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Multiquasiparticle states in the neutron-rich nucleus 174Tm
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Deep inelastic and transfer reactions with an 820-MeV, 136Xe beam and various ytterbium and lutetium targets
have been employed to study high-spin structures in the neutron-rich thulium isotopes beyond 171Tm. Results in
the doubly odd nucleus, 174Tm, include the identification of numerous new two- and four-quasiparticle intrinsic
states including several isomers below 1 MeV, and the observation of the Kπ = 4− ground state rotational band
populated via direct decay from a τ = 153(10)-μs, Kπ = 14− isomer at 2092 keV. The 398-keV, M1 transition
linking the isomer and ground state band is abnormally fast for a highly forbidden, �K = 10 decay. This relative
enhancement is explained in terms of mixing of the 13− level with the nearby 13− member of a Kπ = 8−

rotational band, with an interaction strength of V ≈ 1.4 keV. Multiquasiparticle calculations are compared with
the observed states.
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I. INTRODUCTION

The prolate deformed nuclei of the rare-earth region typ-
ically have numerous neutron and proton Nilsson states near
the Fermi surface with large angular momentum projection
on the symmetry axis, K . Consequently, the structure of this
region is rich with high-seniority multiquasiparticle states
constructed from high-K orbitals. Often, when such high-K
multiquasiparticle states arise near or below the yrast line,
the de-excitation process is limited to decays toward levels
with low-K that can only proceed via high-multipolarity
transitions or transitions violating the K selection rule by an
order of forbiddenness, ν = �K − λ. Such states are termed
K isomers due to their unusually long lifetimes.

The neutron-rich, rare-earth region provides an ideal
hunting ground for the identification and characterization
of such isomers. This fact has been exploited over the last
few years in a number of studies utilizing deep inelastic
and incomplete fusion reactions with pulsed and chopped
beams [1–8]. The present results focus on neutron-rich thulium
isotopes (Z = 69), and specifically on the odd-odd nucleus,
174Tm. Results on the neighboring odd-A nuclei, 173Tm and
175Tm were recently presented [9], while details on the high-K
structure of 172Tm can be found in Ref. [8].

Until now, very little was known about the structure of
174Tm. The ground state spin and parity is assumed to be
Kπ = 4−, from the observation of allowed, unhindered β
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decay from 174Tm to the two lowest 5− states in 174Yb [10], as
well as from systematics. Chasteler et al. [11] studied levels
in 174Tm populated in the β decay of 174Er with γ and β
spectroscopy. They proposed several levels, but without spin
or parity assignments. The results were later confirmed by
Becker et al. [12], with the added assertion (based on the 0+
nature of the parent state) that the observed decays might feed
a low-lying, K = 0 isomer, as opposed to the 4− ground state.
Chakrawarthy et al. [13] used γ -ray and conversion-electron
spectroscopy in an experiment focused on isolating long-lived
isomers, following proton-induced spallation reactions on a
tantalum target. They identified a τ = 3.3-s, Kπ = 0+ isomer
at 252 keV in 174Tm. The isomer was observed to decay
to a Kπ = 3− level at 100 keV via an E3 transition and,
subsequently, to the Kπ = 4− ground state.

The new results presented here include comprehensive
information on the high-spin structure of this nucleus (up to
about 2 MeV), including the identification of a number of
two- and four-quasiparticle intrinsic states. Multiquasiparticle
calculations are also presented; these are used to assist in
configuration assignments for the various intrinsic states
identified in this work.

II. EXPERIMENTAL PROCEDURE

The present experiments were performed at Argonne
National Laboratory and utilized deep-inelastic and transfer
reactions with an 820-MeV, 136Xe beam. Several targets of
175Lu, 176Lu, 174Yb, and 176Yb were used in the experiments,
although most of the results presented here were obtained with
the 176Yb target. The beam energy and target thickness of about
6 mg/cm2 were chosen such that the yields of deep inelastic
and transfer reactions were maximized by integrating the beam
energy from about 24% above the Coulomb barrier down to
the barrier itself. The reaction products were stopped in gold
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FIG. 1. Proposed level scheme for 174Tm. The 0+ isomer at 252 keV is from Ref. [13]. Transition thicknesses represent their relative γ -ray
intensity.

backings to enable the observation of isomeric decays. The
Gammasphere array was used for γ -ray detection with 101
Compton suppressed germanium detectors in operation. The
major part of the experiment was performed using a pulsed
beam with nanosecond pulses at 825-ns intervals. Data were
also collected under different beam-chopping conditions to
measure long isomer lifetimes

The γ -ray data were initially sorted into the Blue database
[14]. After gain- and time-corrections as well as the removal
of detectors with poor timing or resolution, data were selected
to construct in-beam (−30 ns to + 100 ns) and out-of-beam
( + 100 ns to + 750 ns) γ -γ -γ cubes and other coincidence
matrices with various time requirements for analysis with
the RADWARE software package [15]. Asymmetric histograms
including γ -γ -time-difference and γ -γ -clock cubes were
analyzed using software built within ROOT [16].

More detail of the experimental configuration and analysis
techniques used in this work can be found in our recent
report [9].

III. RESULTS

A partial 174Tm level scheme from the present work is
given in Fig. 1. This level structure was initially associated
with a thulium isotope through the observation of coincident
characteristic x rays. Subsequent assignment to 174Tm was
based on the systematic analysis of the relative yield of this
structure in measurements using the 136Xe beam, but with
different Yb and Lu targets (see Ref. [9]), as well as by
the observation of the 100-keV, 3− state decay identified by

Chakrawarthy et al. [13]. Transitions reported by Chasteler
et al. [11] and Becker et al. [12] were not seen in the present
high-spin study, lending support to the assertion of Becker
et al., that the decays might feed a low-lying, low-K isomer.
Details leading to the construction of the level scheme are
discussed below.

A. Low-lying intrinsic states

Transitions associated with the newly observed 4− band
in 174Tm are presented in a sum of double-gated coincidence
spectra in Fig. 2. The band extends up to Jπ = 13− where it
is fed by a 398-keV transition from a 153-μs isomer placed at
2092 keV.
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FIG. 2. A γ -ray spectrum obtained from a sum of double-gates in
the out-of-beam cube from the 176Yb target data, showing transitions
associated with the 4− rotational band in 174Tm. (Contaminants are
labeled with filled circles.)

014311-2



MULTIQUASIPARTICLE STATES IN THE NEUTRON-RICH . . . PHYSICAL REVIEW C 88, 014311 (2013)

0

200

400

600
T

m
 X

90
.5

, 9
1.

2
97

10
0

11
8

16
2

19
2

19
7

20
8

21
5

23
8

26
2

27
2 29

8
30

1
30

4

44
0

44
6

50
0

50
9

(a) 200 keV / 489 keV

16
8

0

50

(b) 200 keV / 417 keV

T
m

 X

90
.5

, 9
1.

2
97

11
8

14
5

16
2

18
0

19
2

21
5 23

6

34
2

40
1

49
2

63
7

100 200 300 400 500 600
energy (keV)

0

50

100

150

(c) 200 keV / 401 keV (with    Lu subtraction)

T
m

 X

90
.5

, 9
1.

2
97

10
0

11
8

16
2

18
0

19
2 19

9,
 2

00
21

5
23

6

176

34
2

37
9

41
7

45
3

co
un

ts

FIG. 3. Coincidence spectra highlighting γ rays associated with
174Tm; (a) Spectrum produced from a double coincidence gate on the
200-/489-keV transitions selecting the most intense decay path fed by
the 2092-keV isomer; (b) 200-/417-keV gated spectrum showing the
145-, 401-, and 637-keV transitions which decay from the 2092-keV
isomer, and γ rays in the 8− rotational band; (c) Spectrum produced
with a 200-/401-keV double-gate in the 176Yb target data, with the
same gate in the 176Lu target data subtracted, to remove a strong 176Lu
contaminant.

Figure 3 highlights γ rays associated with several complex
cascades that run parallel to the 4− band. These cascades
are also fed by decays from the isomer and pass through
several different low-lying intrinsic states that are discussed
individually below.

1. 3− level at 100 keV

The spin and parity quantum numbers for this state were
previously established [13]. The associated rotational band has
not been observed in the present work.

2. (4+) isomer at 192 keV

A lifetime of τ = 22(3) ns for the 192-keV level was
obtained from the time-difference spectra of Fig. 4. This
newly observed isomer decays by 91.2-keV and 191.5-keV
transitions to the 3− and 4− bandheads, respectively.

The intensity of the 91.2-keV γ ray was extracted from
the combined 90.5-/91.2-keV peak in Fig. 3(a) and bal-
anced against the 100-keV transition intensity, resulting in
a measured internal conversion coefficient, αT (91.2 keV) =
0.63(36), to be compared with predictions [17] of 0.43 for
an E1, 4.04 for an M1, 4.38 for an E2, and 41.2 for an M2
multipolarity. This makes E1 the only reasonable assignment
for the 91.2-keV transition.
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FIG. 4. Time-difference spectra with fits for the 192-keV and
497-keV isomer lifetimes. (a) Spectrum produced by gating on the
200-keV and 215-keV γ rays. A fit gives τ = 15(2) ns for the 497-keV
state. (b) Gate on the 200-keV and 192-keV γ rays where τ = 22(3)
ns is obtained for the 192-keV state lifetime by fixing the 497-keV
level lifetime to τ = 15 ns.

The 192-keV branch, also to a negative parity state, must
be of E1 or M2 character. An M2 assignment can be ruled
out as it would imply an unacceptable [18] transition strength
of 90 W.u. The observed E1 decays to the 3− and 4− states,
therefore, limit the spin and parity assignments for the 192-keV
level to either 3+ or 4+. A 4+ assignment is favored as no
low-lying 3+ states are expected.

The 97-, 118-, and 215-keV transitions are likely to be
part of a band built on the (4+) level. As discussed below,
the rotational alignment and |gK − gR| value of this band
(Table III) are consistent with predictions for an expected
low-lying Kπ = 4+ state, and, thus, support the present
assignments.

3. (7+) isomer at 497 keV

Figure 4 indicates that the 497-keV state has a lifetime of
τ = 15(2) ns. Balancing the intensities for the 90.5-, 97-, and
215-keV transitions in a 192-/200-keV gated spectrum [taking
δ(97 keV) = 0.27(3), deduced assuming |gK -gR| = 0.50(6)
from Table II] implies αT (90.5 keV) = 3.6(6), while an inten-
sity balance for the 90.5-keV and 162-keV transitions [taking
δ(162 keV) = 1.2(3), deduced assuming |gK -gR| = 0.10(3)
for the 8− band in Table II] gives αT (90.5 keV) = 3.1(8).
These values can be compared to predictions [17] of 0.43
for an E1, 4.13 for an M1, 4.51 for an E2, and 42.4 for
an M2 multipolarity. This suggests a multipolarity of either
M1 or E2 for the 90.5-keV transition. The spin and parity
of the 497-keV level is thus limited to Kπ = 7+ or 8+.
A Kπ = (7+) assignment is suggested, since no 8+ state is
expected below 1 MeV in this nucleus, while a low-lying 7+
state is expected (see discussion below). A 155-keV transition

014311-3



R. O. HUGHES et al. PHYSICAL REVIEW C 88, 014311 (2013)

observed weakly in the out-of-beam data is assigned as the
first cascade transition in its related band.

4. 8− state at 697 keV

A lifetime of τ = 5(2) ns is deduced for this level from
the time-difference spectrum given in Fig. 5(d). The isomer
is observed to decay to the 497-keV state via a 200-keV
transition, although a weak, unobserved, 45-keV transition
to the (8+), 652-keV level is also inferred from its population
in the out-of-beam data. Balancing the total intensity of the
200-keV transition against the 162-keV γ ray in a 91-/489-
keV gated spectrum [again assuming δ(162 keV) = 1.3(3)]
yields αT (200 keV) = 0.08(4). Comparison with predicted
values [17] of 0.06 (E1), 0.44 (M1), 0.26 (E2), and 2.37
(M2), strongly suggests an E1 assignment for the 200-keV
transition.

Some of the transitions associated with a rotational band
built on this state are evident in Figs. 3(b) and 3(c). The
first excited state in this band is populated very strongly by a
489-keV interband transition from the level at 1347 keV. At
higher spin, there are strong indications that the 1691-keV
member mixes with the 1694-keV, 13− level of the ground state
band, as discussed later. This mixing requires the 1691-keV
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indicates a shift due to a short, intervening isomer; (a) 509-/489-keV
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state to also have Jπ = 13−, so that the 697-keV bandhead is
fixed at Kπ = 8−. This conclusion also indirectly supports the
spin and parity assignments to the low-spin states at 192, 288,
406, 497, and 652 keV.

B. Higher-lying intrinsic states

1. 10+ state at 1347 keV

The time-difference spectra in Fig. 5(a) and (b) indicate
a conservative lifetime limit of τ < 3 ns for the 1347-keV
state. This level decays via two branches to the 9− and 10−
members of the 8−, 697-keV band. The lifetime limit and
absence of other branches constrains the spin and parity to
Kπ = 10+, 10−, or 11−. The multipole order of the 489-keV
transition was deduced from a measurement of the angular
correlation between it and the 162-keV, E2/M1 cascade
transition [assuming δ(162 keV) = 1.2(3)] using a prescription
similar to that outlined in Ref. [5]. The resulting correlation,
displayed in Fig. 6, implies that the 489-keV γ ray is of dipole
(M1 or E1) character. An M1 multipolarity can be excluded
because of the absence of an allowed E2 transition to the
697-keV level, leaving only an E1 assignment for the 489-keV
transition. This and the observation of a weaker E1 transition
to the 10− level at 1039 keV fixes the spin and parity of the
1347-keV state to Kπ = 10+.

Transitions associated with the 10+ rotational band can be
seen in the spectra of Figs. 3(a) and 7. The band is populated
by 37- and 298-keV transitions from the 14− isomer. An
intensity balance between these two transitions [assuming
δ(238 keV) = 0.29(4)] in a spectrum gated on the 208- and
262-keV γ rays, results in αT (37 keV) = 2.5(−1.9,+4.3).
The large uncertainty originates from the low-intensity of
the 37-keV line combined with a 30% uncertainty in the
efficiency curve below 60 keV [9]. Comparison with predicted
values [17] of 0.9 (E1), 9.3 (M1), 241 (E2), and 609 (M2)
suggests an E1 assignment for the 37-keV transition, although
an M1 assignment cannot be ruled out. An E1 assignment is
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consistent with the proposed spin and parity assignments and
is strongly favored.

2. (11+) state at 1652 keV

This level deexcites through 304-keV and 96.6-keV γ
rays to the 10+ and 11+ members of the Kπ = 10+ band at
1347 keV. A multipolarity assignment for the weak 96.6-keV
γ ray requires an intensity balance that accounts for the
lower-lying, more intense 96.7-keV transition. Comparison of
the resulting αT (96.6 keV) = 3.1(20) value with predictions
[17] suggests a possible M1 or E2 character. However, an
E2 assignment is excluded since this would imply an M3
multipolarity for the 304-keV transition. An M1 assignment
for the 96.6-keV branch, and a probable M1 or E2 character
for the 304-keV transition restrict the 1652-keV state to
Kπ = 11+ or 12+. Kπ = (11+) is tentatively favored on the
basis of hindrance arguments for the 440-keV branch to this
state from the 14− isomer (see discussion below).

3. (12+) state at 1923 keV

It is unclear whether the 1923-keV level is the first member
of the 1652-keV band, or an intrinsic state, since the 272-keV
γ ray connecting these levels is higher in energy than the
expected energy of 254 keV estimated for the first cascade
transition in a K = 11 band (assuming h̄2

2I
= 10.6 keV). If

it is an intrinsic state, the absence of decay branches to
states in the 697-keV, 8− or 1347-keV, 10+ bands restricts
its spin and parity to Jπ = 12+, 12−, or 13+. However, 12−
or 13+ assignments are unlikely, based on the inspection
of the hindrance values for the 168-keV transition from the
2092-keV isomer (see below). A tentative assignment of (12+)
is, therefore, proposed.

4. (11−) state at 1856 keV

The observation of decay branches of 818, 620, 509, 301,
and 205 keV to the 10− (1039 keV), 11− (1237 keV), 10+
(1347 keV), 11+ (1556 keV), and 11+ (1652 keV) states,
respectively (see Fig. 8), restricts the spin and parity of
this level to Kπ = 11±. All five decay branches are thus
of dipole character. The 205-, 301-, and 509-keV γ rays to
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FIG. 8. A spectrum showing γ rays in 174Tm obtained from a
sum of 197-/162-keV and 197-/342-keV double-gates. The spectrum
shows 301-, 509-, 620-, and 818-keV γ -ray branches from the 1856-
keV state. Contaminants are labeled with filled circles.

the Kπ = 10+ and 11+ bands are allowed, and the 620-keV
and 818-keV branches to the Kπ = 8− band are twice K-
forbidden. An 11− assignment implies an E1 character for
the three allowed transitions and an M1 multipolarity for the
two twice-forbidden decays. Given the intrinsic retardation
associated with electric dipole transitions such an assignment
seems more likely than the 11+ alternative. Only an upper
lifetime limit of τ < 5 ns was deduced for the 1856-keV level
so that the decay strengths could not be measured. The 11−
assignment should therefore be viewed as tentative.

5. (12−) state at 2053 keV

The 197- and 208-keV transition intensities were balanced
[assuming δ(208 keV) = 0.29(4)] in a spectrum produced
from a double gate on the 301- and 489-keV transitions. The
resulting conversion coefficient of αT (197 keV) = 0.37(13)
leaves possible M1 or E2 alternatives for the 197-keV
transition from comparison to predictions [17] of 0.06 (E1),
0.46 (M1), 0.28 (E2), and 2.50 (M2). The 2053-keV state
is, therefore, restricted to Kπ = 10−, 11−, 12−, or 13−. Spin
assignments lower than Jπ = 12− are unlikely, since relatively
strong decay branches to states in the Kπ = 8− band would
be expected (as was observed for the decay of the 1856-keV,
11− state). Furthermore, an assignment of 13− would make
the unobserved, 39-keV transition from the 14− isomer to this
state an allowed M1 de-excitation, with a very large hindrance.
The state is tentatively assigned as Jπ = (12−) on the basis of
these considerations. It is possible that the 2053-keV level is
the first member of a band built on the Kπ = 11−, 1856-keV
state.

6. 14− isomer at 2092 keV

The lifetime of the 2092-keV state was measured to be
τ = 153(10) μs from the time curve of Fig. 9. The spectrum
was produced from a sum of double gates on strong 174Tm
lines in a γ -γ -clock cube constructed from the 1 ms/3 ms
chopped data with the 176Yb target (see Ref. [9] for details).

The spin and parity of the isomer can be restricted to
Kπ = 14±, based on the observed decay branches to states
with firm spin and parity assignments. As will be discussed
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FIG. 9. Decay of the 2092-keV, 14− isomer in 174Tm as observed
in the 1 ms/3 ms-chopped, γ -γ -clock data set obtained with the 176Yb
target. The spectrum provides the intensity of coincidence events
between the 489-keV transition and the 162-, 200-, and 208-keV γ

rays as a function of time. The spectrum was corrected to remove a
time distortion at the start of the spectrum, by dividing out nominally
flat time spectra produced for the τ = 16 s isomer in 176Yb [19].

later, negative parity is favored on examination of the reduced
hindrances of the isomer branches to the 8− and 10+ bands.

Due to the long lifetime, it was not possible to correlate
transitions across this isomer. Consequently, levels above the
14− isomer, including those associated with its rotational band,
remain unobserved.

C. Summary of energy levels and γ rays associated with 174Tm

Table I lists the properties of γ -ray transitions assigned to
174Tm, including the energies and intensities, the initial and
final level energies, and the spin/parity assignments (where
applicable). γ -ray intensities deduced from the out-of-beam
data are normalized to the prominent 199.7-keV line. Since
there was no single spectrum in which all out-of-beam intensi-
ties could be measured, a total feeding intensity is assumed
for the 2092-keV isomer, which subsequently feeds down
through the decay scheme. The γ -ray intensities from each
level are deduced from the total intensity feeding into that level
and the measured branching ratios. Conversion coefficients for
each γ -ray branch are assumed from Ref. [17]. The intensity
errors take into account the uncertainties in conversion
coefficients, feeding intensities and branching ratios.

IV. CONFIGURATION ASSIGNMENTS

Due to the degeneracy splitting of parallel and antiparallel
couplings of neutron-proton configurations on the one hand,
and the fact that neutrons and protons can couple in numerous
different configurations on the other, the level density for odd-
odd nuclei can be much higher than that for nearby odd-mass
nuclei. This makes the level schemes and their interpretation
more challenging. Low lying, high-K structures in 174Tm
are expected to be formed mainly from the 1/2+[411] and
7/2−[523] proton, and 7/2−[514], 9/2+[624], and 5/2−[512]
neutron orbitals.

FIG. 10. Net rotational alignment in 174Tm. A reference with
Harris parameters of I0 = 39.5 h̄2/MeV and I1 = 50.1 h̄4/MeV3

have been subtracted from the observed total alignments. Dashed
lines are the sum of empirical neutron and proton alignments that
make up a certain multiquasiparticle configuration, as described in
the text.

The rotational alignments of bands in 174Tm are provided in
Fig. 10. Reference parameters were taken as the average of the
values appropriate for 173Tm and 175Tm. In the figure, the odd-
mass reference suggests significant increases in the alignments
with increasing spin, even in sequences such as the 4−
ground state band of 174Tm, for which neither the 1/2+[411]
proton nor the 7/2−[514] neutron are expected to contribute
much rotational alignment. These up-sloping alignments are
artificial, arising from the chosen reference parameters which
do not take into account a reduced neutron pairing strength
due to the unpaired neutron [20,21]. Nevertheless, the present
alignment plots are still satisfactory for interpreting the relative
alignments of different configurations, but this effect should
be kept in mind when examining Fig. 10.

In-band decay properties for rotational bands in 174Tm
are displayed in Table II. Table III compares experimentally
deduced |gK−gR| values with predictions assuming empirical
Q0, gK , and gR values adopted from neighboring nuclei
[9,22–27].

A. Two-quasiparticle states in 174Tm

1. ν 7/2−[514] ⊗π 1/2+[411] configuration

Previously, the ground state in 174Tm was assigned as
the ν7/2−[514] ⊗π1/2+[411] configuration [10,13], while
Chakrawarthy et al. [13] proposed that the Kπ = 3− excited
state at 100 keV was the energetically unfavored, antiparallel
coupling of the same configuration. The g factor for the Kπ =
4− ground state band is measured to be |gK − gR| = 0.32(6)
(the weighted average of |gK − gR| values from Table II).
This measurement compares well to a theoretical prediction of
gK − gR = −0.21(6) in Table III. It is interesting to note that
the rotational energy spacings (and, thus, the implied moment
of inertia) of this band are very similar to those observed for
the 7/2−[514] ground state band of 175Yb. The implication
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TABLE I. Transitions assigned to 174Tm.

Eγ (keV) Iγ Ei (keV) Ef (keV) Kπ
i J π

i Kπ
f J π

f

37(1) 373(55)b 2092.0 2055.4 14− 14− 10+ 13+

39(1)a 242(35)b 2092.0 2053.0 14− 14− (12−) (12−)
45(1)a 66(41)b 696.6 651.5 8− 8− (8+) (8+)
90.5(5) 218(56) 496.9 406.3 (7+) (7+) (4+) (6+)
91.2(6) 393(119) 191.5 100.3 (4+) (4+) 3− 3−

96.6(3) 10(7) 1651.8 1555.5 (11+) (11+) 10+ 11+

96.7(2) 231(59) 288.4 191.5 (4+) (5+) (4+) (4+)
100.3(3) 138(42) 100.3 0 3− 3− 4− 4−

106.3(2) 46(14) 106.3 0 4− 5− 4− 4−

117.9(2) 351(90) 406.3 288.4 (4+) (6+) (4+) (5+)
127.3(3) 41(13) 233.6 106.3 4− 6− 4− 5−

145(1) 15(4) 2092.0 1947 14− 14− 8− 14−

148.3(3) 40(11) 382.0 233.6 4− 7− 4− 6−

154.6(3) 35(19) 651.5 496.9 (7+) (8+) (7+) (7+)
161.6(1) 597(133) 858.2 696.6 8− 9− 8− 8−

168.1(3) 18(5) 2092.0 1923.4 14− 14− (12+) (12+)
169.2(4) 18(6) 551.1 382.0 4− 8− 4− 7−

180.2(2) 78(25) 1038.5 858.2 8− 10− 8− 9−

189.4(3) 27(7) 740.7 551.1 4− 9− 4− 8−

191.5(2) 528(146) 191.5 0 (4+) (4+) 4− 4−

196.6(2) 170(25) 2053.0 1856.4 (12−) (12−) (11−) (11−)
198.7(5) 55(18) 1237.2 1038.5 8− 11− 8− 10−

199.7(1) 1000(254) 696.6 496.9 8− 8− (7+) (7+)
205(1) 6(3) 1856.4 1651.8 (11−) (11−) (11+) (11+)
208.1(2) 414(82) 1555.5 1347.4 10+ 11+ 10+ 10+

209(1) 6(3) 949.5 740.7 4− 10− 4− 9−

214.8(3) 84(23) 406.3 191.5 (4+) (6+) (4+) (4+)
218.0(5) 23(9) 1455.1 1237.2 8− 12− 8− 11−

229(1) 17(4) 1179.0 949.5 4− 11− 4− 10−

233.6(3) 22(6) 233.6 0 4− 6− 4− 4−

235.5(4) 25(6) 1690.5 1455.1 8− 13− 8− 12−

238.1(2) 298(48) 1793.6 1555.5 10+ 12+ 10+ 11+

248(1) 6(3) 1426.9 1179.0 4− 12− 4− 11−

256(1) 4(3) 1947 1690.5 8− 14− 8− 13−

261.8(1) 254(41) 2055.4 1793.6 10+ 13+ 10+ 12+

263.6(3) 23(6) 1690.5 1426.9 8− 13− 4− 12−

267.5(5) 5(2) 1694.3 1426.9 4− 13− 4− 12−

271.6(3) 79(20) 1923.4 1651.8 (12+) (12+) (11+) (11+)
275.7(1) 59(16) 382.0 106.3 4− 7− 4− 5−

298.3(2) 65(10) 2092.0 1793.6 14− 14− 10+ 12+

300.9(2) 88(14) 1856.4 1555.5 (11−) (11−) 10+ 11+

304.4(4) 87(24) 1651.8 1347.4 (11+) (11+) 10+ 10+

308.7(6) 27(6) 1347.4 1038.5 10+ 10+ 8− 10−

317.4(3) 47(15) 551.1 233.6 4− 8− 4− 6−

341.9(2) 117(37) 1038.5 696.6 8− 10− 8− 8−

358.7(1) 107(28) 740.7 382.0 4− 9− 4− 7−

378.9(3) 122(28) 1237.2 858.2 8− 11− 8− 9−

397.7(3) 34(9) 2092.0 1694.3 14− 14− 4− 13−

398.5(3) 39(14) 949.5 551.1 4− 10− 4− 8−

401.3(2) 308(46) 2092.0 1690.5 14− 14− 8− 13−

416.6(3) 85(29) 1455.1 1038.5 8− 12− 8− 10−

438.3(1) 141(34) 1179.0 740.7 4− 11− 4− 9−

440.0(5) 32(8) 2092.0 1651.8 14− 14− (11+) (11+)
446.3(3) 33(5) 1793.6 1347.4 10+ 12+ 10+ 10+

453.3(3) 147(28) 1690.5 1237.2 8− 13− 8− 11−

457(1) 14(9) 1694.3 1237.2 4− 13− 8− 11−

477.6(3) 25(9) 1426.9 949.5 4− 12− 4− 10−
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TABLE I. (Continued.)

Eγ (keV) Iγ Ei (keV) Ef (keV) Kπ
i J π

i Kπ
f J π

f

489.2(1) 756(156) 1347.4 858.2 10+ 10+ 8− 9−

492(1) 26(20) 1947 1455.1 8− 14− 8− 12−

500.0(3) 66(11) 2055.4 1555.5 10+ 13+ 10+ 11+

509.1(3) 86(14) 1856.4 1347.4 (11−) (11−) 10+ 10+

511.3(1) 126(24) 1690.5 1179.0 8− 13− 4− 11−

515.3(3) 30(9) 1694.3 1179.0 4− 13− 4− 11−

619.5(3) 20(9) 1856.4 1237.2 (11−) (11−) 8− 11−

637.1(4) 60(9) 2092.0 1455.1 14− 14− 8− 12−

818.2(2) 44(9) 1856.4 1038.5 (11−) (11−) 8− 10−

aTransition unobserved, inferred from coincidence observations.
bTotal intensity, inferred from intensity balances.

here is that the 1/2+[411] proton coupled to the same neutron
in the 174Tm ground state configuration acts as a spectator in
terms of the rotational structure.

2. ν 9/2+[624] ⊗π 1/2+[411] configuration

A Kπ = 4+ state can be produced from a number of al-
ternative configurations, including ν1/2−[510]⊗π7/2−[523],
ν1/2−[521]⊗π7/2−[523], ν7/2+[633]⊗π1/2+[411], and
ν9/2+[624]⊗π1/2+[411]. However, given the very low ex-
citation energy for the observed 4+ isomeric state at 192 keV,
all but the (energetically favored) antiparallel coupling of the
ν9/2+[624]⊗π1/2+[411] configuration can be excluded on

TABLE II. In-band decay properties for rotational bands in 174Tm.

J π Eγ (M1) Eγ (E2) λ |gK − gR| |δ|
(h̄) (keV) (keV) I�J=2/I�J=1

4− 0 keV
6− 127.3 233.6 0.53(6) 0.37(4) 0.41(5)
7− 148.3 275.7 1.47(15) 0.33(3) 0.46(5)
8− 169.2 317.4 2.55(39) 0.32(5) 0.46(7)
9− 189.4 358.7 4.01(39) 0.31(3) 0.48(5)
10− 209 398.5 7.7(35) 0.25(11) 0.59(27)
11− 229 438.3 8.3(14) 0.28(4) 0.52(8)
12− 248 477.6 4(2) 0.48(23) 0.30(14)
13− 267.5 515.3 5.8(15) 0.44(11) 0.33(8)

weighted average 0.32(6)

4+ 192 keV

6+ 117.9 214.8 0.24(3) 0.50(6) 0.27(3)

8− 697 keV
10− 180.2 341.9 1.49(23) 0.07(1) 1.94(29)
11− 198.7 378.9 2.23(59) 0.11(3) 1.10(29)
12− 218.0 416.6 3.7(11) 0.11(3) 1.15(32)
13− 235.5 453.3 6.0(8) 0.09(1) 1.35(18)
14− 256 492 6.2(56) 0.12(11) 1.03(92)

weighted average 0.10(3)

10+ 1347 keV
12+ 238.1 446.3 0.11(1) 0.48(7) 0.29(4)
13+ 261.8 500.0 0.26(3) 0.47(5) 0.30(3)

weighted average 0.47(7)

the basis that the neutrons involved are located too far from
the Fermi level.

Figure 10 indicates that the 192-keV, (4+) band exhibits
slightly more rotational alignment than the 4− ground state
sequence, which is consistent with the presence of an i13/2

neutron.
The Gallagher-Moszkowski rules [28] predict that the 5+

parallel coupling of this configuration will be energetically
unfavored and, thus, should lie above the 4+ coupling.
A residual interaction of ±79 keV was deduced for this
configuration using an approach similar to that of Jain et al.
[29] (including a rotational correction for both states). An
expected excitation energy of Ex ≈ 360 keV is then expected
for the 5+ parallel coupling. No decay branch is observed from
the 7+, 497-keV isomer to this 5+ state, although it would
correspond to an allowed E2 transition.

3. ν 7/2−[514] ⊗π 7/2−[523] configuration

Chakrawarthy et al. [13] reported a Kπ = 0+, 252-keV
isomer with τ = 2.3 s, that decays to the 3− state at 100 keV
via a 152-keV, E3 transition. They suggest that the isomer
is the favored, antiparallel coupling of the ν 7/2−[514] ⊗π
7/2−[523] configuration.

The 7+ level at 497 keV is a good candidate for the
energetically unfavored parallel coupling. In the absence of
information on its associated rotational band no |gK − gR|
measurement was possible, but Fig. 10 suggests a reasonably
large rotational alignment for the 7+ band, consistent with the
presence of a h11/2 proton.

In the odd-odd isotone, 176Lu, an energy difference of
218 keV [30] is seen between the 0+ and 7+ couplings of
this configuration. This is similar to the difference of 245 keV
seen between the 497-keV and 252-keV states in the present
case of 174Tm.

4. ν 9/2+[624] ⊗π 7/2−[523] configuration

The observation of a low-lying 7/2−[523] proton excitation
(coupled to a 7/2−[514] neutron at 252 keV and 497 keV),
and a low-lying 9/2+[624] neutron excitation (coupled to a
1/2+[411] proton at 192 keV), leads to the expectation of
a low-lying ν 9/2+[624] ⊗π 7/2−[523] configuration. The
697-keV state is a good candidate for the parallel coupling
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TABLE III. Comparison of the experimental |gK − gR| and predicted gK−gR values for proposed configurations in 174Tm.

Kπ Configurationa gK − gR
b |gK − gR|

ν π predicted measured

3− 7/2−[514] ↓ 1/2+[411] +0.21(8)
4− 7/2−[514] ↑ 1/2+[411] −0.21(6) 0.32(6)
4+ 9/2+[624] ↓ 1/2+[411] −0.39(9) 0.50(6)
5+ 9/2+[624] ↑ 1/2+[411] −0.61(7)
7+ 7/2−[514] ↑ 7/2−[523] +0.45(9) –
8− 9/2+[624] ↑ 7/2−[523] +0.12(9) 0.10(3)
10+ 7/2−[514] 9/2+[624] 5/2−[512] ↓ 1/2+[411] −0.35(7) 0.47(7)
11+ 7/2−[514] 9/2+[624] 5/2−[512] ↑ 1/2+[411] −0.45(7) –
11− 7/2+[633] 7/2−[514] 9/2+[624] ↓ 1/2+[411] −0.29(7) –
12− 7/2+[633] 7/2−[514] 9/2+[624] ↑ 1/2+[411] −0.39(7) –
14− 7/2−[514] 9/2+[624] 5/2−[512] ↑ 7/2−[523] −0.07(8) –

aArrows show the parallel (up) or antiparallel (down) coupling of the quasiproton in the configuration.
bg� values are taken from various empirical measurements [9,22–26], the gR value is taken to be 0.34(2) [27].

of this configuration, and no alternative 8− configuration is
expected at this low energy.

The experimentally deduced value of |gK − gR| = 0.10(3)
is in excellent agreement with the predicted value of 0.12(9)
(Table III), corroborating the configuration assignment. The
1−, antiparallel coupling is expected to lie at about 770 keV,
after allowing for the residual interactions, but is not observed
in the present work.

Figure 10 indicates a large rotational alignment for this
band, consistent with the presence of both a h11/2 proton and an
i13/2 neutron in the configuration. The dotted line in the figure
is a sum of the alignments from the 7/2−[523] proton (from
the mean of 173Tm and 175Tm values) and 9/2+[624] neutron
(from 175Yb [31,32], taking the average of two references that
are appropriate for the ground state bands in 174Yb and 176Yb,
respectively). The good agreement lends further support to the
proposed configuration assignment.

5. Hindered decays from the low-lying isomers

Table IV presents hindrance values for decays from the
intermediate isomers at 192, 497, and 697 keV. In the case
of the 90.5-keV, M1 decay from the 497-keV isomer the
transition is K-forbidden (ν = 2), and the corresponding
reduced hindrance has a reasonable value of fν = 42(4).

The E1 transitions associated with the (4+) and 8− isomer
decays all have strengths that fall close to 10−5 W.u.; this
seems slightly high (for comparison, allowed E1 transitions
in 173Tm have strengths around 10−6 W.u. [9]). With the
present proposed configuration assignments, the decays from
both isomers represent the same 9/2+[624]→ 7/2−[514]
neutron configuration change, coupled to a 1/2+[411] proton
in the case of the (4+)→3− and (4+)→4− decays, and to a
7/2−[523] proton for the 8− →(7+) and 8− →(8+) decays.
In the rare-earth region, numerous examples of relatively fast
E1 transitions associated with the 9/2+[624]→ 7/2−[514]
neutron configuration change have been observed. It has
been proposed that this may be attributed to an octupole
softness [33].

B. Four-quasiparticle states in 174Tm

According to the multiquasiparticle calculation
(see Table VII below), two-quasiparticle configurations
with K > 9, as well as six-quasiparticle configurations,
will not appear below 2 MeV. The high-K states between
1347 and 2092 keV, therefore, most probably arise from
four-quasiparticle configurations. Figure 11 compares ν3 ⊗ π
configurations in the odd-odd isotones, 176Lu and 178Ta,
with the states observed in 174Tm. Common three-neutron

TABLE IV. Hindrance values for transitions of multipolarity, σL, de-exciting low-lying isomers in 174Tm.

Initial State J π Eγ (keV) Iγ relative σL αT B(σL)a Hindrance FW

191.5 keV τ = 22(3) ns
(4+) 91.2 393(119) E1 0.425 1.32(47) × 10−5 1.52(55) × 105

191.5 528(146) E1 0.060 1.92(66) × 10−6 1.05(36) × 106

496.9 keV τ = 15(2) ns
(7+) 90.5 218(56) M1 4.13 9.97(13) × 10−4 1.80(24) × 103

696.6 keV τ = 5(2) ns
8− 199.7 1000(254) E1 0.054 1.41(68) × 10−5 1.43(68) × 105

45 43(27) E1 0.53 5.3(42) × 10−5 3.8(30) × 104

aB(E1) units are e2fm2 and B(M1) units are μ2
N .
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TABLE V. Hindrance values for decay branches from the 2092-keV isomer in 174Tm. The allowed, 39-, 168-, and 440-keV decay information
is only given for the adopted 14− assignment.

Eγ (keV) Iγ (rel.) σL αT B(σL)a FW ν fν

Option (a): 14+ τ = 153(10) μs
398 34(9) E1 0.010 1.87(53) × 10−12 1.07(30) × 1012 9 22(1)
637 60(9) M2 0.058 2.33(42) × 10−4 2.21(40) × 105 4 22(1)
401 308(46) E1 0.010 1.65(29) × 10−11 1.22(22) × 1011 5 165(6)
145 15(4) E1 0.125 1.70(48) × 10−11 1.18(33) × 1011 5 164(10)
298 65(10) E2 0.073 1.24(23) × 10−4 4.66(85) × 105 2 683(63)
37 36(5)b M1 9.25 2.23(38) × 10−7 8.0(14) × 106 3 200(12)

Option (b): 14− τ = 153(10) μs
398 34(9) M1 0.068 1.53(43) × 10−10 1.17(33) × 1010 9 13(1)
637 60(9) E2 0.009 2.33(42) × 10−6 2.48(44) × 107 4 71(3)
401 308(46) M1 0.067 1.35(24) × 10−9 1.32(24) × 109 5 67(3)
145 15(4) M1 1.07 1.40(40) × 10−9 1.28(36) × 109 5 66(4)
298 65(10) M2 0.609 1.01(18) × 10−2 5.07(92) × 103 2 71(7)
37 195(29)b E1 0.913 1.21(22) × 10−8 1.66(30) × 108 3 550(33)
39 1.3(3)b E2 186 5.9(15) × 10−2 983(246) 0 –
168 18(5) M2 4.34 4.9(15) × 10−2 1039(306) 0 –
440 32(8) E3 0.076 87.7(24) 21(6) 0 –

aB(EL) units are (e2fm2L) and B(ML) ones are (μ2
N fm2L−2).

bIntensity inferred from intensity balances.

configurations seen in the higher-mass isotones should also
be expected at similar energies (albeit with different proton
couplings) in 174Tm, as is implied by the figure.

1. 14− isomer at 2092 keV

Table V shows reduced hindrance values for the two
possible spin and parity assignments of 14− and 14+ for the
2092-keV isomer. As will be discussed, the observed strengths
favor negative parity. In the case of the E1 transitions, for
example, while reduced hindrance values are expected to

1347  10 +

1652(11 )   + 

1856(11 )   - 

2053(12 )   - 2092  14 -

1588    14 +

1468    15 -

1892    16 +

Tm174
 69  105 Lu176

 71  105 Ta178
 73  105

  [21/2 ] x +/- [1/2 ] 3     +            + ν π

  [23/2 ] x +/- [1/2 ] 3     -            + ν π

  [21/2 ] x  [7/2 ] 3     +         - ν π

  [21/2 ] x  [7/2 ] 3     +         + ν π

  [21/2 ] x  [9/2 ] 3     +         - ν π

  [23/2 ] x  [9/2 ] 3     -         - ν π

FIG. 11. Multiquasiparticle states in the N = 105, odd-odd iso-
tones. Configuration assignments in 174Tm are on the basis of the
expected couplings of the three-quasineutron states in the odd-odd
neighbors to unpaired 1/2+[411] and 7/2−[523] protons in 174Tm.
The proton labels refer to the 1/2+[411], 7/2−[523], 7/2+[404],
and 9/2−[514] orbitals. For the neutron labels, ν3[21/2+] represents
the 5/2−[512]7/2−[514]9/2+[624] configuration and ν3[23/2−]
represents the 7/2+[633]7/2−[514]9/2+[624] configuration.

fall within the range fν ∼ 30–200 [34,35], E1 transitions
are normally more retarded (hence, the frequent use of an
additional, arbitrary, reduction factor which is not included
here) but large variations are observed. In the case of positive
parity, the values for the 401- and 145-keV E1 transitions
are probably abnormally low. In contrast, the high reduced
hindrance of 550(33) for the 37-keV E1 transition in the case of
negative parity seems acceptable. For comparison, E1 reduced
hindrances of several thousand are observed in 172Tm [8]. The
reduced hindrances (≈22) of the 398-keV (E1) and 637-keV
(M2) transitions in the case of positive parity would both
be anomalously low. In contrast, the low hindrance observed
for the 398-keV transition in the case of negative parity is
naturally explained (see below) by mixing of the 1691- and
1694-keV levels. Finally, the very large reduced hindrance for
the 298-keV E2 transition would be sufficient, by itself, to
exclude positive parity.

An obvious candidate for the configuration of the 14−
isomer (as implied in Fig. 11), is the ν5/2−[512]7/2−[514]
9/2+[624]⊗π7/2−[523] configuration.

2. 1347-keV, 10+ and 1652-keV, (11+) states

The experimentally deduced value of |gK − gR| = 0.47(7)
for the band built on the 1347-keV state is in reasonable
agreement (Table III) with the value of −0.35(7) pre-
dicted for the antiparallel 1/2+[411] proton, coupled to the
ν5/2−[512]7/2−[514]9/2+[624] configuration. As no other
Kπ = 10+ states are expected so low in energy, this seems a
likely assignment. The large rotational alignment for this band
(shown in Fig. 10) is consistent with the presence of an i13/2

neutron in the configuration.
The parallel, 11+, coupling of the

ν5/2−[512]7/2−[514]9/2+[624] ⊗π1/2+[411] configuration
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TABLE VI. Comparison of neutron-proton residual interactions for two-quasiparticle configurations, as deduced from observations in
172Tm, 174Tm, and 175Tm, with adopted values from Kondev [36].

Configuration Kπ
< Ex Erot Kπ

> Ex Erot Eres(exp) Eres(Ref. [36])

ν π (keV) (keV) (keV) (keV) (keV) (keV)

172Tm
5/2−[512] 1/2+[411] 2− 0.0 20.9 3− 240 33.8 ∓115 ∓117
5/2−[512] 7/2−[523] 1+ 610.1 10.8 6+ 476.2 64.8 ±94 ±93a

174Tm
7/2−[514] 1/2+[411] 3− 100.3 31.8 4− 0.0 42.4 ±55 ±60
7/2−[514] 7/2−[523] 0+ 252.0 0.0 7+ 496.9 74.2 ∓45b ∓43
175Tmc

9/2+[624] 1/2+[411] 4+ 5+ ∓79c ∓70

aTaken from average experimental values deduced for 166Ho [37] and 168Ho [38].
bIncludes a Newby shift [39] of −155.5 keV for the 0+ coupling of this configuration [40].
cThis residual interaction was deduced indirectly from a three-quasiparticle configuration in 175Tm [9].

is expected, from the residual interactions (see Table VI
below), to be ∼278 keV higher in energy than the antiparallel,
10+, counterpart assigned to the 1347-keV state. The observed
(11+) state at 1652 keV is 305 keV higher and is a likely
candidate for this configuration.

The possibility of an alternative 12+ assignment
for the 1652-keV state would imply that the 440-keV
transition from the 14− isomer to the 1652-keV level
is an allowed, M2 transition, with a large hindrance of
FW = 7(2)×104. A spin and parity of 11+ is therefore most
likely. Table V shows that with the 11+ assignment, the
440-keV transition is an allowed E3 with a hindrance of
FW = 21(6). This hindrance is similar to those of π7/2−[523]
→ π1/2+[411], E3 transitions observed in the odd-A
thulium neighbors [9]. The (11+) state is thus proposed to
arise from the ν5/2−[512]7/2−[514]9/2+[624]⊗π1/2+[411]
configuration.

3. 1923-keV, (12+) state

The 1923-keV level has possible alternative spins and
parities of 12− or 13+. While neither can be ruled out, a
12− assignment would make the 168-keV decay branch from
the 14− isomer an allowed E2 transition with a hindrance
of FW = 1.1(3)×105. A 13+ assignment would make the
168-keV γ ray an allowed, E1 transition, with a hindrance
of FW = 1.7(5)×1011. In both scenarios, the hindrance values
seem unreasonably large. In Table V, a (12+) assignment for
this level leads to the 168-keV transition being of allowed M2
character with FW = 1039(306). This hindrance, while still
large, is more reasonable than that implied by the alternative
spin and parity assignments. Such a large hindrance value
might suggest a transition with a complex configuration
change.

There is no obvious assignment for the (12+), 1923-
keV intrinsic state, although a possible candidate is the
ν5/2−[512]7/2−[514] 9/2+[624]⊗π3/2+[411] configuration
given by the multiquasiparticle calculation (see Table VII
below). It also remains possible that this state is the (12+)
member of a band built on the (11+) level at 1652 keV.

4. 1856-keV, (11−) and 2053-keV, (12−) states

The (11−) level is a candidate for the antipar-
allel coupling of the 1/2+[411] proton with the
ν7/2+[633]7/2−[514]9/2+[624] three-quasineutron configu-
ration (this state might be expected to be low-lying from
Fig. 11). The absence of an associated rotational band means
that the assignment cannot be confirmed.

The 12−, parallel coupling of the same configuration is
predicted to occur ∼186 keV above the 11− coupling (from the
residual interactions in Table VI). This is close to the 197-keV
gap observed between the 1856- and 2053-keV states. The
absence of any other expected 12− state makes an assignment
of the parallel coupling of this configuration to the 2053-keV
state seem reasonable.

The 2053-keV state could alternatively have Jπ = 13−
quantum numbers. The hindrance for the 39-keV, allowed M1
transition would then be FW = 1.4(4)×107, which seems to be
unreasonably large. For the adopted (12−) assignment for this
level, the 39-keV transition is an allowed E2 transition. The
corresponding hindrance value of FW = 983(246) is still large,
and could suggest a complex configuration change, where the
initial and final state wave functions have little overlap. This
might be consistent with the (12−) state comprising
the ν7/2+[633]7/2−[514]9/2+[624]⊗π1/2+[411]
configuration.

V. DISCUSSION

A. Residual nucleon-nucleon interactions

Residual interactions were deduced from the observed
energy splittings of the parallel and anti-parallel couplings of
the ν5/2−[512]⊗π1/2+[411] and ν5/2−[512]⊗π7/2−[523]
configurations in 172Tm (previously discussed in Ref. [8]),
the ν7/2−[514]⊗π1/2+[411] and ν7/2−[514]⊗π7/2−[523]
configurations in 174Tm and the ν9/2+[624]⊗π1/2+[411]
configuration (indirectly) from 175Tm [9]. These residual
interactions are summarized in Table VI. There is generally
good agreement with the residual interactions presented in the
more comprehensive evaluation of Kondev [36], which were
derived in a similar fashion to those presented here.
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TABLE VII. Calculated multiquasiparticle states in 174Tm compared to experiment.

Kπ Configurationa Eqp Eres Ecalc Eexp

ν π (keV) (keV) (keV) (keV)

3− 7/2− 1/2+ 0 +55b 110 100
4− 7/2− 1/2+ 0 −55b 0d 0
0− 1/2− 1/2+ 560 −54c 561
1− 1/2− 1/2+ 560 +57 671
2− 5/2− 1/2+ 527 −115b 467
3− 5/2− 1/2+ 527 +115b 697
4+ 9/2+ 1/2+ 233 −79b 209 192
5+ 9/2+ 1/2+ 233 +79b 367
2− 7/2− 3/2+ 626 −70 611
5− 7/2− 3/2+ 626 +70 751
3+ 9/2+ 3/2+ 859 +85 999
6+ 9/2+ 3/2+ 859 −85 829
1+ 5/2− 7/2− 929 +94b 1078
6+ 5/2− 7/2− 929 −94b 890
0+ 7/2− 7/2− 402 −201b,c 256 252
7+ 7/2− 7/2− 402 +45b 502 497
0− 7/2− 7/2+ 846 +197c 1098
7− 7/2− 7/2+ 846 −128 773
1− 9/2+ 7/2− 635 +71 761
8− 9/2+ 7/2− 635 −71 619 697
1+ 9/2+ 7/2+ 1079 −65 1069
8+ 9/2+ 7/2+ 1079 +65 1199
0− 9/2+ 9/2− 1421 +107c 1583
9− 9/2+ 9/2− 1421 −71 1405
10+ 5/2−, 7/2−, 9/2+ 1/2+ 1628 −176b 1507 1347
11+ 5/2−, 7/2−, 9/2+ 1/2+ 1628 +102b 1785 1652
11− 7/2+, 7/2−, 9/2+ 1/2+ 2023 −79b 1999 1856
12− 7/2+, 7/2−, 9/2+ 1/2+ 2023 +107b 2185 (2053)
12+ 5/2−, 7/2−, 9/2+ 3/2+ 2255 −126 2184 (1923)
14− 5/2−, 7/2−, 9/2+ 7/2− 2030 −158b 1927 2092
14+ 5/2−, 7/2−, 9/2+ 7/2+ 2474 −44 2485
15+ 7/2+, 7/2−, 9/2+ 7/2− 2425 −59 2421
15− 5/2−, 7/2−, 9/2+ 9/2− 2817 −142 2730
18− 5/2−, 7/2−, 9/2+ 1/2+, 7/2−, 7/2+ 3973 −90b 3938
19+ 5/2−, 7/2−, 9/2+ 1/2+, 7/2−, 9/2− 4306 −23b 4338
22+ 5/2−, 7/2−, 9/2+ 7/2−, 7/2+, 9/2− 5425 −368b 5112
23− 7/2+, 7/2−, 9/2+ 7/2−, 7/2+, 9/2− 5820 −250 5625

aConfigurations: (ν) 1/2−: 1/2−[510], 7/2−: 7/2−[514], 7/2+: 7/2+[633], 5/2−: 5/2−[512], 9/2+: 9/2+[624], 3/2−: 3/2−[512]. (π ) 1/2+:
1/2+[411], 7/2−: 7/2−[523], 3/2+: 3/2+[411], 7/2+: 7/2+[404], 9/2−: 9/2−[514].
bIncluding residual interactions deduced in Table VI.
cK = 0 configurations include a Newby shift from Ref. [40].
dEnergies are increased by 55 keV to account for the fact that the 4− ground state is depressed in energy due to the residual nucleon
interactions.

B. Multiquasiparticle calculations

The model calculations employed here were detailed in
Ref. [9]. They use single-particle energies from a Nilsson
calculation, some of which were adjusted to approximately
reproduce the low-lying single proton and single neutron states
observed in the odd-proton and odd-neutron neighbors. The
multiquasiparticle pairing calculations use the Lipkin-Nogami
formalism (plus pair-blocking). Nucleon-nucleon residual
interactions are applied to each configuration to obtain the
final calculated energies. These are taken from Table VI
where possible and from Ref. [36] in all other cases. The

experimental intrinsic states and calculated multiquasiparticle
configurations are compared in Table VII, and in Fig. 12. Only
multiquasiparticle states reasonably close to the nominal yrast
line are included. Note that, in the tables, the shorthand labels
used for the neutron and proton Nilsson orbitals are defined in
the footnotes.

C. Comparison of experimental and predicted states

The agreement for the two-quasiparticle states is satisfac-
tory. For the four-quasiparticle configurations, the agreement
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FIG. 12. Calculated and experimental multiquasiparticle state
energies for 174Tm. The smaller, filled joined symbols represent the
ground state band.

between experiment and the calculations is generally within
150 keV.

The 9− state from the ν9/2+[624]⊗π9/2−[514] configu-
ration is predicted at about 1405 keV, and one might expect
branches to its rotational band from the (11−) state at 1856 keV,
although this is not observed experimentally.

The 10+ and 11+ couplings of the
ν5/2−[512]7/2−[514]9/2+[624]⊗π1/2+[411] configuration
are both predicted about 150 keV higher than observed.

Parallel (12−) and antiparallel (11−) couplings of the
ν7/2+[633]7/2−[514] 9/2+[624]⊗π1/2+[411] configuration
are predicted at 2185 keV and 1999 keV, respectively, and may
be associated with experimental states observed at 2053 keV
(12−) and 1856 keV, both of which occur ∼140 keV below the
predicted states.

The ν7/2+[633]7/2−[514]9/2+[624]⊗π7/2−[523] con-
figuration is calculated to lie at 1927 keV, in reasonable
agreement with the 14− isomer at 2092 keV. The nearest
alternative K = 14 state is over 500 keV higher in energy.

Predicted low-lying six-quasiparticle states include an 18−
state at 3785 keV and a 22+ state at 4934 keV (the 22+ state
is not shown in Fig. 12).

D. �K = 10 transition from the Kπ = 14− isomer to the
Kπ = 4− band

Table V indicated that the 637-, 401-, and 145-keV
transitions to the 8− band all exhibit reduced hindrances
well within the expected range of fν ∼ 30–200 [34,35]. In
contrast, the 398-keV, M1 decay to the 13− member of the
ground state band exhibits a very small reduced hindrance of
fν = 13(1). The 401-keV transition to the 13− member of the
Kπ = 8− band has a similar energy to the relatively enhanced
398-keV decay, and is also of M1 multipolarity. However,
for the 401-keV γ ray, the observed K change is �K = 6,
to be compared with �K = 10 for the 398-keV transition,
i.e., the 398-keV transition is four orders more K-forbidden
than the 401-keV decay. Assuming a factor of 100 per degree
of K-forbiddenness [34,35], the 398-keV transition would be
expected to be about 1×108 times weaker than the 401-keV

γ ray. In fact, the branching ratio in Table V implies that it is
less than ten times weaker.

Figure 13(a) shows the levels of the Kπ = 4− and 8− bands
(the ∼1983 keV energy for the 14− member of the 4− band has
been obtained by extrapolation using the rotational model). It
is evident that the two bands cross due to the larger alignment
associated with the Kπ = 8− band. Members of the two bands
with the same spin are in close proximity at higher spin values,
potentially leading to significant state mixing. Mixing of the
13− states could specifically lead to an enhancement in the
�K = 10 transition, as discussed below. It is also possible that
the Kπ = 14− isomer could mix with the Jπ = 14− member
of either (or both) of these two bands. For the latter case,
the extent of K mixing is governed by the proximity of the
states and by the mixing matrix elements. Dracoulis et al. [6]
showed that the magnitude of the mixing matrix elements
associated with K mixing is dependent on the K difference.
For �K = 6 mixing, a value of V ∼ 100 eV is expected, while
for �K = 10 mixing, an upper limit of V � 10 eV is observed
empirically. Given the small mixing matrix elements expected
and the relatively large energy spacings between the isomer
and the 14− members of the two lower K bands (≈109 keV for
the �K = 10 case and 145 keV for the �K = 6 case), such
K mixing is not likely to be significant and it will be neglected
in the following calculations.

An expanded image of the two 13− states and the relevant
feeding and decay transitions can be found in Fig. 13(b). The
mixing amplitudes of the two 13− states can be deduced
following a procedure similar to that of Refs. [41–43], i.e.,
by examining the competition of in-band E2 and inter-band
E2 transitions de-exciting the 13− state at 1691 keV, and
separately from the competing E2 decays from the 13− state
at 1694 keV. The in-band/interband transition branching ratios
are given by the relative transition intensities in Table I. (Note
that the reasonable assumption is made that the two bands
have the same intrinsic quadrupole moment.) The mixing
amplitudes deduced from these calculations are seen to be
in good agreement in Table VIII [calculation (a)].

The mixing amplitudes for the 13− members of the 4− and
8− bands can also be deduced independently by comparing
the 398-keV and 401-keV transitions from the 14− isomer to
the two 13− levels. If K̃2 and K̃3 are the nominal (mixed) K
values of the two 13− states, the M1 matrix elements, in terms

TABLE VIII. Interaction matrix elements, V , and wave function
amplitudes for the J π = 13− members of the Kπ = 4− and 8− bands
in 174Tm deduced from (a) the in-band and interband E2 branching
ratios from the 1691-keV and 1694-keV states, and (b) the intensities
of the 398- and 401-keV decays from the 14− isomer [Eq. (3)].

Transition (keV) |V | (keV) α β

Calculation (a)
453.3 511.3 1.4(1) 0.915(16) 0.403(36)
515.3 457 1.5(2) 0.898(40) 0.439(79)

Calculation (b)
401.3 397.7 1.15(18) 0.947(19) 0.320(57)
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174Tm.

of the mixing amplitudes, α and β, are given by

〈J = 13, K̃2|T (M1)|J = 14,K1〉
= α〈J = 13,K2|T (M1)|J = 14,K1〉

−β〈J = 13,K3|T (M1)|J = 14,K1〉 (1)

for the 398-keV transition to the K2 = 4 band, and

〈J = 13, K̃3|T (M1)|J = 14,K1〉
= β〈J = 13,K2|T (M1)|J = 14,K1〉

+α〈J = 13,K3|T (M1)|J = 14,K1〉 (2)

for the 401-keV transition to the K3 = 8 band. In both cases,
the K-value notations are K1 = 14, K2 = 4, and K3 = 8 [as
in Fig. 13(b)]. The (K1 = 14 → K2 = 4) transition strength
with ν = 9 in both cases should be about 1 × 108 times smaller
than the (K1 = 14 → K3 = 8) transition strength with ν = 5
(again, assuming an increase in hindrance of 100 per order
of forbiddenness). Neglecting these small Kπ = 4− terms,
the expected B(M1) value for the 398-keV transition can be
written in terms of the 401-keV B(M1) value, according to

B(M1; 398) = β2

α2
B(M1; 401), (3)

with the additional constraint that α2 + β2 = 1. Taking the
experimental transition strengths for the 398-keV and 401-keV
transitions from Table V yields values of β = 0.320(57) and
α = 0.947(19). These amplitudes imply slightly less mixing
than those calculated using branching ratios for the in-band and
interband E2 transitions from the 1691-keV and 1694-keV,
13− levels (Table VIII), but essentially agree within error.

A corrected reduced hindrance value for the 398-keV
transition can be deduced using the amplitudes calculated
above (again, the contribution of the ν = 9 component to the
transition strength is neglected). Using the mixing amplitudes
deduced from the 13− → 11−, E2 branching ratios, a reduced

hindrance of fν = 96 is deduced, while using the amplitudes
derived from Eq. (3), a value of fν = 105 is found. These are
acceptable reduced hindrance values, indicating that mixing of
the 13− states with an interaction of V ∼ 1.4 keV accounts for
the relatively enhanced 398-keV transition. This interaction
strength is consistent with other cases of K mixing for
�K = 4 [6].

VI. SUMMARY

Deep-inelastic reactions with a 136Xe beam and various
targets including 176Yb have been utilized to probe the
high-spin structure in the odd-odd nucleus, 174Tm. The new
results identify a number of multiquasiparticle intrinsic states,
including several isomers, whose energies are well reproduced
in multiquasiparticle calculations. Prior to this work, the
structural information on this nucleus was scarce, with only a
few intrinsic states identified. The results include identification
of the ground state, Kπ = 4− rotational band up to spin
13−. The associated |gK − gR| value measured for this band
corroborates the ν7/2−[514] ⊗π1/2+[411] configuration as-
signment to the ground state. A four-quasiparticle, Kπ = 14−
isomer has also been identified at 2092 keV with a lifetime
of τ = 153(10) μs. It decays via a fast �K = 10 transition
to the 13− member of the ground state band. The relative
enhancement of this decay can be attributed to mixing of the
13− level with the nearby 13− rotational member of a Kπ = 8−
band with an interaction of V ∼ 1.4 keV.
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