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High spin states in 167
69 Tm98 were studied using the 164Dy(7Li, 4nγ ) 167Tm fusion-evaporation reaction. The

XTU Tandem accelerator at the INFN Legnaro National Laboratory was used to accelerate a beam of 7Li ions
to 55 MeV, and γ rays from the evaporation residues were studied using the GASP Ge multidetector γ -ray
array. The present data have allowed the 1/2−[541] yrast sequence of 167Tm to be established to spin 61/2−, the
1/2+[411] ground-state band to be extended to (51/2+), and the 7/2+[404] and 7/2−[523] rotational sequences
to be extended to spins (43/2+) and (39/2−), respectively. The experimental data have been compared with the
results of cranked shell-model calculations; for the above decay sequences, crossing frequencies are in agreement
with those of the neighboring even-even isotones, within experimental errors, and there is no evidence of a
configuration-dependence of band crossing frequencies. Experimental B(M1)/B(E2) values were extracted and
compared with the results of theoretical calculations which are based on a semiclassical cranking model. Finally,
the experimental high-spin decay sequences have been compared with the results of projected shell-model
(PSM) calculations; agreement between experiment and theory is excellent over the complete range of spins.
The calculated energy levels of the one-quasiparticle bands in 167Tm depend sensitively on the deformation
parameters used in the PSM calculation.

DOI: 10.1103/PhysRevC.106.054308

I. INTRODUCTION

The nucleus 167Tm lies ten neutrons away from neutron
number 88, where, for stable nuclei, a phase change takes
place from spherical to deformed nuclear shapes. It sits in a
region of stable nuclear ground-state quadrupole deformation

*Present address: Los Alamos National Laboratory, P.O. Box 1663,
Los Alamos, NM 87545, USA.

†Robert.Chapman@uws.ac.uk
‡Present address: Extreme Light Infrastructure (ELI-NP) & IFIN-

HH, Horia Hulubei National Institute of Physics and Nuclear
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which is located in the rare-earth region with mass num-
bers in the range from 150 to 190. The odd-A isotopes of
Tm with A > 163 have axially deformed nuclei [1–7], while
the experimental evidence suggests that the lighter isotopes
with 157 < A < 161 are triaxial [8–12]. It is therefore to
be expected that the nuclear level scheme of 167Tm will
be composed of rotational bands built on the odd quasipro-
ton which, near the fermi surface, can occupy the Nilsson
configurations, principally 1/2+[411], 3/2+[411], 5/2+[402],
7/2+[404], 1/2−[541], and 7/2−[523]. With increasing ro-
tational frequency of the nucleus, the effect of the Coriolis
force on nucleon motion, for this mass region, is to break
a pair of high- j low-� quasineutrons based on the i13/2

shell-model orbital; this results in the alignment of their total
angular momentum along the direction of collective nuclear
rotational angular momentum. In this way, the nucleus is able
to generate increasing angular momentum more effectively
than by increasing its rotational angular momentum. At the
critical rotational frequency corresponding to pair alignment,
an increase in quasiparticle angular momentum is therefore
observed. The interest in studying the high-spin states of
an odd-Z nucleus in this region of the nuclear chart is to
determine the nature of the band crossing between the one-
and three-quasiparticle rotational sequences and to compare
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the observed characteristics of the crossing phenomenon with
those of the neighboring isotopes and the even-even isotones.
Under certain circumstances, the odd quasiparticle has a major
impact on the rotational frequency (h̄ωc) at which the align-
ment of a pair of i13/2 quasineutrons occurs. The addition of a
single quasiparticle to an even-even core may have a signifi-
cant effect on the crossing frequency depending on whether
the nucleon is a neutron or a proton and on the particu-
lar Nilsson configuration (�π [Nnz�]) occupied; quasiparticle
blocking by the odd nucleon and deformation-driving effects
are, in this respect, two areas of interest.

The nucleus 167Tm, with N = 98, lies at a peak of inter-
action strength [13] between the ground-state band and that
based on the neutron i13/2 two-quasiparticle configuration;
this is a consequence of the deformed shell gap at neutron
number N = 98. The neighboring even-even isotones, 166Er
[14] and 168Yb [15], are known to exhibit a gradual upbend
in the behavior of the quasiparticle alignment as a function of
rotational frequency. The nucleus 167Tm presents an excellent
opportunity to study these effects. Previous publications [1–5]
have established rotational sequences based on a number of
Nilsson configurations to spin values just below the two i13/2

quasineutron crossing regime. A preliminary report of the
present work was previously published [14].

II. EXPERIMENTAL METHODS

High spin states of 167Tm were populated using
the 164Dy(7Li, 4nγ ) 167Tm fusion-evaporation reaction. The
HVEC XTU Tandem Van de Graaff accelerator at the INFN,
Legnaro National Laboratory, Italy was used to accelerate 7Li
ions to 55 MeV, which were then incident on an isotopically
enriched 164Dy (95.6%) target of thickness 3.5 mg cm−2. The
fusion-evaporation channels corresponding to the emission of
four, five, and six neutrons were dominant in the data, leading
to the population of 167,166,165Tm, respectively. The estimated
cross section for the 4n reaction channel leading to 167Tm
was ≈ 20 mb (approximately 1.3% of the total fusion cross
section), corresponding to ≈5 × 109 events. The rotational
sequences of 165,166Tm have been studied previously to high
spin [1–5]; in the present experiment, it was not possible to
extend the decay sequences further. 167Tm, on the other hand,
has not been studied since the early 1980s, with the exception
of the work by Jensen et al. [16], in which the rotational se-
quence based on the πh9/2[541]1/2− bandhead was extended
to spin 61/2−. In the present work, it was possible to extend
the other decay sequences to higher spins than previously
reported.

Gamma rays emitted from the final nuclei populated in
the reaction were detected using the GASP (GAmma-ray
SPectrometer) array of 40 escape-suppressed hyperpure n-
type germanium (HPGe) detectors and an 80 element inner
bismuth germanate (BGO) ball, which acts as a multiplicity
filter and total energy spectrometer [17,18]. The average Ge
energy resolution at 1332 keV was better than 2.3 keV FWHM
and the relative efficiency of each crystal was about 80%.
The high efficiency and resolving power of the GASP array
yielded good statistics for γ -γ -γ triples events. The trigger
conditions for an “event” corresponded to two or more Ge

signals and two or more BGO inner-ball element signals. The
Ge data were subsequently gain matched and sorted into a
γ -γ -γ cube using the sort code GAVSORT [19]. The cube was
analysed using programs from the RADWARE [20] analysis
package. γ -ray coincidence spectra were created initially by
gating on previously known transitions belonging to 167Tm
[16,21]. Relative γ -ray detection efficiencies as a function
of γ -ray energy for the Ge detectors were measured using
standard radioactive sources of 133Ba and 152Eu.

III. RESULTS

Prior to the present experiment, the band structure of the
167Tm nucleus was studied by Svensson et al. [22], Olbrich
et al. [21], and Jensen et al. [16]. The 167Er(p, nγ ) 167Tm
reaction was used by Svensson et al. [22] to study the
level structure to a maximum spin value of 21/2h̄. Decay
sequences based on states with the Nilsson configurations
1/2+[411], 3/2+[411], 5/2+[402], 7/2+[404], 1/2−[541],
7/2−[523], and 9/2−[514] were populated and γ -ray spectra
in singles and in coincidence were measured with Ge(Li)
and low-energy photon spectrometer (LEPS) detectors. An
electron-electron coincidence spectrometer was used to mea-
sure the lifetimes of two levels in the ground band. Olbrich
et al. [21] used the 165Ho(α, 2nγ ) 167Tm reaction to popu-
late rotational sequences based on states with the Nilsson
configurations 1/2+[411], 3/2+[411], 5/2+[402], 7/2+[404],
1/2−[541], 3/2−[532] + {1/2−[541]; K-2}, and 7/2−[523].
The maximum angular momentum of populated states was
31/2h̄. Singles and coincidence spectra were measured; two
Ge(Li) detectors were used for the γ -γ coincidence measure-
ments. More recently, Jensen et al. [16] populated high-spin
states of 167Tm using the 124Sn(48Ca, p4n) 167Tm fusion-
evaporation reaction; the favored signature of the 1/2−[541]
rotational sequence was extended to spin 61/2. No new tran-
sitions were added to the unfavored signature of the band.
The EUROGAM γ -ray array of 45 escape-suppressed Ge
detectors was used in the work. The most recent Nuclear Data
Sheets compilation for A = 167 was published in 2000 [23]
and predates the work of Burns et al. [14], a preliminary
publication of the present work.

Figure 1 presents the decay sequences of 167Tm based on
this work. The level scheme presented here was based on
γ -ray coincidence measurements and on transition intensity
considerations. Spins and parities of previously unobserved
levels have been tentatively assigned on the assumptions that,
within each rotational sequence, there is no change of parity
and that the spin value increases as expected with increasing
excitation energy. Thus, proposed spin and parity assignments
should be regarded as tentative and are consequently pre-
sented here in parentheses.

The in-band transitions previously observed [21] for the
ground-state rotational sequence, based on the Nilsson config-
uration 1/2+[411], have been confirmed in the present work
and the two decay sequences corresponding to the favored
and unfavored signatures of the band have been extended to
spins (51/2+) and (45/2+), respectively. Figure 2(a) shows
the γ -ray spectrum corresponding to a sum of all double gates
involving the previously known γ -ray transitions at energies
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FIG. 1. Level scheme of 167Tm from the present work. The inset shows the bottom few states of the 1/2+[411] decay sequence. Energies
are in units of keV. The figure was adapted from Ref. [14]. A more detailed presentation of the low spin members of the rotational sequences
is given in Refs. [21,22].

of 132, 229, 318, 397, 463, and 515 keV. Three of the five
new γ -ray transitions for the α = − 1

2 signature partner of
the band, above the already established 31/2+ state at 2619
keV, can be clearly seen at energies of 589, 624, and 662 keV,
corresponding to the deexcitation of the (35/2+), (39/2+), and
(43/2+) states, respectively. The inset to Fig. 2(a) shows a
γ -ray spectrum corresponding to a double gate set on γ -ray
peaks at energies of 624 and 662 keV; two further transitions
at energies of 710 and 766 keV can be observed, correspond-
ing to the deexcitation of the (47/2+) and (51/2+) states,
respectively. Three new levels have also been added to the
α = 1

2 signature partner, corresponding to the deexcitation
of the (33/2+), (37/2+), and (41/2+) levels via the 553-,
582-, and 621-keV γ -ray transitions, respectively. A further
tentative addition to the band has been observed at an energy
of 672 keV; it is proposed here that this transition corresponds
to the depopulation of the (45/2+) state. The new transitions
can be seen in the gamma-ray spectrum of Fig. 2(b), which
corresponds to a double gate set on the 372- and 525-keV
transitions. The lowest lying transitions within the band of
signature α = − 1

2 , corresponding to the decay of the 142-keV
(7/2+) and 371-keV (11/2+) states (see also inset to Fig. 1)

can also be seen at energies of 132 and 229 keV, respectively
[marked ∗ in Fig. 2(b)]; the crossing transitions at energies of
185 and 252 keV [marked × in Fig. 2(b)] can also be seen in
the spectrum. The inset to Fig. 2(b) shows a γ -ray spectrum
resulting from a double gate set on the 486- and 582-keV
transitions, and this provides further evidence for the new
high-spin states populated in the rotational sequence. The ex-
tensions to the 1/2+[411] decay sequence were based on these
and on similar double-gated γ -ray spectra. The α = +1/2 to
α = −1/2 transitions of energy 107, 185, 252, and 306 keV
were previously assigned (M1 + E2) multipolarity with small
mixing ratio [23]. No multipolarity assignments have been
made for the previously observed 344- and 367- keV tran-
sitions. The low energy α = −1/2 to α = +1/2 transitions
of energy 10.45 keV (3/2+ −→ 1/2+), 25.8 keV (7/2+ −→
5/2+), 44.5 keV (uncertain placement 11/2+ −→ 9/2+), and
67.0 keV (15/2+ −→ 13/2+) [23] have not been observed
in the present work. The 10.4-keV transition is very heavily
converted (α ≈ 650) [23].

The previously observed interband transitions from levels
of the the α = −1/2 signature of the 1/2+[411] band to
levels of the α = +1/2 signature of the 1/2−[541] band at
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FIG. 2. Examples of γ -ray spectra corresponding to double gates
on known transitions depopulating levels of the 1/2+[411] band in
167Tm. (a) The γ -ray spectrum corresponding to a sum of all double
gates involving the previously known γ -ray transitions at energies
of 132, 229, 318, 397, 463, and 515 keV. The inset shows a γ -ray
spectrum corresponding to a double gate set on γ -ray photopeaks at
energies of 624 and 662 keV. (b) The γ -ray spectrum corresponding
to a double gate at γ -ray energies of 372 and 525 keV. The inset to
the figure shows a γ -ray spectrum resulting from a double gate set
on the 486- and 582-keV transitions. See text for details.

energies of 218.9, 345.2, 453.8, 536.7, and 589.5 keV have
been observed in the present work. The 85.1-keV 11/2+ to
9/2− transition was not seen here.

The favored signature of the 1/2−[541] rotational sequence
was extended by Jensen et al. [16] to spin 61/2− and a
tentative transition, of energy 922 keV, corresponding to the
65/2− −→ 61/2− transition, was proposed. Here, it was not
possible to extend the α = 1

2 signature of the band to higher
spin. As in the study of Olbrich et al. [21], the rotational
sequence with signature α = − 1

2 was very weakly populated;
in the present work it was identified up to the previously
known (31/2−) state, but not beyond.

All the states populated in the 7/2+[404] rotational se-
quence up to spin 31/2+ conform with the previous work
of Olbrich et al. [21] (see Fig. 1). The rotational sequence
corresponding to the α = − 1

2 signature has been extended to
spin (43/2+) by the addition of three new levels of proposed
spin (35/2+), (39/2+), and (43/2+). The γ -ray spectrum of

Fig. 3(a), which corresponds to a double gate on the γ -
ray photopeaks at energies of 518 and 550 keV, shows the
new transitions at the photopeak energies of 575, 605, and
649 keV. The signature partner (α = 1

2 ) has been extended
to spin (37/2+) by the addition of two new levels, at ener-
gies of 3014 and 3601 keV. A further tentative transition of
energy 596 keV, corresponding to the (41/2+) −→ (37/2+)
transition, has been added to the decay scheme. Gamma-ray
transitions within the rotational sequence can be seen in the
spectrum of Fig. 3(b), which corresponds to a double gate at
γ -ray energies of 301 and 498 keV.

The intensities of the E2 transitions within the decay se-
quences corresponding to both signatures of the rotational
band based on the 7/2−[523] orbital were very weak. On the
other hand, the M1 interband transitions are relatively strong.
Figure 3(c) shows a spectrum corresponding to a sum of
double gates on all of the previously known M1 band-crossing
transitions (91, 113, 135, 156, 178, 195, 217, 229, 252, 255,
and 281 keV). The level sequence up to spin 31/2− is in
agreement with that of Olbrich et al. [21]. Two new transi-
tions at energies of 591 and 617 keV have been added to the
decay sequences corresponding to the α = − 1

2 signature of
the band, which increases the level sequence to spin (39/2−).
The transitions can be seen in Fig. 3(c). Two new transitions
at energies of 578 and 607 keV have also been added to the
α = 1

2 signature of the band, raising the known maximum spin
to (37/2−) [see Fig. 3(c)].

The γ -ray transitions in the 1/2+[411], 1/2−[541],
7/2+[404], and 7/2−[523] rotational sequences of 167Tm
were ordered according to their relative intensities as shown
in Tables I–IV, respectively; the relative intensities and spin
assignments for the populated bands and their corresponding
interband transitions are shown. Table V presents the mea-
sured relative γ -ray transition intensities for the interband
transitions which connect the 1/2+[411] and the 1/2−[541]
rotational sequences. Relative γ -ray intensities were obtained
from spectra produced by setting double gates on transitions
lower in the rotational sequence than those to be measured.
Consequently, the relative intensities of the lowest transitions
in each decay sequence cannot be accurately evaluated. In
such cases, no relative intensities are recorded in the tables.
In addition, some of the lowest energy photopeaks are chal-
lenging to observe; in these cases, relative γ -ray intensities
do not appear in the tables. Quoted γ -ray intensities are those
relative to the intensity of the 184-keV γ -ray transition, set at
1000 units.

IV. DISCUSSION

Experimental Routhians and aligned angular momenta, ix,
plotted as a function of rotational frequency, h̄ω, are presented
in Figs. 4–6 for the rotational sequences populated in 167Tm.
A reference band has been subtracted with Harris parameters
J0 = 35.5 h̄2MeV−1 and J1 = 118 h̄4MeV−3 [24]. Upbends
in the alignment plots are, as usual, interpreted as arising from
band crossings. As noted above, in this region of the periodic
table, the rare-earth region, the first observed backbend or
upbend is attributed to the alignment of a pair of i13/2 neutrons
and thus, in the present case, each one-quasiproton decay
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FIG. 3. Examples of γ -ray spectra corresponding to double gates on known transitions depopulating levels of the 7/2+[404] band [spectra
(a) and (b)] and of the 7/2−[523] band [spectrum (c)] in 167Tm. The γ -ray spectra are presented which correspond to (a) a double gate on
the γ -ray photopeaks at energies of 518 and 550 keV in the 7/2+[404] band, (b) a double gate at γ -ray energies of 301 and 498 keV in the
7/2+[404] band, and (c) a sum of double gates on all previously known M1 band-crossing transitions in the 7/2−[523] band. Peaks labeled
with an × correspond to cross-band transitions whereas peaks labeled +/− correspond to E2 transitions within the α = + 1

2 and α = − 1
2

decay sequences, respectively.

sequence is crossed by a three-quasiparticle decay sequence.
In the cranked shell-model (CSM) terminology, this is denoted
as the AB crossing [25,26]. Crossing frequencies, h̄ωc, and
gains in aligned angular momenta, �ix, for the crossings
observed in the bands here are listed in Table VI, together
with the corresponding values for the neighboring even-even
Z = 68 and Z = 70 isotones, 166Er [14] and 168Yb [15],
respectively.

A. The ground-state band (1/2+[411])

The 1/2+[411] bandhead is based, at zero deformation,
on the single 2d3/2 quasiproton. The experimental Routhians
for the two decay sequences of the rotational band, Fig. 4(a),
show a signature splitting at low rotational frequencies and
an increase in splitting as a function of rotational frequency.
However, the aligning i13/2 quasineutrons have the effect of
reducing the splitting at high rotational frequencies. As a con-
sequence of the splitting in the Routhians, the two signatures
of the rotational sequence cross the three-quasiparticle config-
uration at different rotational frequencies. The α = 1

2 signa-
ture crosses first, at a frequency of 250(3) keV, while the α =
− 1

2 signature crosses at a frequency of 270(3) keV. Exper-
imental quasiparticle alignments, band crossing frequencies,

and signature splittings were compared with the re-
sults of cranked shell-model calculations. The values of
the quadrupole and hexadecapole deformation parameters
(ε2, ε4) = (0.26, 0.013) used in the CSM calculations were
taken from the Lund systematics [28], calculated as described
in Ref. [29], and the pairing gap parameter, �, calculated
from atomic masses [30], was multiplied by a factor of
0.8 to account, in an approximate way, for the effect of
nuclear rotation on the pairing field at high rotational frequen-
cies. The experimental crossing frequencies are consistent
with results obtained from CSM calculations, namely h̄ωc =
265(10) keV; the quasiproton does not block the aligning i13/2

neutrons. In the Nilsson diagram, the energy of the 1/2+[411]
proton orbital as a function of quadrupole deformation has
no slope and there are consequently no deformation-driving
effects. The initial alignment, Fig. 4(b), due to the single
quasiproton can be seen to be 0h̄ for the α = 1

2 signature
and 0.6h̄ for the α = − 1

2 signature of the rotational sequence.
These results compare well with results of CSM calculations,
namely an initial alignment (ix = −de′/dh̄ω) of 0h̄ for the
α = 1

2 signature and 1h̄ for the α = − 1
2 signature of the band.

The average crossing frequency agrees well with that of the
yrast sequences in the neighbouring even-even isotones, 166Er
and 168Yb, see Table VI. The measured gain in quasiparticle

054308-5



M. J. BURNS et al. PHYSICAL REVIEW C 106, 054308 (2022)

TABLE I. Relative γ -ray intensities and spin assignments of all
observed transitions in the 1/2+[411] rotational sequence of 167Tm.
The uncertainty in γ -ray energies is 1 keV. See text for details.

Eγ (keV) Jπ
i Jπ

f Relative intensity

117 5/2+ 1/2+

210 9/2+ 5/2+

296 13/2+ 9/2+

372 17/2+ 13/2+ 17.4(5)
435 21/2+ 17/2+ 13.0(5)
486 25/2+ 21/2+ 11.0(9)
525 29/2+ 25/2+ 8.14(70)
553 (33/2+) 29/2+ 2.74(16)
582 (37/2+) (33/2+) 1.73(12)
621 (41/2+) (37/2+) 1.54(11)
132 7/2+ 3/2+

229 11/2+ 7/2+

318 15/2+ 11/2+ 60.8(11)
397 19/2+ 15/2+ 39.6(9)
463 23/2+ 19/2+ 22.7(7)
515 27/2+ 23/2+ 16.7(7)
555 31/2+ 27/2+ 14.4(6)
589 (35/2+) 31/2+ 9.92(53)
624 (39/2+) (35/2+) 3.77(23)
662 (43/2+) (39/2+) 1.51(5)
710 (47/2+) (43/2+) 0.61(5)
766 (51/2+) (47/2+) 0.12(1)
107 5/2+ 3/2+

185 9/2+ 7/2+

252 13/2+ 11/2+ 26.5(9)
306 17/2+ 15/2+ 15.3(9)
344 21/2+ 19/2+ 7.97(54)
367 25/2+ 23/2+ 2.81(22)

alignment is about ≈4.5h̄ for the α = − 1
2 signature and ≈5.5h̄

for the α = 1
2 signature of the band. These values are less

than that predicted by the cranked shell model, namely 7h̄.
Crossing frequencies of the 1/2+[411] decay sequences in
165Tm, 167Tm, and 169Tm were interpreted by Asgar et al.
[7] within the context of the cranked shell model approach by
calculating the total Routhian surfaces, crossing frequencies,
and interaction strengths for these nuclei; the gradual decrease
in crossing frequency with increasing Tm mass number, from
0.29 to 0.24 MeV, is very well reproduced by calculation.

B. 1/2−[541] rotational sequence

In the present work, no extensions were made to the
1/2−[541] rotational sequence established by Jensen et al.
[16]. While most rotational bands in odd-Z nuclei in the
rare earth region have the first band-crossing frequencies and
quasiparticle alignments similar to those in the neighboring
even-even isotones, the first band crossing in the 1/2−[541]
band, which is based at zero deformation on the spherical
πh9/2 proton orbital, is shifted to higher frequencies, with a
smaller gain in aligned angular momentum. However, as dis-
cussed by Jensen et al. [16], the behavior of the band in N =
98 167Tm is quite different; the shift in crossing frequency,

TABLE II. Relative γ -ray intensities and spin assignments of all
observed transitions in the 1/2−[541] rotational sequence of 167Tm.
The uncertainty in γ -ray energies is 1 keV. See text for details.

Eγ (keV) Jπ
i Jπ

f Relative intensity

98 9/2− 5/2−

184 13/2− 9/2− 1000(13)
271 17/2− 13/2− 461(6)
355 21/2− 17/2− 336(3)
432 25/2− 21/2− 231(3)
502 29/2− 25/2− 140(2)
563 33/2− 29/2− 81(2)
617 37/2− 33/2− 67(2)
667 41/2− 37/2− 27(1)
719 45/2− 41/2− 21.5(7)
769 49/2− 45/2− 6.70(6)
820 53/2− 49/2− 1.88(4)
870 57/2− 53/2− 0.42(3)
924 61/2− 57/2− 0.24(2)
169 7/2− 3/2−

239 11/2− 7/2−

308 15/2− 11/2−

373 19/2− 15/2−

428 23/2− 19/2−

471 27/2− 23/2−

519 (31/2−) 27/2−

266 15/2− 17/2−

285 19/2− 21/2−

280 23/2− 25/2−

while still larger than in the neighboring even-even isotones,
see Table VI, is much smaller than in odd-Z nuclei with
N �= 98. In contrast, the N = 98 nuclei exhibit, in relation
to quasiparticle alignment, the largest discrepancy between
odd-Z nuclei and the neighboring even-even isotones. The
reduction in quasiparticle alignment at N = 98 appears to be
a unique feature of the 1/2−[541] intruder orbital.

C. 7/2+[404] rotational sequence

The 7/2+[404] rotational sequence is based on a single
quasiproton originating from the 1g7/2 spherical shell. Since
the orbital is considerably upwards sloping for a prolate
nucleus, the effect of occupancy is to reduce the nuclear
quadrupole deformation (if the nucleus is soft enough to
respond) and this, in turn, would lead to a reduction in
the rotational frequency required to align a pair of i13/2

quasineutrons.
The experimental Routhians, Fig. 5(a), show that the cross-

ing frequency is 258(2) keV, which is in reasonable agreement
with the experimental value for the even-even 166Er core,
namely 262(2)keV [27]; deformation-driving effects therefore
appear to be insignificant here. The initial quasiparticle align-
ment ix is 0.30(8)h̄, Fig. 5(b); this result compares well with
CSM results of 0.33h̄. The CSM results show a complete
alignment gain of 7h̄. In the quasiparticle alignment plot,
Fig. 5(b), there is an alignment gain of approximately 6h̄.
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TABLE III. Relative γ -ray intensities and spin assignments of all
observed transitions in the 7/2+[404] rotational sequence of 167Tm.
The uncertainty in γ -ray energies is 1 keV. See text for details.

Eγ (keV) Jπ
i Jπ

f Relative intensity

257 11/2+ 7/2+

343 15/2+ 11/2+

416 19/2+ 15/2+ 5.82(18)
474 23/2+ 19/2+ 3.17(8)
518 27/2+ 23/2+ 2.47(8)
550 31/2+ 27/2+ 1.01(4)
575 (35/2+) 31/2+ 0.83(5)
605 (39/2+) (35/2+) 0.62(4)
649 (43/2+) (39/2+) 0.14(1)
301 13/2+ 9/2+

381 17/2+ 13/2+

446 21/2+ 17/2+ 10.0(3)
498 25/2+ 21/2+ 4.43(16)
533 29/2+ 25/2+ 2.45(12)
559 (33/2+) 29/2+ 1.46(10)
587 (37/2+) (33/2+) 0.85(8)
117 9/2+ 7/2+

140 11/2+ 9/2+

161 13/2+ 11/2+

182 15/2+ 13/2+

199 17/2+ 15/2+

217 19/2+ 17/2+ 3.87(18)
229 21/2+ 19/2+ 1.08(6)
245 23/2+ 21/2+ 2.73(14)
253 25/2+ 23/2+ 0.49(5)
265 27/2+ 25/2+ 0.50(6)
268 29/2+ 27/2+ 0.20(2)
282 31/2+ 29/2+ 0.32(4)
277 (33/2+) 31/2+ 0.12(2)
298 (35/2+) (33/2+) 0.15(3)

D. 7/2−[523] rotational sequence

The 7/2−[523] rotational sequence originates from the
1h11/2 spherical shell-model orbital at ε2 = 0. The experi-
mental Routhians, Fig. 6(a), show no evidence of signature
splitting, which is to be expected as the configuration is
of high- j and high-� and therefore mixing with lower-�
wave functions, as the rotational frequency increases, should
be negligible. The slope (energy versus quadrupole defor-
mation in the Nilsson diagram) of the 7/2−[523] Nilsson
configuration is relatively flat; therefore we expect to see no
deformation-driving effects on the crossing frequency. The
CSM predicts a gain in alignment of 7h̄ for the two i13/2

quasineutrons. Experimentally, an incomplete alignment gain
(≈3.5h̄) of about half this value is seen; see Fig. 6(b). The
crossing frequency is, in this case, more difficult to determine
from the Routhian as a consequence of the strong interac-
tion between the one- and three-quasiparticle configurations;
the Routhian is a smooth function of rotational frequency.
In addition, the full alignment gain was not observed in
the present work. The estimated crossing frequency of
250(10) keV is, within the quoted errors, in agreement with
those of the even-even isotones. A previous study [3] of

TABLE IV. Relative γ -ray intensities and spin assignments of all
observed transitions in the 7/2−[523] rotational sequence of 167Tm.
The uncertainty in γ -ray energies is 1 keV. See text for details.

Eγ (keV) Jπ
i Jπ

f Relative intensity

204 11/2− 7/2−

291 15/2− 11/2−

373 19/2− 15/2−

446 23/2− 19/2− 1.23(6)
507 27/2− 23/2− 1.14(6)
557 31/2− 27/2− 0.38(2)
591 (35/2−) 31/2− 0.14(1)
617 (39/2−) (35/2−) 0.07(2)
248 13/2− 9/2−

334 17/2− 13/2−

412 21/2− 17/2− 12.3(5)
481 25/2− 21/2− 6.17(35)
536 29/2− 25/2− 3.54(22)
578 (33/2−) 29/2− 2.64(17)
607 (37/2−) (33/2−) 2.09(22)
91 9/2− 7/2−

113 11/2− 9/2−

135 13/2− 11/2− 100(4)
156 15/2− 13/2− 37.4(21)
178 17/2− 15/2− 13.0(10)
195 19/2− 17/2− 5.19(32)
217 21/2− 19/2− 3.67(18)
229 23/2− 21/2− 4.29(19)
252 25/2− 23/2− 1.27(11)
255 27/2− 25/2− 1.01(10)
281 29/2− 27/2− 0.84(8)
276 31/2− 29/2− 0.43(7)

the 7/2−[523] rotational sequence in the neighboring nu-
cleus 165

67 Tm92 has shown that the crossing frequency is
slightly less than that of the even-even core 164Er. There is
a lack of high-spin data for rotational sequences based on
the 7/2−[523] Nilsson configuration in the region around
167Tm. However, in 159Ho [31] the πh11/2 decay sequence

TABLE V. Relative γ -ray intensities and spin assignments of
all interband transitions between the 1/2+[411] and 1/2−[541]
rotational sequences of 167Tm. The uncertainty in γ -ray energies is
1 keV. See text for details.

Eγ (keV) Jπ
i Jπ

f Relative intensity

219 15/2+ 13/2−

345 19/2+ 17/2− 29.4(10)
453 23/2+ 21/2− 14.2(7)
536 27/2+ 25/2− 29.5(10)
589 31/2+ 29/2− 22.6(11)
615 (35/2+) 33/2−

334 21/2+ 21/2−

372 11/2− 9/2+

385 15/2− 13/2+

386 19/2− 17/2+

379 23/2− 21/2+
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TABLE VI. Rotational frequencies, h̄ωc, and gain in aligned
angular momentum, �ix , at the AB-band crossing for rotational
bands observed in 167Tm, and for the yrast bands in the neighboring
even-even isotones, 166Er [27] and 168Yb [15]. For the 1/2−[541]
decay sequence, the values are those from Ref. [16].

Nucleus �π [Nnz�] α h̄ωc (keV) �ix (h̄)

167Tm 1/2+[411] +1/2 250(3) 5.5
−1/2 270(3) 4.5

1/2−[541] +1/2 320(10) 2.4(4)
−1/2

7/2+[404] +1/2 258(2) 6
−1/2 258(2) 6

7/2−[523] +1/2 250(10) > 3.5
−1/2 250(10) > 3.5

166Er yrast band 0 262(2) 8.8(1)
168Yb yrast band 0 260(2) 9

was observed to a frequency of about 0.35 MeV and a full
alignment gain of 7.5h̄ observed. In this case, the crossing
frequencies of 0.281 and 0.277 MeV for the α = −1/2 and
α = +1/2 signatures of the rotational band, respectively, are
in very good agreement with those of its neighboring isotone
160Er (h̄ωc = 0.280 MeV) [32]. Similarly, the quasiparticle
alignment gains for the first band crossing in both nuclei are in
good agreement. It would be helpful to extend this rotational
sequence in 167Tm well beyond the rotational frequency corre-
sponding to the full alignment of the two i13/2 quasineutrons.

E. B(M1)/B(E2) ratios for the 7/2−[523] rotational sequence

Figure 7 presents experimental B(M1)/B(E2) ratios as a
function of spin I (h̄) for the 7/2−[523] rotational sequence.
In the calculation of experimental B(M1)/B(E2) values, the
following expression was used:

B(M1, I → I − 1)

B(E2, I → I − 2)
= 0.697

E5
γ (E2)

E3
γ (M1)

1

λ(1 + δ2)

[
μ2

N/e2b2
]
,

FIG. 4. (a) Experimental Routhians and (b) quasiparticle align-
ment plotted as a function of rotational frequency for the decay
sequences based on the 1/2+[411] Nilsson configuration. The full
(empty) symbols represent the α = 1

2 (− 1
2 ) signatures of the bands.

FIG. 5. (a) Experimental Routhians and (b) quasiparticle align-
ment plotted as a function of rotational frequency for the decay
sequences based on the 7/2+[404] Nilsson configuration. The full
(empty) symbols represent the α = 1

2 (− 1
2 ) signatures of the bands.

where the branching ratio λ = Tγ (I → I − 2)/Tγ (I → I − 1)
is obtained from the experimental γ -ray intensities. For the
7/2−[523] rotational sequence of 167Tm, mixing ratios δ for
transitions from states with I < 21 were measured by Olbrich
et al. [21]; values of |δ| are small and reasonably constant
at about 0.17 for the measured transitions. The effect of the
mixing ratio on the experimental values of B(M1)/B(E2)
is therefore of the order of only 3 %. The experimental
B(M1)/B(E2) ratios can be seen to increase by around 60% at
I ≈ 13, see Fig. 7, and this is normally attributed to the effect
of the alignment of two i13/2 quasineutrons. The observed
increase in B(M1)/B(E2) ratio is attributed to an increase
in the magnetic dipole transition probability. This effect has
been observed previously in a number of neighboring rare
earth odd-Z even-N isotopes, for example 165Tm [1] and 165Lu
[35]. The component of magnetic moment perpendicular (μ⊥)
to the total angular momentum vector (I) contributes signifi-
cantly to the magnetic dipole transition rate and, as the two
i13/2 quasineutrons align, μ⊥ increases.

Theoretical B(M1)/B(E2) ratios were calculated from the
semiclassical cranking formula of Dönau and Frauendorf

FIG. 6. (a) Experimental Routhians and (b) quasiparticle align-
ment plotted as a function of rotational frequency. The plots show
rotational sequences based on the 7/2−[523] Nilsson configuration.
The full (empty) symbols represent the α = 1

2 (− 1
2 ) signatures of the

bands.
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FIG. 7. Experimental and calculated B(M1)/B(E2) ratios (in
units of μ2

N/e2b2) as a function of spin I (h̄) for the 7/2−[523]
rotational sequence of 167Tm. Experimental values are represented
by filled circles with their associated error bars. The red squares
correspond to B(M1)/B(E2) values calculated using the semiclas-
sical cranking formula of Dönau and Frauendorf [33,34] in which
the experimental quasiparticle alignments were used. The theoretical
values presented as blue squares, joined by lines to guide the eye,
correspond to a similar calculation in which the neutron quasiparticle
alignment is assumed to be zero for spin values up to 25/2h̄ and 7h̄
for spins above this value. See text for further details.

[33,34], namely

B(M1, I → I − 1)

B(E2, I → I − 2)

= 12

5 Q2
0 cos2(30◦ + γ )

(
1 − K2(

I − 1
2

)2

)−2

K2

×
[

(gp − gR)

(√
1 − K2

I2
− ip

I
± �e′

h̄ω

)
− (gn − gR)

in
I

]2

,

where ip and in are the proton and neutron aligned angular
momenta. In the frequency range populated, the change in
alignment is attributed entirely to the aligning quasineutrons;
the value of ip is assumed to be constant and here is set to
0.8 h̄. The g factors associated with collective rotation, the
single quasiproton, and the aligning quasineutrons are denoted
by gR, gp and gn, respectively. The values of gp and gR for the
7/2−[523] Nilsson state were obtained from Ref. [36] and are
1.39 and 0.48 respectively and, for spins above the backbend,
the value of gn, characteristic for i13/2 neutrons, was taken to
be −0.2 [37]. The value of K was assumed to remain constant
with rotation and, as the 7/2−[523] rotational sequence is axi-
ally symmetric, γ was set to zero. The experimental signature
splitting can be seen to be negligible, Fig. 6, and therefore �e′

h̄ω

were also set to zero. In order to normalize the theoretical fit to
the experimental data the value of electric quadrupole moment
squared (Q2

0) was taken to be 48 e2b2. In the first comparison
of the B(M1)/B(E2) values calculated using the formula of

Dönau and Frauendorf with the experimental values, the value
of in was set to 0h̄ up to spin values of up to 25/2h̄ and 7h̄
for spins above this value, corresponding to the full alignment
gained after the AB band crossing in the even-even core. The
simple theoretical estimates can be seen to reproduce the trend
of the experimental results reasonably well. In the second cal-
culation, the values of neutron quasiparticle alignment were
taken from the experimental values of Fig. 6(b); the calcula-
tions do not reproduce the increase in B(M1)/B(E2) values
above spin 25/2h̄, which, for such a comparison, is unusual.
Again, It would be helpful to extend this rotational sequence
in 167Tm well beyond the rotational frequency corresponding
to the full alignment of the two i13/2 quasineutrons in order to
study the evolution of B(M1)/B(E2) values with increasing
angular momentum.

F. Comparison with the results of the projected shell model

The projected shell model (PSM) [38] is a shell-model con-
figuration mixing method that constructs its model basis from
angular-momentum projected multiquasiparticle (qp) states.
The model was established in the early 1990s by Hara and
one of the present authors (YS) aiming at describing rotational
bands in well-deformed nuclei. The present nucleus 167Tm
belongs to the mass region where odd-mass nuclei were first
discussed by the model [39]. It was shown [40] that the model
can well describe signature splitting effects in odd proton
nuclei. Later, the PSM was successfully applied to various
isotopes to interpret high-spin rotational bands in deformed
odd-proton nuclei (see Refs. [41–43] for example). The PSM
employs the Nilsson potential to generate deformed single
particle states. Pairing correlation is included through a BCS
calculation. The violated angular-momentum quantum num-
ber in the deformed quasiparticle states (for both protons and
neutrons) is recovered by the angular-momentum-projection
technique. Therefore, in the PSM the theoretical results can be
compared level to level with experimental data, for example
those presented in Fig. 1 of the present article, without the
need of transforming the data to the Routhian frame. For
details of the PSM, we refer to the recent review article [44].

To generate realistic deformed single-particle states for
167Tm, we use the newly adjusted Nilsson parameters [45].
We employ ε2 = 0.280 and ε4 = 0.015 as the input defor-
mation parameters, which are the values indicated by total
Routhian surface calculations. The monopole-pairing strength
is taken to be GM = [G1 ∓ G2(N − Z )/A]/A, with “−” for
neutrons and “+” for protons, and G1 = 20.12 and G2 =
13.13. The quadrupole-pairing strength GQ is assumed to be
proportional to GM with the proportionality constant fixed at
0.20. These parameters are standard for PSM calculations for
rare earth nuclei [38].

In Fig. 8, the excited states of the four rotational bands in
167Tm are plotted and compared with the current experimental
data presented in Fig. 1. The dominant configuration for each
rotational band is labeled in the plots. The observed basic
feature, namely the “zigzag” behavior within the bands in (a)
and (c) and the absence of “zigzags” in (b) and (d), is correctly
described. The phase of the “zigzags” follows the rule [39,40]
of signature splitting in band energies such that a state is
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FIG. 8. Comparison of experimental and calculated band struc-
tures for 167Tm. See text for details.

favored (unfavored) in energy if I − j = even (odd), with I
being the spin of a state in the rotational band and j the total
angular momentum of the spherical limit for the configuration
to which the band is assigned.

The calculated 1/2+[411] ground state band is found to
be in excellent agreement with the experimental data with
small-amplitude zigzags, as seen in Fig. 8(a). The Nilsson
state belongs to the proton 2d3/2 orbital in the spherical
limit, and according to the signature splitting rule, the energy
states with spin 3/2, 7/2, 11/2, . . . (I − 3/2 = even) are
favored. This trend is correctly reproduced by the calculation.
In Figs. 8(b) and 8(d), good agreement of calculations with
the data is also achieved for the rotational bands assigned
as 7/2+[404] and 7/2−[523]. These are high-K bands, and
therefore, do not exhibit zigzags in band energies.

In Fig. 8(c), the 1/2−[541] band corresponds to the intrin-
sic 1-qp configuration with K = 1/2 of the 1h9/2 orbital. Due
to the high- j, low-K nature, this band exhibits strong signature
splitting in band energies. According to the signature splitting
rule, the energy states with spin 1/2, 5/2, 9/2, . . . (I − 9/2 =
even) are favored in energy. While this feature is correctly re-
produced by the calculation, the theoretical curve in Fig. 8(c)
is shifted higher in energy compared to the data and the zigzag
behavior is exaggerated.

In order to probe the sensitivities of the calculated energy
levels to the choice of deformation parameters, additional
calculations were performed using two more sets of input
quadrupole deformation parameters for the 1/2−[541] and
7/2+[404] bands. In Fig. 9, the label PSM1 refers to a
calculation with a larger ε2 = 0.315 and ε4 = 0.013 val-
ues, while PSM2 corresponds to a calculation with smaller
values, namely ε2 = 0.265 and ε4 = 0.013. The other calcu-
lation conditions remained unchanged. It is found that, for the
calculation with PSM1, the energy levels of the 1/2−[541]
band agree much better with the data. In the Nilsson diagram,
the 1/2−[541] 1-qp state becomes an important excited state
in the ε2 = 0.300–0.350 deformation region. In contrast, for
the positive-parity 7/2+[404] band, the energy levels can be
reproduced perfectly with the smaller deformation of PSM2.

FIG. 9. Energy levels for the excited bands of 167Tm, calcu-
lated with two different sets of deformation parameters. See text for
details.

It may therefore be concluded that the calculated energy lev-
els of the 1-qp bands in 167Tm depend sensitively on the
deformation parameters. Reference [46] reached a similar
conclusion.

V. SUMMARY

The 164Dy(7Li, 4nγ ) 167Tm fusion-evaporation reaction
was used in the present work in a study of the rota-
tional sequences of 167Tm. The 1/2−[541] yrast sequence
has been established to spin 61/2−, the 1/2+[411] ground-
state band extended to (51/2+), and the 7/2+[404] and
7/2−[523] rotational sequences extended to spins (43/2+) and
(39/2−), respectively. Previously unassigned spin and parity
assignments should be regarded as tentative. Experimental
Routhians and quasiparticle aligned angular momenta have
been discussed within the context of the cranked shell model.
For the rotational sequence based on the 1/2+[411] Nils-
son configuration, there is an observed signature dependence
of rotational frequency at which the decay sequences based
on the three-quasiparticle configuration cross the sequences
based on the one quasiproton configuration; this is a conse-
quence of the signature splitting of the single-quasiparticle
Routhians. The experimental crossing frequencies are in good
agreement with the results of CSM calculations. No exten-
sions to the published level scheme were possible for for the
rotational sequence based on the 1/2−[541] configuration.
There is no experimental evidence that the deformation-
driving properties of the 7/2+[404] orbital has resulted in the
crossing frequency being significantly different from that of
the yrast sequence of the 166Er core. For the decay sequences
based on the 7/2−[523] configuration, a comparison of ex-
periment with the results of CSM calculations is challenging;
in this case, the strong interaction between the one- and
three-quasiparticle decay sequences results in Routhians for
which it is difficult to determine the crossing frequency within
the normal ≈2 keV uncertainty. Similarly, the quasiparticle
alignment increases over the complete measured range of rota-
tional frequencies. The theoretical estimates of B(M1)/B(E2)
ratios as a function of spin I (h̄) for the 7/2−[523] rota-
tional sequence, based on the semiclassical cranking formula
of Dönau and Frauendorf [33,34], have been shown to
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reproduce the trend of the experimental results reasonably
well when the value of the i13/2 neutron quasiparticle align-
ment was set to 0h̄ up to spin values of up to 25/2h̄ and
7h̄ for spins above this value, corresponding to the full CSM
alignment gain after the AB band crossing. However, when the
values of neutron quasiparticle alignment were taken from
experiment, the calculations do not reproduce the increase
in B(M1)/B(E2) values above spin 25/2h̄ which, for such
a comparison, is unusual. It would be helpful to extend this
rotational sequence well beyond the rotational frequency cor-
responding to the full alignment of the two i13/2 quasineutrons
in order to study the evolution of B(M1)/B(E2) values with
increasing angular momentum. Finally, the excited state pre-
dictions of the projected shell model (PSM) are in excellent
agreement with the experimental data over the complete range
of spin values. In particular, the experimental signature split-
ting of the low-� 1/2+[411] ground-state and 1/2−[541]
bands is correctly described. For the rotational sequences
based on the 1/2−[541] configuration, the theoretical curve is

shifted higher in energy compared to the data and the “zigzag”
behavior is exaggerated. It is found that the calculated energy
levels of the 1/2−[541] band agree much better with the data
when a larger value of the quadrupole deformation parameter
is used. It may be concluded that the calculated energy levels
of the 1-qp bands in 167Tm depend sensitively on the defor-
mation parameters used in the PSM calculation.
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