curve B
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TABLE III. Reduced electromagnetic transition probabilities B(E?2) derived in this work. Column 1 displays the level
spin and parity. The level and depopulating transition energies are shown in the next two columns followed by the relative
y intensity of the transitions. The multipolarity o A of the transition and the adopted lifetime are shown in columns 5 and
6, respectively. The last two columns present the B(E?2) data in ¢* fm* and in Weisskopf units. Uncertainties are shown

in parentheses.

I Energy (keV) E, (keV) I, oA 7 (ps) B(E2) (¢* fm*) B(E2) (W.u.)
2f 137.8 137.8 100 E2 1060(150) 834071370 16728
4f 404.2 266.4 100 E2 45.6(5) 12200(130) 245(3)
6; 770.4 366.2 100 E2 9.04(15) 13230(220) 265(4)
8F 1215.6 445.4 100 E2 3.31(10) 13780145 276(9)
107 1724.5 508.9 100 E2 1.69(11) 139007570 278+18
12 2285.2 560.7 100 E2 1.04(7) 14000330 281739
14f 2887.0 601.8 100 E2 0.70(15) 14630152 2935
4t 1088.3 259.6 11(1) (E2) 6.5(17) 94507330 189+79
317.9 2.003) E2 6201340 12.5%3
684.1 100(7) E2/EO 680133 13.6739
950.5 9.0(15) E2 124 0.2410:9
65 1437.3 349.0 72(4) E2 5.14(34) 11640153 2332
666.9 100(5) E2/EO 630(60) 12.7(12)
1033.2 14(4) E2 10(3) 0.20(6)
8 1858.6 421.3 100(4) E2 3.02(15) 131601550 264(19)
642.5 40(3) E2/E0 640(60) 12.8%13
1089.3 12(2) E2 14(2) 0.27(5)
105 2315.6 456.9 100(4) E2 2.24(14) 1475011330 296138
591.6 11(2) E2/EO 450(90) 8.9(18)
1100.3 11(3) E2 20(6) 0.40(11)
125 2706.9 391.1 100(4) E2 6.53(15) 7320(440) 147(9)
421.0 61(4) (E2/E0) 3090(240) 62(5)
982.2 21(4) E2 15(3) 0.31(6)
145 3065.9 359.1 100(4) E2 10.8(3) 11520(740) 231(15)
780.0 6(2) (E2) 14(5) 0.29(10)
16} 3498.8 432.6 55(4) E2 2.00(11) 9430(930) 189(19)
611.3 100(4) E2 3040(240) 61(5)

represents the calculations of Bhatt ef al. [11] who recently
investigated the wave functions of the yrast states of even-even
nuclei and, in particular, of Dy in terms of quadrupole
collective states of nucleons occupying natural and unnatural
parity orbitals. This work predicts a trend for a reduction of the
collectivity with increasing spin after I™ = 20" in the yrast
band (see also Ref. [20]).

The transition quadrupole moments within the first excited
band and the S band are shown in Fig. 9. Around I = 124,
the first excited band crosses with the S band [a v(i13/2)2
quasiparticle band] which becomes yrast at the I = 167 level
(cf. Fig. 1). The band crossings are reflected in the reduction of
the Q; values in the spin range I = 12—-16 /. The experimental

data are compared to the values characterizing a rigid rotor
with the same deformation as the g.s.b. and to the values
inherent in the first excited band (S2) in the X(5) model (in
the spin range I =4 — 107%). At spin [ = 22h and above,
the experimental values from Ref. [20] are also shown. Two
features immediately emerge. First, a rigid-rotor description
with a slightly smaller deformation than that of the g.s.b. (i.e.,
Q, &~ 6.2 ¢ b) is able to reproduce the data with the exception
of the band-crossing region. Second, although the error bars
are large to allow a final conclusion, the experimental Q;
values at lower spins are rather well reproduced by the X(5)
model. This fact is in contrast with the observations for the
g.s.b. and therefore suggests a possible coexistence of an
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FIG. 8. Transition quadrupole moments Q, in the ground-state
band of '°Dy. The measured values are compared against the
expected ones for a rigid rotor, an X(5)-like nucleus, and the U(5)
limit of the IBA as well as calculations from Ref. [8] (curve A) and
Ref. [11] (curve B).

X(5)-like structure of the first excited band and a g.s.b. that
does not possess X(5) properties. In the following discussion,
we concentrate on the clarification of the position of °Dy in
the transitional region between spherical and deformed nuclei.

In the case of the X(5) critical point symmetry, which
describes the spherical to axially deformed phase transition,
the collective nuclear potential is approximated by a square
well and a harmonic oscillator potential with respect to the
B and y degrees of freedom, respectively. In addition, the
and y degrees of freedom are considered to be decoupled. The
corresponding Hamiltonian can then be solved analytically,
and specific predictions can be made for both the energy
spectrum and the transition probabilities [14]. The X(5)
energies of the lowest band (S1) are located between the
vibrator and symmetric rotor values. As shown in [35],
the g.s.b. energies normalized to the 2* band member
of the N =90 isotones '"'Nd, *’Sm, '"*Gd, and Dy
follow the X(5) predictions very well. Crucial observables

9r Transition quadrupole moments 7
in the first excited band and the S-band

8 L 4
a
P X(5)
—~ TF ) 4
E , 4 rotor T T
Lo AT
° }

5 L 4

¢
4 L 4
2 4 6 810121416 18 20 22 24 26 28 30 32

Spin I [h]

FIG. 9. Transition quadrupole moments Q, in the first excited
band and the S band of **Dy. Measured values are compared with the
expected ones for an X(5)-like nucleus and a rigid rotor with the g.s.b.
deformation. For spins above 207, the data from the measurement
described in Ref. [20] are shown.
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TABLEIV. Comparison of energy ratios of several N = 90 nuclei
with the X(5) values.

Energy ratio ONd  '52Sm 134Gd 156Dy X(5)
R(4/2)s, 2.93 3.01 3.01 2.93 2.91
R(4/2)s, 2.63 2.69 2.71 2.67 2.80
R(0s2/2¢1) 5.19 5.62 5.53 4.90 5.67
R(252/251) 1.35 1.03 1.10 1.11 1.81

are also the energy ratios

R(4/2)s1 = E@4)/EQ]),

R(4/2)s2 = [E(4;) — E(O0))]/[E(2;) — E0;)],
R(052/251) = E(07)/E(2)),
RQ252/251) = [E(2y) — E(0)]/EQ2]).

The data in Table IV clearly show that for the considered
N =90 isotones, these quantities also agree well with the X(5)
values. An overall exception is the energy spacing in the S2
band [R(252/251)] as well as the position of the S2 bandhead in
156Dy. Nevertheless, the nuclei "°Nd [16], '92Sm [15], *Gd
[17] have been found to represent very good examples of the
realization of the X(5) symmetry. Therefore, it is of special
interest to determine in more detail for 3Dy the extent to
which the electromagnetic transition probabilities determined
in this work can be reproduced by the X(5) predictions.

An important criterion for comparison are the relative
B(E2) transition strengths of the transitions depopulating
levels of the first excited band (S2). Table V compares the
experimental values from Ref. [35] and the present work to
the X(5) values. Although there exist differences between
theory and experiment, there is a tendency toward an overall
agreement. We recall that the experimental Q, values within
the g.s.b. do not agree with the X(5) model, while those in the
first excited band follow the X(5) predictions. Therefore, one
can characterize the result of the comparison of the experiment

TABLE V. Relative B(E2) values for some levels of the first
excited band in '3°Dy. Experimental values from the present work
and the literature are compared to X(5) predictions.

Transition B(E2)*!
X(5) Ref. [35] Exp.
2 0F 3 <0.1
of 11 7.7(4)
g 46 10.0(5)
~0f 100 <100
4 - 2F 1 0.12(2)
Ny 5 (1)
6 23 (1)
b 100 100(10)
6 — 4 0.5 0.20(4) 0.08(2)
— 61+ 3 5.4(3) 5.4(3)
— 87 15 <79 n.o.
— 4;' 100 100(5) 100(5)

024313-10



ELECTROMAGNETIC TRANSITION STRENGTHS IN *Dy

i X(5) EXP IBA
1 10
3 314
= +
- | 38 10t
= 284 10f—— 244
+ 296 .
B2 ¢ 8" " ’ 236
g M0 — 264 10 o 10+
m 1 4 436 —_— 298 200 319
. 200 gt— e 233 gt + +
4 ot —_—
L R - L ST S0
or-—1Le .88 -
, . 331 #2650 . 299
S+ 264 S+ 245 5+ 260
0- o* ot o1
S2 S1 SZ/B S1 /gsb S2 S1

FIG. 10. Comparison of level energies and B(E?2) transition
strengths (in W.u.) of 3Dy with the X(5) and IBA predictions.
B(E2;27 — 07) model values are normalized to the experimental
data.

and the X(5) model as a partial agreement. At this point,
however, it should be again mentioned that the X(5) does not
use fitting parameters and has only two scaling parameters for
the energies and the B(E2) values.

To obtain a better theoretical description of Dy, we
employed the IBA-1 model [36]. For this purpose, we used
the two-parameter Hamiltonian [37]

N . n—14 A

H(N,n,x)=nnd+TQX~QX, @)
with the operator of the number of d bosons 7i; = d - d and
the scalar product of the quadrupole operators

0, =1dls+s'd,1? + xld} xd,]®. ®)

With 8 valence neutrons and 16 valence protons, the number
of bosons in ®Dy is N = 12. The results of the fit are
presented in Fig. 10 together with the expectations of the
X(5) model. The theoretical energies of the ZT level and
B(E2,27 — 0f) transition strength are normalized to the
experimental values. The description of Dy by the IBA fit is
quite good. Experimental energies and intraband B(E?2) values
are satisfactorily reproduced, and the agreement found is better
than the one for X(5), at the price of two additional parameters.
This holds true also for the interband transition strengths.
Their experimental values are compared to the theoretical
ones in Table VI. Here we mention one specific difference to
the expectations of the X(5) symmetry where the interband
transition strengths for the Ig» — (I 4 2)g; transitions are
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FIG. 11. Casten triangle for parameters of IBA-1. Position of
136Dy nucleus is indicated.

larger than for the Ig; — Ig; ones, and the Iy, — (I — 2)g
transition strengths are one order of magnitude smaller than the
latter ones. This specific behavior of the interband transitions
is not observed in '3°Dy. Here the transition probabilities of
the Isp — Ig; transitions are strongest, whereas the Igp —
(I + 2)g; ones are a bit weaker or have not been observed.

Now it is possible to compare the parameters of the
present IBA fit to the parameters which best describe the
X(5) symmetry. In Fig. 11, we show the Casten triangle
which corresponds to the definition space of the parameters
n and x [cf. Eq. (7)]. The cross indicates the position of
156Dy in this parameter space (n = 0.8, x = —0.84/7/2). This
nucleus is very close to the critical point of X(5), here
indicated by the corresponding first-order phase transitional
point on the U(5)-SU(3) axis (n = 0.75, x = ﬁ/2), but it
deviates somewhat toward O(6) from the line interconnecting
U(5) and SU(3). In other words, the role of triaxiality
(y degree of freedom) is enhanced in '**Dy compared to the
nuclei exhibiting the X(5) critical point symmetry. This is
consistent with the fact that the y band of %Dy is found to be
lower in energy than that of the N = 90 isotones '°Nd, '32Sm,
and *Gd, all of which are closer to the critical point of the
X(5) symmetry. The importance of the y degree of freedom in
these transitional nuclei, and in particular of the 8-y coupling,
has been recently confirmed by the work of Caprio [38], who
performed precise numerical solution of the X(5) Hamiltonian
without resorting to the approximations of Ref. [14].

A possibility for investigating the role of the collective
degrees of freedom B and y is provided by the General
collective model (GCM). The Hamiltonian of the model,
expressed in terms of invariant products of the collective
quadrupole variables «y,, which parametrize the nuclear
surface in the center of mass system, and their conjugate

TABLE VI. Comparison of the interband B(E2) transition strengths (W.u.) in '*Dy with the X(5), IBA, and GCM predictions.

Iso 0 2 4 6 8 10

— Iy 2 0 2 4 2 4 6 4 6 8 6 8 10 8 10
Exp. n.o. n.o. 02 14 13 02 13 n.o. 03 13 n.o. 0.4 8.9
X(5) 105 3 14 60 2 10 47 1 8 37 1 7 29 1 6
IBA 91 0.7 28 17 0 21 11 0 18 7.5 0 15 55 0 13
GCM 61 0.1 21 20 <0.1 19 17 <0.1 19 14 <0.1 18 13 0.1 17
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momenta 7, reads [39]

H=T+V, ©))

where

F o x 219+ 2 iix xal® x 210 (10)
2B, 3

is the operator of the kinetic energy. A transformation to the

intrinsic (body-fixed) system leads to a formal separation of

the rotational and vibrational variables, expressed by the Euler

angles and the shape variables B and y, respectively. In the

intrinsic system, the potential V is given by

1C,32 ,/20,63 3+1c;34
— —\/ == cos -
ﬁz 353 14 54

2 CspB’ cos3
— — COoS
Vi7s5° v

EC B cos? 3y + LD B°
3500 14 573 60"
We performed calculations using the code developed by
Troltenier et al. [40] with the aim of reproducing the spec-
troscopic properties of *°Dy and deriving information on the
collective potential V (8, y). The best fit of the level scheme
and the B(E?2) transition strengths was obtained with the fol-
lowing set of model parameters: B, = 55.7 x 1074 MeVs?,
Py =0.075 x 10¥ MeV~! s72,C, = —151.5 MeV, C; =
247.5 MeV, C4 = 2580.0 MeV, and D¢ = 2059.5 MeV. The
results of the fit are presented in Fig. 12. The agreement with
the data is quite good, with the exception of the energy spacings
in the first excited band. However, these spacings are difficult
to reproduce by other collective models also (see Fig. 10).
The absolute B(E?2) transition strengths are overall well
described. Thus, the interband transitions are reproduced with
differences not exceeding a factor of 2 for the strong transitions
(Table VI). In Fig. 13, we compare the GCM potentials derived
in the present work for Dy and in Ref. [17] for '3*Gd.
They are similar, but nevertheless some differences exist. For
instance, in the case of >*Gd, the potential is more expanded

V(B,y)=

+ (11)
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FIG. 12. Experimental level scheme and
B(E?2) transition strengths (in e? b%) compared
to the GCM fit.
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in B, but the depth of the potential is larger in '3°Dy. This
is consistent with the more rotational-like behavior of the
transition strengths in the g.s.b. of *Dy compared to 3*Gd.
The y dependences of the two potentials, as illustrated by
the bottom panels, are also similar with a somewhat larger
prolate-oblate energy difference in the case of '°Dy. So we
may conclude that the larger potential depth can be associated
with the differences in the properties of the first two excited
bands in '*Dy compared to the neighboring N = 90 nuclei
150Nd, 52Sm, and '*Gd, in which the first two excited
bands exhibit an X(5) character. With the wave functions
resulting from the diagonalization of the GCM Hamiltonian,
it is possible to calculate for each state B = /(B82) and
the average y defined by (y) = %arccos((,B3 cos(3y))/ﬂ3m).
The widths of the distributions of these quantities, g and
oy, respectively, can also be calculated according to the
formulas given in Ref. [41]. The mean shape parameters
characterizing the first two 0% states in °Dy and >*Gd are
presented in Table VII. They illustrate the properties of the
wave functions corresponding to the potentials in Fig. 13. The
mean characteristics of the nuclear shape in '**Dy and "*Gd
are quite similar, with the exception of the different values of
Brms- Although B is larger in '*Gd than in Dy, the deeper
potential in the latter nucleus, as already mentioned, seems to
lead to a more rotor-like behavior of the transition strengths
in the ground-state band. This fact indicates that a good rotor
is characterized not only by a considerable value of 8 at the
potential minimum but also by a sufficiently deep potential.

TABLE VII. Mean shape parameters of first two 01 states in
156Dy and '%*Gd.

Nucleus Level Brms og {y) o,

136Dy OT 0.274 0.047 20.01° 9.35°
O;r 0.266 0.071 20.56° 12.91°

154Gd OT 0.306 0.055 21.22° 9.51°
O;’ 0.302 0.080 21.18° 12.63°
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FIG. 13. GCM potentials V (8, y) for *°Dy and '**Gd. Top panels: projections of potentials for y = 0°, 30°, and 60°. Positions of the
ground states are indicated by thicker lines. Bottom panels: y dependence of potentials at B values corresponding to coordinates of the absolute

potential minimum.

The smaller width og = 0.047 characterizing the ground state
of 13Dy points again to the fact that this nucleus is a better
rotor than '**Gd [05(0]) = 0.055]. It is also interesting to
compare the mean shape parameters of the 0] and 05 states in
the same nucleus. Their values are quite close to each other,
but some slight differences exist, especially in the widths of
the distributions o and o,.

VI. SUMMARY AND CONCLUSIONS

Precise and reliable lifetimes of excited states in %Dy
were measured using the coincidence RDDS technique at the
GASP multidetector array. New values for the y-ray branching
ratios for transitions depopulating levels of the first excited
band were derived. Shape changes previously suggested to
appear in the ground-state band of 3Dy are not supported by
the transition probabilities determined in this work. Constant
transition quadrupole moments were found in the g.s.b. (Q; &
6.5 eb), confirming the calculations made earlier within
semimicroscopic mean-field approaches [8,11] which predict
no change of the collectivity in the spin region up to I = 14h.
Thus, the B(E?2) transition strengths within the g.s.b. deviate
significantly from the expectations of the X(5) critical point

symmetry. In contrast, the intraband B(E2) transition strengths
in the first excited band follow the predicted X(5) pattern.
Although their experimental uncertainties are relatively large,
they may indicate a gradual transition away from X(5)
changing the g.s.b. but keeping the X(5)-like first excited band.
The interband transition strengths from the latter band point to
a partial agreement with the X(5) model. An IBA fit helps to
position 3Dy in the transitional region between spherical
and deformed nuclei. The results of the fit and empirical
considerations reveal that in '’°Dy the y degree of freedom
(or the triaxiality) plays a more important role than in the
recently established X(5) nuclei °2Sm,"°Nd, and **Gd. A
fit of the data using the general collective model points to
a deeper collective potential V (8, y) in ’°Dy, which may be
also a reason for the differences in the spectroscopic properties
of °Dy and the neighboring N = 90 isotones exhibiting an
X(5) character.
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