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Abstract. High-spin states in neutron-rich Dy isotopes, populated in deep-inelastic processes produced by
the interaction of 234 MeV 37Cl ions with a 160Gd target, have been studied using the highly sensitive
euroball iv gamma-ray detector array. The previously known level schemes for 159,160,161,162Dy have
been extended to significantly higher spin (≤ 30h̄) and the i13/2 band crossing in

159Dy has been observed
for the first time. The experimental results are discussed within the framework of cranked shell model
and projected shell model calculations with particular reference to the observed delayed band crossing in
162Dy.

PACS. 23.20.Lv Gamma transitions and level energies – 27.70.+q 150 ≤ A ≤ 189

1 Introduction

Neutron-rich nuclei are of particular current interest since
they are predicted to reveal new aspects of nuclear struc-
ture associated with an excess of neutrons, such as a modi-
fied residual interaction, a neutron skin, and exotic modes
of excitation. A challenge lies, however, in their produc-
tion, since the majority of reaction mechanisms do not
produce neutron-rich isotopes. By contrast, deep-inelastic
reactions can access nuclei with appreciably higher N/Z
ratios [1], and this has resulted in an increasing interest in
the use of such reactions to populate neutron-rich nuclei
[2–6]. Takai et al. [7] were among the first to utilize discrete
γ-ray spectroscopy in the study of deep-inelastic reac-
tions. In their experiment, high-spin states in 170Yb were
identified up to a spin of 20h̄. In relation to the present
region of interest, Asztalos et al. [8] recently undertook
a series of experiments using deep-inelastic reactions to
populate yrast states in neutron-rich Yb(A = 172–178)
and Sm(A = 152–156) isotopes with spin up to 22h̄. In
the deep-inelastic experiment discussed here, new γ tran-
sitions were identified in several neutron-rich Dy isotopes.
In total, seven Dy isotopes have been populated, namely
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those with A = 156 to 162. In this paper we focus atten-
tion on the yrast and near-yrast decay sequences of the
neutron-rich isotopes, 159,160,161,162Dy. The properties of
the observed decay sequences are interpreted in terms of
the results of cranked shell model and recent projected
shell model calculations.

2 Experimental details and results

High-spin states in Dy isotopes were populated in the in-
teraction of a 234 MeV beam of 37Cl ions delivered by
the vivitron at IReS, Strasbourg, with a 160Gd target.
The target, isotopically enriched to 98.2% in 160Gd, was of
thickness 12mg · cm−2 and was backed with 40mg · cm−2

of isotopically enriched 208Pb(99.47%). The target was
sufficiently thick to stop all recoiling reaction fragments;
the experimental objective was to detect gamma rays from
stopped fragments, thus avoiding Doppler-broadening ef-
fects in the measured energy spectrum of γ-rays. Study
of the γ-de-excitation of the products of deep-inelastic re-
actions is difficult because yields are generally very low.
Gamma-rays were detected using the highly sensitive eu-
roball iv array [9]. Experimental data were taken dur-
ing a three day run. The electronic trigger condition was
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such that when seven Ge signals before Compton suppres-
sion or five Ge signals before Compton suppression and
nine BGO inner ball element signals were in time coinci-
dence, the “event” was accepted and subsequently written
to tape. The data were sorted off-line into a γ-γ-γ cube
and analysed using the RADWARE code [10]. In the anal-
ysis of the euroball data a γ-γ-γ cube was constructed
without conditions being imposed relating to timing or to
the inner BGO ball fold or sum energy.

One of the goals of our studies in the rare-earth re-
gion is to populate yrast and near-yrast decay sequences
of neutron-rich nuclei to moderately high spin (∼ 30h̄).
In this work, analysis of the data initially involved setting
gates on known γ-ray transitions. One new tentative tran-
sition (713 keV(17) → 16+) has been identified in 158Dy,
the other 21 new transitions are associated with the yrast
and near-yrast decay sequences of 159Dy, 160Dy, 161Dy and
162Dy.

The yrast sequence of 159Dy was known previously [11–
13] up to spin 45/2+. In the present work, the band has
been extended to a spin of 61/2+ and the first band cross-
ing observed for the first time. In earlier published work
[14–16], the yrast sequence in 160Dy was established up to
spin 18+. However, in the more recent work reported in
ref. [17], the yrast sequence was observed to spin 28+, al-
though no level scheme was presented. In the present work,
the band has been established to spin 28+. One additional
decay sequence has also been observed up to spin (18+). In
161Dy, we have extended the 5/2[642], α = +1

2 band from
the previously known [18–20] spin 33/2+ to 53/2+, and
also added a new transition to the 5/2[642], α = − 1

2 decay
sequence. In 161Dy the unfavoured component of the rota-
tional sequence based on the 5/2[642] configuration is, in
the present work, populated only to spin 35/2+, while the
favoured component is seen to spin 53/2+. The relatively
weak population of high-spin states of the unfavoured se-
quence is probably mainly a consequence of the increasing
signature splitting of the two decay sequences which oc-
curs with increasing spin. The very weak population of
the unfavoured sequence of the 5/2[642] band in 159Dy
may be explained in the same way. However, we cannot
entirely exclude the possibility that, in the deep-inelastic
process, the feeding mechanism is to some extent different
from that of heavy-ion induced fusion evaporation reac-
tions. In 162Dy one additional transition (741 keV) has
been added; we tentatively assign this as the 20+ → 18+

transition in the yrast sequence.
The placement of the new transitions in the decay

sequences was based on coincidence and intensity rela-
tionships. Examples of gated coincidence spectra which
show some of the new cascades are presented in fig. 1.
The intensity relationships were also used to confirm that
the observed γ-ray peaks should be assigned to the Dy
isotopes and not to the complementary fragments. The
assignment of γ-ray transitions to the isotopes of Dy is
based on an examination of many gated spectra. In figs. 1
(a), (b), (d) and (e) there is a common peak of energy
429 keV marked by “*”; it has been assigned to the cor-
responding projectile-like nucleus 34P. Observation of a

Fig. 1. Examples of gated spectra for 159Dy, 160Dy, 161Dy and
162Dy.

34P γ-ray transition in coincidence with rotational se-
quences in 159Dy, 160Dy, 161Dy and 162Dy, demonstrates
that 4n, 3n, 2n and 1n evaporation has occurred. In each
spectrum, there is a broad peak around 75 keV which
we assign as the Pb X-rays in random coincidence with
Dy γ-rays. For de-excitation of high-spin states of the
Dy isotopes studied here, the lifetimes of the states be-
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Fig. 2. Partial level schemes of Dy isotopes.

come comparable with the slowing-down times of the Dy
ions (estimated v

c ∼ 1.5%) in the target material for life-
times less than about 1 ps. There is some experimen-
tal evidence of Doppler lineshapes for gamma-ray pho-
topeaks corresponding to the depopulation of states of
spin greater than about 20h̄ (for example the 677 keV
line in the spectrum of fig. 1(a) and the 657 keV line
in the spectrum of fig. 1(b)). Of course, setting gates on
the stopped components of γ-ray lineshapes, as has been
the practice here, has a distorting effect on the measured
lineshapes of coincident γ-rays, thus reducing Doppler-
related effects. The spectrum of fig. 1(a) corresponds to
double gating on the 120 keV and 553 keV transitions
within the yrast sequence of 159Dy; several new γ-ray
transitions at 768 keV, 805 keV, 840 keV and (tenta-
tively) 879 keV are clearly observed and have been as-
signed to 159Dy. The spectrum of fig. 1(b) corresponds to
gating on the 577 keV and 581 keV transitions within
the yrast sequence of 160Dy; new γ-ray transitions at 609,
657, 712, 767 and 818 keV are clearly seen. The spectrum
of fig. 1(c) corresponds to gating on the 496 keV and
552 keV γ-ray photopeaks from the side band of 160Dy;
the quality of the gated spectrum is poor compared to

the others displayed in fig. 1. In the spectrum of fig. 1(c),
the yrast decay sequence transitions at 197, 297, 386, 462
and 523 keV and the connecting transitions between the
two bands at 747 keV and 836 keV are clearly seen. The
two connecting transitions at 679 keV and 654 keV are
blocked by the gating transitions. In addition, two tran-
sitions at 433 keV and 603 keV in the side band are
clearly seen. In the paper by Riezebos et al. [16], a dou-
blet line 836 keV((11−) → 10+)/837 keV((10+) → 10+)
was observed. In the present work, by double gating on
previously known transitions 462 keV(10+ → 8+) and
433 keV((12+) → (10+)), a transition of energy 836 keV
is clearly seen, thus removing any ambiguity in relation
to its placing in the level sequence. The spectrum for
161Dy constructed by summing all double-gated spectra
involving all combinations of the transitions at 241 keV,
318 keV, 396 keV, 471 keV and 541 keV is shown in
fig. 1(d). These transitions were earlier [18–20] identified
as belonging to the favoured signature of the 5/2[642]
band. From the spectrum of fig. 1(d), we can add several
new transitions to the band; they are at 607, 665, 719,
766 and 810 keV. A new possible transition at 629 keV
has also been tentatively added to the unfavoured signa-
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Fig. 3. (a) Experimental Routhians and (b) quasiparticle
alignment ix for 159Dy, 160Dy, 161Dy and 162Dy, plotted as
a function of rotational frequency h̄ω.

ture of the 5/2[642] band in 161Dy (see fig. 2). There are
two peaks marked by “#” in fig. 1(d); they are impurity
transitions which have been brought in by the gating con-
dition. The spectrum of fig. 1(e) corresponds to summing
all double-gated spectra involving the transitions at 185,
283, 372, 454 and 527 keV in the yrast sequence of 162Dy.
A new transition at 741 keV has been tentatively added
to the top of the sequence.

The level schemes of 159−162Dy resulting from the
present work are presented in fig. 2.

3 Discussion

Figure 3 (a) shows the experimental Routhians and (b)
the quasiparticle aligned angular momenta for 159Dy,
160Dy, 161Dy and 162Dy, plotted as a function of rota-
tional frequency h̄ω. For 159Dy, a reference has been sub-
tracted with Harris parameters J (0) = 30 MeV−1h̄2 and
J (1) = 120 MeV−3h̄4. For 160Dy, the reference parame-
ters were J (0) = 32 MeV−1h̄2 and J (1) = 116 MeV−3h̄4.
For 161Dy and 162Dy, a common reference has been sub-
tracted with Harris parameters J (0) = 35 MeV−1h̄2 and
J (1) = 116 MeV−3h̄4. The reference configurations were
based on Harris-parameter fits to the energies of the yrast
sequences below the first band crossing in the even-A Dy
isotopes.
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Fig. 4. CSM calculations for neutron orbitals in 160Dy.

The rotational sequences have been interpreted within
the framework of the Cranked Shell Model [21]. For 160Dy,
fig. 4 shows the Routhians for quasineutrons, calculated
with the cranked shell model (CSM) using deformation
parameters ε2 = 0.248, ε4 = −0.020 and γ = 0◦ taken
from ref. [22]. The pairing gap parameter, ∆, was cal-
culated from known masses, using the formula of Bohr
and Mottelson [23]. Cranked shell model calculations were
also performed for 159,161,162Dy, but not presented here.
In fig. 4 the various curves are labelled according to par-
ity and signature (π, α) as follows: (+,+1

2 ) solid lines (A,
C), (+,–1

2 ) dotted lines (B, D), (–,+1
2 ) dot-dashed line (E)

and (–,–1
2 ) dashed line (F). The results of the cranked shell

model calculations for 160Dy show that at a rotational fre-
quency of 0.26 MeV the fully paired yrast configuration
(the quasiparticle vacuum) is crossed by the more ener-
getically favourable two-quasineutron configuration, based
on the i13/2 neutron orbitals 5/2[642] (the AB neutron
crossing). For rotational frequencies in excess of 0.26 MeV
the yrast sequence is now based on a two-quasineutron
ν(i13/2)2 configuration. At a rotational frequency of about
0.38 MeV a second pair of i13/2 neutrons aligns (the BC
neutron crossing) and this can be observed, for example,
as a band crossing in negative-parity AE decay sequences
in which the A orbital is occupied. The Coriolis and cen-
trifugal forces are responsible for the alignment of these
high-j(i13/2) orbitals. The lowest negative-parity orbitals
(labelled E and F), based on the Nilsson configuration
3/2[521], are less affected by the nuclear rotation and here
quasiparticle alignment does not occur until a rotational
frequency of about 0.50 MeV is reached, beyond the limits
of observation of the present experiment.

For 159Dy, a band crossing at a frequency (h̄ωc) of
0.35 MeV is observed for the first time in the present
work. Comparison of the experimental crossing frequency
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Fig. 5. Angular frequency h̄ω versus angular momentum I
for (a) 160Dy and (b) 162Dy. The PSM results using enlarged
deformations are presented as dashed lines. Experimental data
are represented by diamonds.

(fig. 3) with the results of CSM calculations suggests that
the first crossing corresponds to the alignment of a BC
neutron pair; the first predicted interaction, the AB cross-
ing, is blocked in the rotational sequence of interest in
159Dy since the A orbital is occupied below the first band
crossing. The configuration of the band thus changes from
a one-quasineutron configuration A(5/2[642]) to a three-
quasineutron configuration ABC(5/2[642] ⊗ (νi13/2)2) at
a rotational frequency of 0.35 MeV.

For 160Dy, an increase in alignment at a crossing fre-
quency (h̄ωc) of 0.28 MeV, in agreement with earlier work
[17], is clearly observed in fig. 3 and has been interpreted
as an AB crossing.

In the case of 161Dy, the favoured signature α = +1
2

decay sequence has been observed in the present work for
rotational frequencies up to 400 keV, while the α = − 1

2
unfavoured sequence has been established up to 315 keV.
Experimentally, there is no strong evidence for a band
crossing up to these frequencies. The two decay sequences
exhibit signature splitting in the Routhians (fig. 3(a)).

For 162Dy, the yrast sequence has been observed in the
present work for rotational frequencies up to 370 keV. Al-
though there is evidence for a slight increase in alignment
around 350 keV, there is, from the present work, no strong
evidence for a band crossing.

A more detailed comparison of the results of CSM cal-
culations with the experimental data for 159Dy, 160Dy,

Table 1. A comparison of experimental and CSM calculations
of 159Dy, 160Dy, 161Dy and 162Dy.

Experiment CSM
159Dy

iA(h̄) 5.2± 0.1 5.33

h̄ωc for BC crossing

(MeV) 0.35± 0.03 0.36

∆iBC(h̄) ≥ 1.70 3.97
160Dy

h̄ωc for AB crossing

(MeV) 0.28± 0.01 0.26

∆iAB(h̄) 6.9± 0.2 7.18
161Dy

iA(h̄) 4.2± 0.2 4.71

iB(h̄) 2.9± 0.2 3.64

h̄ωc for BC crossing

(MeV) > 0.40 0.36

Signature Splitting h̄ω (MeV)

(MeV) 0.100 0.020 0.030

0.150 0.050 0.070

0.200 0.100 0.130

0.250 0.160 0.180
162Dy

h̄ωc for AB crossing

(MeV) > 0.37 0.25

161Dy and 162Dy is presented in table 1. Experimental
and theoretical crossing frequencies h̄ωc are presented for
each of the Dy isotopes. For the odd-A nuclei, the align-
ment values are presented before band crossing occurs.
The alignment gains ∆i, as a result of quasiparticle align-
ment, are also presented for 159Dy and 160Dy. Also shown
are values of signature splitting for different rotational fre-
quencies in 161Dy. In general, the experimental and the-
oretical results agree well, except for the alignment gain
∆iBC in 159Dy and the band crossing frequency h̄ωc in
161Dy and 162Dy. For the alignment gain ∆iBC in 159Dy,
where the experimental value of 1.70h̄ (which is itself sub-
ject to some uncertainty as a consequence of the tenta-
tive nature of the 61/2+ → 59/2+ transition) falls short
of the CSM value of 3.97h̄, it may be that we have not
observed the full BC alignment gain in our experimental
data, especially since this is a strong interaction cross-
ing. For 161Dy, the results of CSM calculations predict
that a BC crossing should occur at rotational frequency
of h̄ωc = 0.36 MeV. However, in the present work, there
would appear to be no evidence for such a crossing for
rotational frequencies up to 400 keV. A similar but more
pronounced phenomenon is observed for 162Dy. Here CSM
calculations predict an AB crossing at h̄ωc = 0.25 MeV;
however, there is no evidence of a crossing for rotational
frequencies up to 370 keV. Clearly, the simple cranked
shell model calculations are in this case inconsistent with
experimental observation. It would, of course, be possi-
ble to increase the calculated band crossing frequencies
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by increasing the quadrupole deformation parameter ε2.
For example, if ε2 is increased by 20% from 0.261 to 0.313
for 162Dy, the AB crossing frequency would increase from
0.25 MeV to 0.32 MeV.

The recent work by Velázquez et al. [24] has discussed
backbending in Dy isotopes within the Projected Shell
Model (PSM). The authors have shown that the use of
an input deformation parameter, ε2, 20% larger than the
standard value, coupled with a slight reduction in effec-
tive charge, leads to an improved description of the yrast
band energies. The authors have presented a comparison
between the results of PSM calculations and experimen-
tal data for 160Dy and 162Dy up to spin 16h̄ and 18h̄,
respectively. Figure 5 shows the comparison between the
results of PSM calculations with enlarged deformation pa-
rameters and the present experimental data for 160,162Dy.
The inclusion of the experimental data presented here has
extended the comparison for 160Dy and 162Dy up to spin
28h̄ and 20h̄, respectively . In fig. 5, the angular frequency
h̄ω(defined as h̄ω(I) = 1

2 [E(I)−E(I −2)]), is plotted as a
function of the spin I for the yrast sequences of 160Dy and
162Dy. For each plot, the dashed line corresponds to the
results of PSM calculations with enlarged deformations,
while the diamonds represent the present experimental
data. From fig. 5, we are able to conclude that the results
of PSM calculations using enlarged deformation param-
eters agree satisfactorily with the experimental data. In
particular, the delayed AB band crossing in 162Dy, which
cannot satisfactorily be described within the context of
the cranked shell model using “standard” parameters, is
evident from the results of the PSM calculations. It would
be interesting to extend the yrast sequence of 162Dy to
higher spin in order to extend the comparison with these
calculations into the predicted band crossing region.

4 Conclusions

A total of 22 transitions have been added to the level
schemes of five neutron-rich Dy isotopes. We have ob-
served the BC crossing in 159Dy for the first time and
a comparison with the results of CSM calculations shows
reasonable agreement for the crossing frequency for 159Dy
and 160Dy, but not for 161Dy and 162Dy. For 159Dy there
is poor agreement between experiment and the results
of CSM calculations for the quasiparticle alignment gain.
The projected shell model results of Velázquez et al. [24]
using enlarged deformations satisfactorily explain the de-
lay in the AB band crossing for 162Dy.
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