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Abstract. High-spin states in 163,164Ho were investigated by means of in-beam γ-ray spectroscopy tech-
niques using the multidetector array GASP. Excited states in 163,164Ho were populated predominantly
through the incomplete-fusion mechanism in the 160Gd(11B, αxn) reaction at a beam energy of 61MeV.
Known rotational bands in 163Ho have been extended to higher spins and a three-quasiparticle band has
been observed in this nucleus. Rotational bands have been identified in 164Ho and their configurations
have been discussed. Empirical Gallagher-Moszkowski (GM) splitting energies were extracted from the
π7/2−[523]⊗ ν5/2−[523] and π7/2−[523]⊗ ν5/2+[642] GM doublets. Alignments, band crossing frequen-
cies, and electromagnetic properties have been analyzed in the framework of the cranking model.

PACS. 21.10.Re Collective levels – 21.60.Ev Collective models – 23.20.Lv γ transitions and level energies
– 27.70.+q 150 ≤ A ≤ 189

1 Introduction

The decay of high-spin states of nuclei populated in heavy-
ion–induced reactions and observed in γ-ray spectroscopy
studies, provides an important tool for the investiga-
tions on nuclear structure. Powerful instruments, such as
GASP [1], make it possible to observe not only bands be-
longing to the strongly populated residual nuclei, but also
cascades of γ-rays produced in the de-excitation of some-
times weak reaction channels. Here, we present the ro-
tational band structures of 163,164Ho populated basically
through the incomplete-fusion mechanism in the bom-
bardment of 160Gd with a beam of 61MeV 11B ions. These
results were obtained from measurements focused on the
study of 166Tm through the 160Gd(11B, 5n) reaction [2].
Until now, the spectroscopy studies of 163,164Ho were
performed using light-projectile reactions. Very recently,
Jungclaus et al. [3] reported the population of 163Ho via
the 160Gd(7Li, 4n) reaction. For the production of 164Ho
the reaction 160Gd(7Li, 3n) is not suitable, because the

a e-mail: hojman@tandar.cnea.gov.ar

optimum energy is at about 30MeV, very close to the
Coulomb barrier, then in this case the incomplete-fusion
reactions become a good alternative. Incomplete-fusion re-
actions have recently been used in the study of nuclei close
to the stability zone, as a mean to populate high-spin
states with rather large yields and construct level schemes
using in-beam γ-ray spectroscopy techniques [3,4]. These
nuclei were commonly studied through light-projectile–
induced reactions, and the spectrum measurements of the
outgoing particles were often used to establish excited lev-
els and their configuration assignments.

The nuclear structure at low excitation energy in 163Ho
is well established from radioactive decay and in-beam
γ-ray experiments using the (d, 2n) and the (p, n) reac-
tions [5] as well as from the (3He, d), (α, t), and (t, α)
reaction studies [6,7]. In the case of 164Ho, its level struc-
ture was deduced from the analysis of the particle spec-
tra in the (d, t) [8] and the (γ, n) [9] reactions. Prior to
this work, limited experimental data of γ-rays of 164Ho
were available. Since 164Ho has stable isobaric neigh-
bors the levels of this nucleus are not accessible through
β-decay. Early γ-ray measurements were performed using
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Fig. 1. γ-ray spectra of Ge detectors obtained from the sym-
metric cube analysis corresponding to (a) total projection,
(b) double gate on Tm Kα X-rays, (c) double gate on Ho Kα

X-rays.

the 164Dy(d, 2n) and 164Dy(p, n) [10,11], and the
165Ho(n, 2n) [12] reactions and provided information on
γ-ray cascades below ≈ 600 keV.

2 Experimental procedure and data sorting

High-spin states in 163,164Ho were populated through the
160Gd(11B, αxn) reaction at a beam energy of 61MeV.
The beam was provided by the Tandem XTU accelera-
tor of Legnaro and was focused on a stack of three foils.
Each foil consisted of 180µg/cm2 isotopically enriched
160Gd2O3 evaporated onto a 15µg/cm2 carbon layer. The
γ-rays emitted in the reaction were detected using the
GASP array, consisting of 40 Compton-suppressed large-
volume Ge detectors, and a multiplicity filter of 80 BGO
elements, providing the sum energy and γ-ray multiplicity.
Events were collected when at least 3 suppressed Ge and 3
inner multiplicity filter detectors fired. With this condition
a total of 109 events was recorded. The data corresponding
to Ge energies were sorted into a fully symmetrized cube
gated by an energy-dependent window in the Ge times
with respect to the BGO trigger. This gate excluded de-
layed events proceeding from neutron-induced reactions
without loss of efficiency at low energy where the events
are delayed due to their slower collection times. The total
projection of this cube, in the low-energy range, is shown
in fig. 1(a). The cross-section of the 11B on 160Gd reaction
is dominated by the neutron evaporation channels (lead-
ing to the Tm isotopes) as is apparent from the large peaks

of Tm X-rays observed in fig. 1(a). The Ho Kα X-rays are
also clearly seen in fig. 1(a), (bump in the left of the Tm
Kα X-rays) giving an indication of possible processes in
which an α-particle and some neutrons appear in the exit
channel together with a Ho isotope. Double gates were
set on Tm Kα X-rays (fig. 1(b)) and on Ho Kα X-rays
(fig. 1(c)). In these latter spectra the X-ray coincidence
condition enhanced the cascades which contain strong
highly converted transitions in the K-shell. In fig. 1(b)
lines belonging to the bands π7/2−[523] of 165Tm [13],
π7/2−[523] ⊗ ν5/2+[642] Kπ = 6− of 166Tm [2,14], and
π7/2−[523] of 167Tm [15] are indicated. In fig. 1(c) co-
incidences with the Ho X-rays allowed the identification
of transitions belonging to Ho isotopes. The 163Ho and
164Ho are populated with rather similar cross-sections.
In fig. 1(c) lines belonging to the π7/2−[523] band of
163Ho [5] and to the π7/2−[523] ⊗ ν5/2+[642] Kπ = 6−

band of 164Ho (as established in the present work) are
indicated. Comparing areas of Ho and Tm Kα X-rays in
fig. 1(a) and the vertical scales of the spectra of figs. 1(b)
and (c), a production of Ho isotopes around 10% rela-
tive to Tm isotopes can be estimated. This yield is 20
times larger than the one calculated using the statisti-
cal model code PACE2 [16] for the evaporation channels
leading to Ho residues in the 160Gd + 11B reaction and
is associated with incomplete fusion. In this latter pro-
cess the 11B projectile breaks up near the target nucleus
into an α-particle, which escapes without interaction, and
a 7Li fragment, which fuses with the target, and subse-
quently, the evaporation of three or four neutrons leads
to 164Ho or 163Ho, respectively. However, the populations
of the residual nuclei are distinctly different from those
expected in the 160Gd(7Li, xn) reaction, in which the 3n
channel (164Ho) is largely suppressed by the effect of the
Coulomb barrier, and according to the PACE2 calcula-
tions about 10 times weaker than the 4n channel (163Ho).
In addition, the incomplete-fusion reaction acts as a fil-
ter to select high-angular-momentum states, as has been
pointed out in ref. [4].

3 Experimental results

The level scheme of 163Ho obtained in the present work
is shown in fig. 2. Bands 2, 3, and 4, previously known
up to spins (23/2), (19/2), and (21/2) [5,17], were ex-
tended up to (35/2), (31/2), and (41/2), respectively. Rep-
resentative double-gated coincidence spectra are shown in
figs. 3(a) and (b). In fig. 3(b) transitions of bands 3 and
4 and some interband lines are indicated. Band 1 was as-
signed to 163Ho on the basis of coincidence relationships
with members of the already known band 2. Its bandhead
was established as (17/2+) after considering the configu-
ration of the band, as discussed below. In fig. 3(a) lines
belonging to bands 1 and 2 are indicated and in the in-
set the 973.1 keV decay transition is clearly seen. In our
first sorting of the data, the detectors at different angles
were Doppler shifted by using prompt γ-rays as is usu-
ally done in the thin-target experiments. With this cor-
rection, the detected peaks which have lifetimes longer
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Fig. 2. Level scheme of 163Ho proposed in the present work.
The 1/2+ state of band 3 and its half-life are from ref. [17].
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Fig. 3. γ-ray coincidence spectra of Ge detectors ob-
tained setting double gates on: (a) Ho Kα X-rays and the
122.1–122.2 keV doublet observed in 163Ho. In the inset the
973.1 keV line has been obtained without Doppler correction;
(b) 220.9 and 431.1 keV transitions of 163Ho.

than the slowing-down time of the nuclei in the target
material, and which are therefore predominantly emitted
from stopped nuclei in the successive target foils, are not
correctly matched and consequently appear widened; this
was the situation for the 973.1 keV line. Another sorting of
the data without Doppler correction was performed and a
normal width was obtained for the 973.1 keV peak (inset
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Fig. 4. Time spectra corresponding to the (a) 973.1 keV (de-
layed), (b) 677.8 keV (prompt) transitions. In part (a) the fit
of the data using an exponential decay folded with a Gaussian
function is shown. For a better selection of the lines of interest,
coincidences with Ho and Tm Kα X-rays were required for the
973.1 and 677.8 keV time distributions, respectively.

of fig. 3(a)). Figures 4(a) and (b) show the time distribu-
tions with respect to the BGO filter of the 973.1 keV line
and, for comparison, of the 677.8 keV prompt transition
belonging to the yrast band of 166Tm, respectively. From
these figures the isomeric character of the 973.1 keV line is
clearly seen. Since a fraction of the residual nuclei is not
stopped in the target, and consequently flies away and,
depending on the half-life, can decay out of the detection
system, only a lower limit, T1/2 ≥ 15 ns, was obtained for

the half-life of the (17/2+) state of band 1.

The level scheme of 164Ho proposed in the present work
is shown in fig. 5. The identification of γ-rays belong-
ing to 164Ho was based on coincidences with Ho X-rays,
the knowledge of the neighboring 163Ho ([5], and this
work), 165Ho [13] (weakly populated in this experiment)
nuclei, and transitions and coincidence data reported in
refs. [10,11]. The excited levels and their configuration
assignments established in ref. [8] were also used in the
construction of the level scheme. Examples of double-
gated coincidence spectra displaying lines of bands 1–5
are shown in figs. 6(a)-(e). The 63.9 keV line and the
90.1-112.7-133.7 keV cascade were reported in ref. [10]
as belonging to 164Ho. In the present work we identi-
fied these lines as the first ∆I = 1 transitions of the
yrast band labeled as band 2 in fig. 5. In the case of
band 3, the 202.8-109.6-127.3-143.6 keV cascade was re-
ported in ref. [10] and the first three states of this band
were strongly populated in the 165Ho(d, t) reaction [8]. In
the present work we extended band 3 up to spin (12). The
first two 37.3 and 56.7 keV ∆I = 1 transitions of band 4
were observed in the decay of the 6− isomer (bandhead
of band 2), through the 45.9 keV E3 transition and iden-
tified as members of the ground-state band [12,18]. We
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Fig. 5. Level scheme of 164Ho proposed in the present work. The decay of the 6− isomer through the 45.9 keV E3 transition
and its half-life are from ref. [18].

extended this band up to an excitation energy of about
2MeV. The placements of the 73.7 and 94.5 keV transi-
tions in band 4 which establish the (4+) and (5+) states
at 167.7 and 262.2 keV, respectively, are supported by co-
incidence relationships and similarities with the equivalent
structure observed in 162Ho which contains the sequence
of 38.3, 57.8, 75.6, and 99.6 keV lines [19]. In addition,
the 167.7 (4+) and 262.2 keV (5+) levels are in close en-
ergy agreement with those assigned in ref. [8] as the 4+

and 5+ members of the ground-state band. Transitions
of band 5 are reported in this work for the first time.
The assignment of band 5 to 164Ho is supported by the
coincidences of lines of this band with the out-of-band
156.0, 193.3, 198.8, and 208.0 keV transitions identified
in 164Ho [10,11]. We propose for the low-lying levels of
band 5 and its decay the scheme shown in fig. 7, based
on the following arguments: a) The 113.6, 156.0, 170.6,
179.8, 193.3, 198.8, and 208.0 keV transitions are in coin-
cidence with the lines of band 5 but not among them. In
addition, the placements of the 156.0, 193.3 and 198.8 keV
lines agree with those presented in ref. [10]. b) Energy sum
loops are satisfied within the experimental errors. c) There
is evidence of a 37.3-37.7 keV double peak, as was verified
by a double-gated spectrum on Ho Kα X-rays and on the
37.3-37.7 keV doublet which displayed the same doublet.

The second member of the doublet was placed in band
5. In addition, among all the decay lines the 198.8 keV
γ-ray displays the strongest coincidence with the 37.3-
37.7 keV doublet as is expected according to its place-
ment in the decay scheme (fig. 7). d) The double-gated
spectrum on the 163.6 and 164.5 keV lines of band 5 dis-
plays another peak at 163.5 keV and a peak at 73.7 keV.
e) The resulting 236.1 keV (3−) level agrees with that
known from the particle transfer work and proposed as
the (3−) state of the π7/2−[523] ⊗ ν5/2+[642] Kπ = 1−

structure [8]. We also assigned this structure to band 5
(see below). Thus, the decaying lines from band 5 into
band 4 (π7/2−[523] ⊗ ν5/2−[523] Kπ = 1+) correspond
to neutron E1,∆K = 0 transitions. In coincidence spectra
gated on lines of band 5 the strongest decays correspond
to the [(4−)→ 3+] 179.8, [(3−)→ 2+] 198.8, [(2−)→ 1+]
208.0, and [(1−)→ 1+] 193.3 keV transitions, in this order
of decreasing intensity. Delayed components were reported
for the 156.0, 193.3, 198.8, and 208.0 keV transitions with
half-lives of about 10 ns [11]. Assuming this value for the
half-life of the bandhead of band 5, hindrance factors rel-
ative to the Weisskopf estimate FE1

W ≈ 105–106 were ob-
tained for the 156.0 and 193.3 keV transitions, which fall
within the systematics for an E1, ∆K = 0 transition [20].
Finally, another band (labeled as band 1 in fig. 5) was
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Fig. 6. Double-gated spectra displaying lines of bands of 164Ho
obtained setting gates on: (a) transitions of band 1 (160.7 and
177.5 keV), (b) transitions of band 2 (133.7 and 153.9 keV),
(c) the 127.3 keV line of band 3 and the 202.8 keV decay tran-
sition, (d) Ho Kα X-rays and the 169.8-171.2 keV doublet ob-
served in band 4, (e) 125.1 and the 163.6-164.5 keV doublet of
band 5.

Fig. 7. Proposed decay of band 5 into band 4 in 164Ho.

observed in coincidence with Ho Kα X-rays. The first
126.3 keV ∆I = 1 transition is in very good agreement
with the energy difference of the 318 keV 7+ and the
191 keV 6+ states of the π7/2−[523]⊗ν5/2−[523]Kπ = 6+

band reported in ref. [8]. In addition, a 51.2 keV line is ob-
served in coincidence with the 160.7 and 177.5 keV lines of
band 1 (fig. 6(a)), which can be assumed as the transition
linking the 191.1 keV (6+) bandhead and the 139.9 keV 6−
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Fig. 8. Aligned angular momenta relative to the reference
configuration versus rotational frequency for the bands of
163Ho. The Harris parameters, J0 = 44h̄2/MeV and J1 =
60h̄4/MeV3, were used for the reference configuration. Filled
and open symbols correspond to the α = +1/2 and α = −1/2
signatures, respectively.

bandhead of band 2. The absence of observed coincidences
with lines of other bands of 164Ho forbade an unambigu-
ously assignment of band 1 to this nucleus.

4 Discussion

4.1 The 163Ho nucleus

We identified band 1 as a three-quasiparticle band and
assigned the configuration π7/2−[523] ⊗ ν5/2+[642] ⊗
ν5/2−[523] Kπ = 17/2+ mainly on the basis of simi-
larities with the same structure identified in the neigh-
boring isotone 165Tm [21]. In fact in both isotones the
mentioned band presents the following characteristics:
a) bandhead at around 1.5MeV above the 7/2− state of
the π7/2−[523] band. b) Decay into the π7/2−[523] band
through 0.8–1MeV transitions. c) Large alignment at low
frequency, consistent with the presence of the neutron
i13/2, and a gradual upbend (fig. 8). d) Strong ∆I = 1
in-band transitions which compete successfully with the
collective E2 transitions, for the 165Tm band values of
B(M1)/B(E2) ≈ 0.8 µ2

N/e
2b2 have been reported. In the

present work, the low statistics and the presence of con-
taminants did not allow the measurement of branching
ratios from spectra gated on transitions above the level
of interest needed to determine the B(M1)/B(E2) ratios.
However, an evaluation of this value, B(M1)/B(E2) ≥ 0.5
µ2
N/e

2b2, was performed using the intensity data of the
173.9 and the 331.2 keV transitions in the gated spectrum
of fig. 3(a). The assignment is further supported by the
excitation energy of the ν5/2+[642] ⊗ ν5/2−[523] Kπ =
5− structures in the even-even neighbors 162Dy [19] and
164Er [18] at 1485.7 and 1664.2 keV, respectively. With
the present assignment to band 1 the 973.1 and 771.2 keV
lines are ∆I = 1, E1 transitions. The isomeric charac-
ter of the 973.1 keV is compatible with a K-forbidden E1
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type. This type of K isomers has been observed in de-
formed nuclei associated with states with good quantum
number K which decay through the so-called K-forbidden
transitions (∆K > λ, λ being the transition multipolar-
ity). These transitions are usually characterized by the
hindrance factor, FW = T γ

1/2/T
W
1/2 or the reduced hin-

drance factor, fν = F
1/ν
W

, where ν = ∆K−λ is the degree
of K-forbiddenness, T γ

1/2 the partial γ half-life and TW
1/2

the Weisskopf single-particle estimate. The typical behav-
ior presented by Löbner [20] is that the hindrance fac-
tor increases on average by a factor of 100 per degree of
K-forbiddenness (fν = 100 and FW = 1 for ∆K = λ);
however large deviations have been observed implying
changes in the purity of the K quantum numbers of the
involved states [22,23]. The 973.1 keV E1 transition to the
Kπ = 7/2− band is four K-forbidden and has fν ≥ 8.8,
the general hindrance of the E1 transitions is considered
by multiplying TW

1/2 by 104 before calculating fν [24]. This

value can be compared with the reduced hindrance factors
for the ∆I = 1, E1 decays of the ν5/2+[642]⊗ν5/2−[523]
Kπ = 5− structure bandhead to the 4+ state of the
ground-state band in the even-even neighbors 162Dy [19]
and 164Er [18], which are fν = 7.0 and fν < 3.4, respec-
tively. In 164Er the small fν reveals that this 5− state is
not pure and involves considerable mixing of components
with K < 5, while in 162Dy a calculation performed in
ref. [25] shows that a mixing of only ≈ 5 × 10−3 of a
K = 0 component (associated with the other member of
the GM doublet) explains the hindrance of the transitions
decaying into the ground-state band. On account of the
hindrance factors the scenario presented in 163Ho is simi-
lar to the 162Dy case with a rather pure K = 17/2 state
for the π7/2−[523]⊗ ν5/2+[642]⊗ ν5/2−[523] bandhead.

Bands 2, 3 and 4 have been previously identified as
the π7/2−[523], π1/2+[411], and π1/2−[541] structures,
respectively [5]. The aligned angular momenta, relative
to the reference configuration, for these bands are plot-
ted in fig. 8. The reference configuration was obtained
by fitting Ix, the total angular momentum on the rota-
tional axis, for the π1/2−[541] structure in the frequency
range 0.10–0.22MeV, using the cranking formulae [26] and
leaving free the Harris parameters and the quasiparticle
alignment. The alignments of bands 2 and 3 show a sim-
ilar behavior with an indication of the first νi13/2 band
crossing (called AB) at around 0.28MeV. This value is
close to the AB crossing frequency observed in the neigh-
boring even-even nucleus 164Er [18] and in many nuclei
in this mass region; however it is worth noting that an
unexpected large value, h̄ωc = 0.35MeV, was recently ob-
served in the other neighboring even-even nucleus 162Dy
which is not yet completely understood [3]. A different
pattern presents the alignment of band 4 which remains
almost constant over the whole range of rotational fre-
quencies indicating a clear delay in the AB band crossing
with respect to bands 2 and 3. This effect has been ob-
served systematically in the π1/2−[541] structures [21,27].
The value of h̄ωc ≥ 0.35MeV obtained for band 4 follows
the systematics for the N = 96 isotones for which h̄ωc
increases when Z decreases [21].

Table 1. Configurations observed in 164Ho.

Band Proton Neutron Kπ Σ Bandhead
energy (keV)

1 7/2−[523] 5/2−[523] 6+ 0 191.1
2 7/2−[523] 5/2+[642] 6− 1 139.9
3 7/2−[523] 3/2−[521] 5+ 1 342.7
4 7/2−[523] 5/2−[523] 1+ 1 0.0
5 7/2−[523] 5/2+[642] 1− 0 193.3

The lower states of bands 3 and 4 are strongly con-
nected through ∆I = 1, E1 transitions which compete
with the E2 intraband transitions. The B(E1) strengths
of these interband lines were extracted from the E2/E1
branching ratios and using the rotational model to evalu-
ate theB(E2) with a quadrupole moment of 7.3 eb (the av-
erage of the experimental values for the neighboring even-
even nuclei 162Dy and 164Er [28]). The B(E1) values ob-
tained for the 127.4, 158.4, and 181.7 keV π1/2−[541] →
π1/2+[411] transitions fall around 2 × 10−3 e2fm2 as in
the 165Tm case [21]. These enhanced E1 transitions are a
well-known feature of the decays between the π1/2+[411]
and the π1/2−[541] structures and have been interpreted
in terms of particle-vibrational octupole couplings [29,30].

4.2 The 164Ho nucleus

The configurations of bands in 164Ho correspond to the
coupling of the low-lying single-particle states observed
in the odd-A neighboring nuclei of 164Ho, the 7/2−[523]
orbital for the proton and the 5/2−[523], 5/2+[642], and
3/2−[521] orbitals for the neutron. For each pair of proton
and neutron orbitals there are two possible couplings, the
low-K, K< = |Ωp−Ωn|, and the high-K, K> = Ωp+Ωn,
couplings. If the intrinsic spins are coupled parallel (Σ =
±1) or antiparallel (Σ = 0), the corresponding states are
placed lower or higher in energy, respectively, according
to the Gallagher-Moszkowski (GM) coupling rules [31].
These two K>< bands constitute the so-called GM dou-
blet. Two GM doublets were identified in 164Ho corre-
sponding to the π7/2−[523]⊗ ν5/2−[523] (bands 1 and 4)
and the π7/2−[523]⊗ ν5/2+[642] (bands 2 and 5) config-
urations. A list of the couplings established in 164Ho is
shown in table 1. The level energies of the bands for the
low-K and high-K couplings constitute an important tool
in the knowledge of the p-n interaction. The energy of a
state of angular momentum I in a rotational band of an
odd-odd nucleus in the case K 6= 0, neglecting the nondi-
agonal contributions of the Coriolis and of the p-n residual
interaction, can be written as [32]

EIK = Ep + En +
h̄2

2J

[

I(I + 1)−K2
]

+ EK
int ,

where EK
int is the diagonal part of the p-n interaction.

The energy separation between the two K>< members
of the GM doublet, appropriately corrected for the zero-
point rotational energy, is called the GM splitting energy
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Fig. 9. Experimental level energies of GM doublets of 164Ho
and the linear fits (dotted lines) according to the rotational
formula.

and is defined by the expression: ∆EGM = EK<

int − EK>

int .
This GM splitting can be observed in fig. 9 where the
level energies for the two GM doublets observed in 164Ho,
bands 1 and 4 and bands 2 and 5, are plotted as a func-
tion of I(I + 1) − K2. Linear fits of data for each rota-
tional band according to the expression given above for
EIK were performed to obtain the empirical ∆EGM in
the strong-coupling limit [32]. These fits are shown as
dotted lines in fig. 9. The fits for both members of the
π7/2−[523] ⊗ ν5/2−[523] GM doublet performed up to
E ≈ 1.5MeV, gave almost the same inertia parameter
h̄2/2J ≈ 9 keV and from the difference between the ordi-
nates a ∆EGM = −145 keV value was obtained. For the
π7/2−[523] ⊗ ν5/2+[642] GM doublet the data were fit-
ted in the energy range 0.4–2.1MeV, values of 7.3 keV
were obtained for the inertia parameter of each band and
the difference between the ordinates produced ∆EGM =
65 keV. The ∆EGM value for the π7/2−[523]⊗ν5/2−[523]
GM doublet is in very good agreement with the one ob-
tained in the fit of a more reduced data set and with the
theoretical predictions reported in refs. [32,33]. From the
inspection of fig. 9 a difference between both GM doublets
emerges specially in the low-energy range, where the level
sequences of the π7/2−[523]⊗ν5/2+[642] GM doublet ap-
pear quite distorted consistent with the presence of the
νi13/2 for which the Coriolis effects are more important.

The analysis of other properties of the bands, such
as the B(M1)/B(E2) ratios and the evolution of the dy-
namical moments of inertia, which are sensitive to their
intrinsic structures, confirmed the configuration assign-
ments of the bands. The experimental in-band B(M1; I →
I − 1)/B(E2; I → I − 2) ratios were computed from the
γ branching ratios assuming pure dipole character for the
∆I = 1 transitions and compared with the values pre-
dicted by the geometrical model [34]. Figure 10 shows
the measured B(M1)/B(E2) ratios for the π7/2−[523] ⊗
ν5/2+[642] Kπ = 1− and Kπ = 6− structures and the
theoretical predictions which are consistent with the data.
The experimental B(M1)/B(E2) ratios for the Kπ = 1−

band are about 50–100% higher than those correspond-
ing to the Kπ = 6− band. This enhancement effect of the
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Fig. 11. Dynamical moments of inertia of bands of 164Ho as a
function of the rotational frequency. Filled and open symbols
correspond to the α = 0 and α = 1 signatures, respectively.

M1 transitions is explained by the fact that the antipar-
allel coupling of intrinsic spins corresponds to the parallel
coupling of the spin magnetic dipole moments, which are
therefore added constructively, as already reported in the
164Tm case [35].

The first νi13/2 band crossing (AB) (assumed to occur
at h̄ωc ≈ 0.28MeV in this mass region) can be checked
in the plot of the dynamical moment of inertia versus ro-
tational frequency. In fig. 11 a clear delay in the band
crossing is observed in bands 2 (h̄ωc ≥ 0.32MeV) and 5
(h̄ωc ≥ 0.30MeV), due to blocking, compatible with the
structures of these bands which contain the νi13/2 as an
active particle in their configurations. For bands 1, 3, and
4 the observed rotational frequency was not high enough
to extract conclusions from the band crossings (fig. 11).

5 Conclusions

The 163,164Ho nuclei were populated using the incomplete-
fusion 160Gd(11B, αxn) reaction. For the 163Ho the known
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bands were extended with respect to previous works, and
the 3qp π7/2−[523] ⊗ ν5/2+[642] ⊗ ν5/2−[523] Kπ =
17/2+ band was observed together with its decay into
the π7/2−[523] band via E1 transitions. From the present
data and the previous knowledge of 164Ho five rotational
bands were constructed for this nucleus from their band-
heads and their decays were established. The level ener-
gies were fitted according to the rotational formula for
the π7/2−[523]⊗ν5/2−[523] and π7/2−[523]⊗ν5/2+[642]
GM doublets and empirical GM splitting energies were ex-
tracted.
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