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Abstract. High-spin states of >’ Dy were investigated using in-beam ~-ray spectroscopy techniques with a
150Nd(lzc, 5n) reaction. Three rotational bands with the hg /2, i13/2 and hq1 /2 configurations were observed
up to (43/27), 53/2" and 45/27, respectively. Interband M1 transitions in the hy1 /o (high-£2) band were
also measured up to the highest-spin state. The high-spin states were well reproduced by calculations
using the tilted-axis-cranking model (TAC). The B(M1)/B(E2) ratio, Routhian and the tilted angle of
the angular-momentum vector are found to be in good agreement with the result of the TAC calculation.

PACS. 23.20.Lv Gamma transitions and level energies — 27.70.4+q 150 < A < 189 — 21.60.Ev Collective

models

Nuclei in the mass A ~ 150 region have been charac-
terized by the interplay of collective motions and single-
particle excitations [1]. Nuclear deformations in this mass
region show a gradual transition from a spherical shape in
a closed shell to a prolate deformation with increased neu-
tron number. The interaction between the single-particle
orbits and the collective motion can be clarified through
a study of odd-mass nuclei. Nuclei heavier than N = 90
in this mass region, which exhibit a band structure with
high quadrupole deformation, were studied by in-beam -
ray spectroscopy, for example, see refs. [2-5]. The nucleus
57Dy is an N = 91 isotone having a typical rotational
structure. The last neutron in "Dy can occupy vari-
ous single-particle orbitals near the Fermi surface. Assum-
ing B2 = 0.25-0.28 as a deformation parameter, the sub-
stantial Nilsson orbits for neutrons are h1/2 ([505]4 ),
i13/2 ([651]%+) and hg/s ([521]27), each of which has a
different effect on rotational bands depending on the (2
value; the [505] 41 single-particle configuration with high-
{2 quantum number leads to a strong-coupling scheme,
while the [651]%+ and [521]2 " configurations with low-(2
leads to a weak-coupling scheme. Furthermore, nuclei in
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Fig. 1. Typical gated spectra in '®"Dy. (a) A sum spectrum
gated by the 254, 291 and 348 keV ~-ray in Band 1. (b) A
spectrum gated by the 669 keV ~-ray in Band 2. (c) A spectrum
gated by the 176 keV ~-ray in Band 3.
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Fig. 2. Partial level scheme of **"Dy constructed from the current experiment. Three typical rotational bands consisted of E2
cascade and interband M1 transitions were observed. The half-life and excitation energy of the band head of Bands 2 and 3 are

taken from ref. [13].

N = 91,93 isotones have the following feature: the exci-
tation energy of the ground-state band with the hg /o con-
figuration increases quickly with increasing angular mo-
mentum, whereas the ;3,5 band becomes to be the yrast
state above several hundred keV. The enhanced E1 tran-
sitions from the hg/, band to the i;3/, band in N = 93
isotones were observed in high-spin states [3], but not in
N = 91 isotopes [5-7]. In our previous work, high-spin
states in 1°°Gd (N = 91) were studied through an in-
beam ~v-ray spectroscopy [5]. The rotational bands with
the i3/ and hyy /o configurations were observed. Further-
more, the M1 transitions in the high-{2 hy;/, band were
also measured up to (37/2)". The B(M1)/B(E2) ratios,
the tilted angle of the angular-momentum vector in the
intrinsic frame and Routhian were calculated using the
tilted-axis-cranking (TAC) model. The TAC calculation
reasonably reproduced both the B(M1)/B(E2) ratio and
tilted angle in the hy;/p band simultaneously. High-spin
states of the 7Dy nucleus, which is an isotone of the
155Gd, were studied using in-beam ~-ray spectroscopy [6,
8-11]. Although the favoured band of the i3/, configu-
ration in '5"Dy was measured up to 81/2F in a previ-
ous experiment [6], while the hq /o band with high-(2 and
the hg/o band have only been measured up to 25/2~ and
21/27, respectively [8]. In order to study the rotational
collective motion and the effect of the tilting degrees of
freedom of the angular-momentum vector in the high-
2 band in "Dy, an in-beam 7-ray spectroscopy using
a 19Nd(*2C, 5n)1°"Dy reaction was carried out.

The nucleus '5"Dy was produced with the
150Nd(12C,5n) 5" Dy  reaction using the '2C  beam
with a 65 MeV energy provided by the tandem accel-

erator at the Japan Atomic Energy Research Institute
(JAERI). The target was a self-supporting °°Nd metallic
foil enriched to 96.1% with a thickness of 2 mg/cm?.
Gamma-rays from excited states populated by the
reaction were detected with the GEMINI detector sys-
tem [12] which is an array of 12 HPGe detectors with
BGO Compton suppressors. The HPGe detectors were
placed at angles of 32°, 58°, 90°, 122° and 148° with
respect to the beam direction. The energy resolutions of
HPGe detectors were 2.0-2.3 keV at 1.3 MeV and the
typical efficiencies were about 40-70% relative to 3" x 3"
Nal detector. The experimental data were recorded on
magnetic tapes event by event when two or more HPGe
detectors were responded. After this experiment, the
double or higher fold y-v coincidence events were sorted
to E,-E, matrices, and thereby approximate 2 x 108 -y
coincidence events were collected. The gated spectra were
created from the 4096 channel x 4096 channel matrices.
A level scheme was constructed from the coincidence
relationship, intensity balance and DCO ratio. The
relative intensities were derived from both the singles and
gated spectra. The spin assignment was made from the
DCO ratio of 32° and 90°. Assuming dipole transitions
to be pure, the B(M1)/B(E2) ratios of the hy;/5 band
could be deduced from the relative intensities using the
following relation:

B(M1:1—1-1)

B(E2:1—1-2) [un/eb] =
E3(E2)[in MeV] I (M1)
0.697 x Eg(Ml)[in MeV] X T-(F2) W
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Fig. 3. Alignment of the three bands. Solid lines express the
result by TAC calculation. A simple reference band with a
constant moment of inertia Jo = 27.8 for experimental data
and Jo = 25.0 for the calculation were used.

Figure 1 shows some gated spectra, in which typical rota-
tional bands consisting of E2 cascades and interband M1
transitions are shown. Figure 2 shows the partial level
scheme that was constructed from the ~-v coincidence
relationships and intensity balances. In previous experi-
ments, three bands with the hg /o (Band 1), i13/2 (Band 2)
and hy1/2 (Band 3) configurations were observed up to
21/27,81/2% and 25/27, respectively. The y-decays from
the band heads of the i13/5 and hy;/2 configurations were
not observed, because of long half-lives of the band heads
with 1.3 ps and 22 ms, respectively [13]. Band 1, which
is the ground-state band, has two E2 cascades and M1
transitions in low-spin states. In the present experiment,
Bands 1 and 3 were extended up to (43/27) and 45/2,
respectively. Band 2 that is the yrast band in high-spin
states shows large signature splitting, of which the inter-
band M1 transitions were observed at the low-spin states.
Although the favoured band of Band 2 was reported up
to 81/2%, the highest state of the unfavoured band was
only 31/27% [14]. Four y-rays were newly found at the top
of the unfavored band. Band 3 consists of the E2 transi-
tions and M1 transitions, both of which are extended up
to the 45/2~ state. The small signature splitting in this
band indicates the high-{2 configuration. In the *°Dy nu-
cleus, the E1 interband transitions from the hg/, band to
the i13/2 band were observed up to the 41/27 state using
a fusion-evaporation experiment [3], whereas the E1 in-
terband transitions could not be observed in the current
experiment.

Recently, it has been recognized that the effects of
the degrees of freedom, which were defined by the an-
gle between the angular-momentum vector and the iner-
tia axes of deformation, were well explained by the tilted-
axis-cranking (TAC) model [15-17]. In the case of a high-
j quasi-particle coupled to a rotor, it was shown that
the results of the particle-rotor model and the TAC ap-
proximation were very similar [16,18]. S.-I. Ohtsubo and
Y.R. Shimizu have systematically studied high-spin states

301
T T T T T
oF ——m__ .
__\:\\‘ “‘D\&*\
— e
% i \\\ ]
8 157
= 660Y o1 ]
g
g Exp.
8 [ [52182 - o 1
14 [651]3/2" = @
[505]11/2 a &
-2 1 1 m \ 1

0 0.1 0.2 0.3
Rotational Frequency [MeV]

Fig. 4. Routhian of the three bands. Solid lines express the
result by TAC calculation. A simple reference band with a
constant moment of inertia Jy = 27.8 for experimental data
and Jo = 25.0 for the calculation were used.

in the N = 91,93 isotones in the light-rare-earth region
using the TAC calculation [5,19]. The following result of
the TAC calculation was taken from ref. [19]. In the TAC
calculation, a deformation parameter has been an impor-
tant factor to understand high-spin states. The deforma-
tion parameters eo = 0.256 and €4 = —0.0181 (y = 0) were
used, which gave approximately the measured quadrupole
moment [20]. The pairing gap parameters have also been
important for the TAC calculation. The constant values of
A, = 0.821 MeV and A, = 0.988 MeV were used, which
reproduced the experimental data of the neighboring even-
odd mass difference. Figure 3 shows the experimental and
calculated alignments of the three bands. Figure 4 shows
the TAC calculated Routhian in comparison with the ob-
served ones. The difference between the calculation and
experimental data in the hy;/o band is observed in low
rotational frequencies, while the degeneration of the hyy /o
band and the hg/,, band in high frequencies is well re-
produced. A most interesting observation in the present
experiment is that the B(M1)/B(E2) ratios were mea-
sured up to high-spin states for Band 3. As is shown in
fig. 5 the B(M1)/B(E2) ratios decrease with increasing
angular momentum. This behavior is qualitatively under-
stood by a formula of the strong-coupling limit of the rotor
model [21,22]:

BM1;1 -T1—-1) 12 (gx—gr)*K? (IK1K|[-1K)?

B(E21 —1-2) 5 Q32 (IK2K|I—2K)?
~ E (9 — gr)*K? sin” 0r-1/2 2)
5 Q3? sin*;_,
with X
cos@;zij_’_lﬂ, (3)

where gi, gr and Qg are the appropriate g-factors and the
quadrupole moment for the band. The #; in the second line
expresses the angle between the total angular momentum
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Fig. 5. The B(E1)/B(E2) values and tilted angle of the rota-
tional alignment. The solid line denotes the result of the TAC
calculation. The dashed line denotes the result of the strong-
coupling formula, where the parameter [(gx — gr)K/Qol? is
adjusted to fit the data.

and the symmetry axis (z-axis) of the deformed potential,
and the asymptotic expressions of the Clebsch-Gordan co-
efficient are used. As is clear in eq. (2) the ratio is quite
sensitive to the geometry of the angular-momentum vec-
tor in the intrinsic frame. The results of the tilting angle
and the B(M1)/B(E2) ratio for Band 3 as functions of
frequency are shown in fig. 5. The angle 6; estimated by
eq. (3) from the frequency and the angular momentum
with fixed K value is also included. The B(M1)/B(E2)
ratio decreases with increasing the frequency, and the
tilted angle has the opposite tendency. The experimen-
tal B(M1)/B(E2) ratio and tilted angle were well repro-
duced by the TAC calculation. The effects of the align-
ment caused by the i3/, two quasi-particles were observed
in both the experimental B(M1)/B(E2) ratios and the
Routhian at a rotational frequency 0.29-0.3 MeV, where
the measured B(M1)/B(E2) ratio dropped. The particle-
rotor model cannot reproduce the alignment because of
the limit of the macroscopic model. These effects were
calculated through the TAC model, but the alignment ef-
fects of the B(M1)/B(E2) and the Routhian appear at a
frequency 0.27 MeV lower than the experimental result.
In summary, high-spin states of "Dy were investi-
gated using the "*Nd(*2C, 5n) reaction. Three rotational
bands with the hg/s, i13/2 and hi; /o configurations were
observed up to (43/27), 53/2% and 45/27, respectively.
The interband M1 transitions in the h;;/o band were
also measured up to the highest-spin state, and the drop of
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the B(M1)/B(E2) ratios caused by the alignment of two
quasi-particles was observed in the 111/ band. The high-
spin states were well reproduced by the calculation of the
TAC model. The B(M1)/B(E2) ratio, Routhian and the
titled angle between the total angular momentum and the
symmetry axis of the deformed potential in the A, /5 band
had a good agreement with the result of the TAC calcu-
lation. The effects of the alignment were also reproduced,
but the calculated rotational frequency was lower than the
one observed in experiment.
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