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Abstract

High-spin states in the odd-proton thulium isotopes '*Tm and '"*Tm have been studied using
deep-inelastic reactions and 7-ray spectroscopy. In '"3Tm, the low-lying structure has been con-
firmed and numerous new states have been identified, including a three-quasiparticle, K™ = 19/2~
isomer with a lifetime of 7 = 360(100) ns at 1906 keV and a five-quasiparticle K™ = 35/2~ isomer
with a lifetime of 7 = 175(40) ns at 4048 keV. The K™ = 35/27 state is interpreted as a t-band
configuration that shows anomalously fast decays. In "Tm, the low-lying structure has been
re-evaluated, a candidate state for the 9/27[514] orbital has been identified at 1175 keV, and the
7/27[523] bandhead has been measured to have a lifetime of 7 = 460(50) ns. Newly identified high-
K structures in 1™ Tm include a K™ = 15/2~ isomer with a lifetime of 7 = 64(3) ns at 947 keV, and
a K™ = 23/2" isomer with a lifetime of 7 = 30(20) us at 1518 keV. The K™ = 15/2~ isomer shows
relatively enhanced decays to the 7/27[523] band that can be explained by chance mixing with the
15/2~ member of the 7/2~ band. Multi-quasiparticle calculations have been performed for '™Tm

and 1”Tm, the results of which compare well with the experimentally observed high-spin states.
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I. INTRODUCTION

The rare-earth nuclei around mass ~ 180 are quadrupole deformed and typically have
orbitals with large spin projection on the symmetry axis, 2, near both the proton and
neutron Fermi surfaces. This leads to the prospect of multi-quasiparticle states with high
K (where K = )_();) occurring near the yrast line. K isomers are consequently expected
in this region. These arise when a state can only decay via transitions of multipolarity, L,
that violate the K selection rule by an order of forbiddenness, v = AK — L.

The present work is part of an ongoing effort to map isomerism in the neutron-rich,
deformed nuclei using deep-inelastic reactions. This has so far encompassed studies of various
isotopes of tungsten, tantalum, hafnium, lutetium, ytterbium and erbium (see e.g. [1-7], and
references therein). Deep-inelastic reactions have become a key tool in studying neutron-rich
rare-earth nuclei, since they cannot be populated by more conventional reactions.

While a substantial number of the nuclei in the mass-180 region have been studied,
there are still gaps in the experimental data available, particularly when moving away from
stability to very neutron-rich isotopes. For the thulium isotopes (Z = 69), beyond the stable
isotope '6°Tm, recent work in ™'Tm revealed the structure of a three-quasiparticle, 19/2F
isomer [8, 9], while in '™Tm a low-lying, two-quasiparticle, K™ = 6 isomer was found in
incomplete fusion studies [10]. Nevertheless, the nuclear structure information for isotopes
beyond ' Tm is limited to relatively low spins and to one- or two-quasiparticle states for
odd-even and odd-odd isotopes, respectively. The odd-A isotopes '™Tm and ' Tm are the
focus of the present work. The proton Fermi surface lies closest to the 1/2%[411] Nilsson
orbital, with nearby 7/27[523] and 7/2%[404] states. The neutron Fermi surface is near
the 5/27[512], 7/27[514], 7/27[633] and 9/2%[624] orbitals. Combinations of these orbitals
should lead to low-lying, high- K, multi-quasiparticle states.

II. EXPERIMENTAL PROCEDURES

The experiments were performed at Argonne National Laboratory using '"Yb (97%
enriched), ®Lu (47% enriched), '™Yb (95% enriched) and '™Lu (nat. - 97% '™Lu, 3%
16T 1) targets and an 820-MeV 1%Xe beam. The beam energy and target thicknesses of

about 6 mg/cm? were chosen to maximize the yields of deep inelastic and transfer reactions,



by integrating energies from ~24 % above the Coulomb barrier down to the barrier, due
to the energy loss in the target. The reaction products were stopped in gold backings.
The comparatively light beam (other studies used a ?*¥U beam [11]) was chosen to reduce
the background from strong Coulomb excitation while still producing large spin and mass
transfer. Gammasphere consisted of 101 Compton suppressed germanium detectors in the
various experiments.

The majority of data collection was performed with a pulsed beam, using nanosecond
pulses and 825 ns intervals. The coincidence events were collected with a coincidence over-
lap of approximately £800 ns. About 3 x 10%, 2 x 10, 2 x 10% and 2 x 10® coincidence
events of three or higher fold were collected for the '"Yb, Lu, '"™Yb and "Lu targets,
respectively. Data were also collected with a dual coincidence requirement and chopping
conditions designed to measure long isomer lifetimes. For the "*Lu target, on/off chopping
regimes of 10/40 us, 20/60 us, 100/300 us and 1/3 ms were used, while for the 1"5Yb target,

only one chopping regime with 1/3 ms was used.

III. ANALYSIS TECHNIQUES

The ~-ray data were initially presorted into the Blue database [12], including gain correc-
tions, time corrections and the removal of detectors with poor timing or energy resolution.
The data were subsequently sorted into in-beam (—30 ns to +100 ns) and out-of-beam
(+100 ns to +750 ns) y-y-7 coincidence cubes for analysis with the Radware [13] software
package. Asymmetric histograms, such as y-y-time-difference and ~-v-clock cubes utilized
for measuring lifetimes were analyzed using software built on the core program Root [14].
The thulium isotopes were most strongly observed with the "®Yb target, and the majority

of coincidence analyses was conducted using these data sets.

A. Gammasphere Efficiency

The initial relative efficiency measurement for the present study used '*?Eu, ¥2Ta and
2 Am source data collected in singles mode. However, it was observed that the relative
efficiency of low-energy v rays gave measured intensities in the y-y-v cube which were lower

than expected, possibly due partially to the lower fold of cascades measured from the sources



compared to in-beam data. In addition, the time-constraints placed on the coincidence
cube can suppress low-energy transitions due to time-walk. Additional internal calibrations
were performed to evaluate the efficiency for low-energy lines using various delayed cascades
measured below known isomers in the y-v-vy coincidence cubes. However, the limited number

of available points results in a large uncertainty at low energies (~30% below 60 keV).

B. Internal Conversion and Transition Multipolarities

Total conversion coefficients were extracted (using appropriate gating conditions in ~-
7~y cubes) by balancing the intensities of transitions in decay paths where at least one ~y
ray has a known multipolarity. In a number of cases, comparison of these with theoretical

predictions [15] allowed transition multipolarities to be either deduced or constrained.

C. Isotopic Assignments

In deep-inelastic and binary or few-nucleon transfer reactions, the beam-like and target-
like products are mass correlated, since the total mass of the beam and target must equal
the sum over the reaction products. As an example, for the *Xe beam on a '"®Yb target,
a target-like fragment of '™ Tm will be correlated with a beam-like fragment of 37Cs. As
a result, prompt 7 rays from ¥"Cs and " Tm should be in coincidence with each other,
following a proton-transfer reaction. However, it is also common for particle-evaporation
from the beam-like and target-like reaction products to follow the primary reaction. Broda
et al. [16, 17] found that, typically, a few nucleons are lost, generally neutrons, so that the
coincident beam-like and target-like reaction products are not necessarily specified uniquely.
The production of thulium isotopes lighter than Tm (in the ®Yb target dataset, used
for the majority of analysis) seemed to proceed predominantly via the initial production of
137Cs and '™Tm, followed by the evaporation of neutrons from Tm. This was evident
from the fact that v rays associated with 3"Cs were observed in coincidence with all of the
thulium structures identified in the prompt data.

The systematic nature of the present series of experiments (the use of different targets
with the same experimental conditions) has made it possible to observe the population cross-

sections of various nuclei depending on their proximity to the target isotope. The relative



yields from different targets can, in some cases, be used to guide isotopic assignments.
Structures associated with ™Tm, for example, were very weakly observed with targets
other than '"Yb. This is expected since Tm is only one proton removed from '7Yb,
whereas more complex proton and neutron transfers are required to produce '™Tm from
174Yh, 'Lu and '"Lu.

The relative population intensities of different structures assigned to thulium were ob-
tained by measuring the y-ray intensities of transitions associated with each structure using
double-gated coincidence spectra from the triples data of all four target datasets. Table
I presents these relative population intensities labelled in each case with the gating tran-
sitions. The yields were normalized to take into account the different integrated beam in
each case. The various structures are grouped by the thulium isotope to which they are as-
signed (structures associated with '™Tm and ™Tm will be discussed elsewhere [18]). The
population intensities of structures belonging to '™Tm and '™ Tm rapidly fall off for the
1™Yb, 'Lu and "*Lu target data relative to the "Yb target dataset. Note also the high
population intensity for 1™ Tm with the Lu target (the a-transfer channel). In the case
of the ™Lu target, the large '™Lu component as well as significant thorium contamination
may make the ratios unreliable. (The latter contamination is linked to the use of thorium
in the reduction process involved in target production.) The relative population intensity
information was important for isotopic assignments in the present study, since little previous

spectroscopic information was available.

IV. RESULTS
A. 'Tm

Figure 1 presents out-of-beam ~-ray spectra associated with 'Tm. The present level
scheme (Fig. 2) is consistent with the previous assignments of Lovhgiden et al. [19] for
the low-lying members of the 1/27[411] and 7/27[523] bands. (Note that Ref. [19] used

charged-particle studies resulting in 2-4-keV uncertainties in level energies.)
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FIG. 1: Gamma-ray spectra for 1 Tm. (a): Spectrum obtained with a double gate on the 108/213-keV

v rays. (b): Spectrum produced in a sum of 127/313- and 129/311-keV double gates projecting 80-800 ns

early in time. The inset provides an expanded view of the higher energy region. (c¢) Spectrum resulting from

a sum of 164/(108,114,137,191,213)-keV, and 301/(108,114,191,213)-keV double gates, projecting 80-800 ns

early in time with respect to the gating transitions. Low-energy time walk means that the 92-, 108- and

114-keV transitions from above the isomer are seen weakly in the spectrum. The inset shows an expanded

view around the (weak) 440-keV transition. Contaminants are labelled with filled circles.



TABLE I: Relative population intensities of thulium structures in the 1"6Yb, 174Yb, 16Lu and

15Lu data sets normalized to the '"0Yb data point.

Isotopic Signature Target

assignment |y rays (keV) 176Yb106 (7]4Yb104 176L11105 175Lu104

iTmyeg | 352/428 | 1.0(1) | 1.5(3) | 0.7(1) | 3.5(3)

2Tmygs | 224/846 | 1.0(1) | 1.3(3) | 0.5(1) | 0.9(2)
102/228 | 1.0(1) | 0.9(2) | 0.4(2) | 0.6(3)

8Tmyge | 152/171 | 1.0(1) | 1.1(2) | 0.4(1) | 0.5(1)
154/166 | 1.0(1) | 1.0(2) | 0.4(1) | 0.4(1)
548/704 | 1.0(1) | 0.7(2) | 0.3(1) | 0.3(2)

4Tmygs | 359/438 | 1.0(1) | 0.5(3) | 0.1(1) | 0.1(1)
200/489 | 1.0(1) | 0.3(1) | 0.1(1) | 0.1(1)

5 Tmyge | 108/213 | 1.0(1) | 0.1(1) | <0.1 | <0.1

2The yields deduced for 1"®Lu may be unreliable due to high ">Lu content (~53%), and thorium

contamination in the target.

1. 1/27[411], ground state band

The ground state rotational band was previously assigned up to the 9/2% member by
Lovhgiden et al. [19], albeit with large uncertainties in the level energies, which prevented
differentiation between the 7/27 and 5/27 levels, for example. In the present work, the band
has been extended to the 23/2" member utilizing the in-beam gated ~-y-v coincidence cube
from the YD target data. It should be noted that the Doppler broadening evident, for
example, in the spectra of Fig. 3, limits the observation of higher-spin rotational states that
are not fed by isomers.

Figure 3(a) displays the E2 crossover transitions in the 3/2%, 7/2% 11/2%7... sequence
(signature, « = —1/2). The low-lying members of the weaker 1/2%, 5/2% 9/2% ... sequence
(signature, aw = 4+1/2) are observed in the out-of-beam data since the 9/27 state is populated

by an 87-keV branch from the 7/2~ isomer. Higher-lying transitions associated with the
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FIG. 2: Proposed level scheme for '™ Tm. Arrow widths are proportional to the relative y-ray intensities.

The state at 2124 keV is proposed to be populated via 3 decay from the (9/2%) ground state of '">Er.

a = +1/2 signature band are seen weakly in the in-beam spectra of Figs. 3(a), (b) and (c).

Figure 4 plots the rotational energy constant for the two signature sequences of the
1/2%[411] bands of '™ Tm [20], ™ Tm and '™Tm. The plots for "'Tm and ™Tm are very
similar, supporting the present assignments. (The ™Tm results are limited to low spin).
The energy for the J™ = 3/2% level in ™Tm is estimated at E, = 0.5(4) keV by the
extrapolation shown in the figure. The inferred 127(1)-keV, 5/2% — 1/2% transition would,
therefore, be unresolved from the stronger 126.9(3)-keV, 5/2% — 3/2% transition in Fig. 1
(c), for example. The results for the 1/27[411] band in ' Tm disagree with those of Zhang
et al. [21]. However, the present, more comprehensive results are internally consistent, in

agreement with systematics, and also with the results of Lgvhgiden et al. [19].
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FIG. 3: In-beam 7-ray spectra associated with the ground state band in ”>Tm. Identified contaminants are
labelled with filled circles. Higher-energy transitions display significant Doppler broadening. (a): Spectrum
produced with a sum of in-beam 129/230-, 129/327-, 129/418-, 230/327-, 230/418- and 327/418-keV double
coincidence gates. Cross-coincidences with ¥7Cs imply a thulium isotope with mass 171<A<175. (b):
Spectrum obtained with a 129/230-keV double gate. The 105/402-keV double gate has been subtracted to

eliminate some contaminant lines. (c): Spectrum resulting from a 224/409-keV double gate, showing the

322-keV line.
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FIG. 4: Plots of the rotational energy constant for the two signature sequences in the 1/27[411] bands of
I Tm [20], '™ Tm and '™Tm. The open circle in the '™ Tm plot is an extrapolation used to extract the

3/27 level energy.

2. 7/27 [523] isomer at 440 keV

A 7/27[523] configuration assignment was proposed for this state by Levhgiden et al. [19],
but no lifetime was reported. A time-difference spectrum produced from a sum of double
coincidence gates placed below and above the isomer from which a lifetime of 7 = 460(50) ns
was deduced is presented in Fig. 5.

Extensions of the 7/27[523] rotational band up to its 19/2~ member were obtained by
analyzing a matrix produced with a requirement that coincidence events occurred both

in-beam, and also 30-800 ns earlier than the 311- or 313-keV transitions.

11



(311, 313) keV/(137, 164, 301) keV

T =460(50)ns

counts

\ ! \ ! \
0 200 400
time (ns)

FIG. 5: Time-difference spectrum produced from transitions above and below the 7/27[523] isomer at

440 keV.

3. Levels at 1175, 1484 and 2124 keV

The 691- and 993-keV ~ rays that are observed above the 7/2~ isomer in Fig. 1(b), display
a constant intensity over the full out-of-beam time range of the 1 ms/3 ms chopped data,
implying a feeding lifetime of the order of several milliseconds or longer. The associated
states also feed into a K = 7/2 level with no other obvious decay branches, suggesting low-
K assignments for the 1434- and 2124-keV levels. These states are presumed therefore to
be populated by feeding from the 3 decay of the (9/27) ground state of '™Er [22]. A third
level was also identified at 1175 keV, exhibiting weak 643- and 735-keV decay branches
to the 7/27 and 9/27 members of the 7/27[523] band. Comparison with the 1213-keV,
9/27[514] state in '™ Tm, (which also exhibits decays to the 7/27 and 9/2~ members of
the 7/27[523] band) suggests that the 1175-keV state is a good candidate for the expected
9/27[514] intrinsic state. It should be noted that the levels proposed by Zhang et al. [21] to

be populated in the 3 decay of ™ Er were not observed in the present work.

4. 15/27 isomer at 947 keV

A lifetime of 7 = 64(3) ns was deduced for the 947-keV state from the time-difference
spectrum presented in Fig. 6. Gamma-ray branches of 301 keV to the 11/2~ member and
164 keV to the 13/2~ member of the 7/27[523] band are observed, and the presence of a

12
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FIG. 6: Time difference spectrum measured between pairwise combinations of transitions above and below
the 15/27, 947-keV isomer in 1™ Tm. A lifetime of 7 = 64(3)ns is deduced from a fit which includes the

intrinsic time resolution.

5.2(2)-keV transition to the 15/27 member is inferred from the observation of weak 159-
and 295-keV ~ rays in delayed coincidence with transitions above the 15/2~ isomer (see Fig.
1(a)). These branches limit the spin and parity to K™ = 13/2% or 15/2%.

The total conversion coefficient for the 164-keV branch was deduced from an intensity
balance at the 783-keV level, using the intensities from the spectrum of Fig. 1(a). (Mixing
ratios for the £2/M1, 137- and 159-keV ~ rays are given in Table V.) The derived internal
conversion coefficient of ar(164) = 0.70(8) can be compared to predictions [15] of 0.09 for
E1,0.76 for M1, 0.51 for F2 and 4.76 for M2. The E1 and M2 possibilities are excluded,
while an F2 assignment would require the 301-keV branch to be a very enhanced M3, which
can be eliminated. This limits the 164-keV transition to be of M1 multipolarity while the
301-keV ~ ray is most likely an E2 transition, resulting in a K™ = 15/2~ assignment for the
947-keV isomer.

5. 17/2 state at 1005.0 keV

A rotational band above the 947-keV, 15/2~ isomer was identified by a strong 191- and
213-keV cascade and a weaker, 405-keV crossover transition, low in the band (Fig. 1(b))

states are also fed by a higher-lying isomer. The band is likely to have K™ = 17/27, based

13



on the |gx—gr| value discussed below. The 58-keV transition placed as a decay from the
17/2~ bandhead at 1005-keV to the 947-keV state, can be seen in the spectrum of Fig. 7(c),
obtained from a 108/213-keV coincidence gate (Fig. 7(a)). The ™ Tm coincidence spectrum
in Fig. 7(b) has been subtracted to remove the characteristic Tm X rays and, thus, isolate
the 58-keV transition. By assuming that the £2/M1 mixing ratio for the 191-keV transition
is the same as for the 213-keV transition in the same rotational band (§(213 keV) = 0.31(4)
in table V), an intensity balance for the 58- and 191-keV transitions leads to a conversion
coefficient of ar(58) = 5.3(23). This can be compared with predictions [15] of 0.26 for E'1, 2.4
for M1 and much larger values of 26.3 for £2 and 80.6 for M2 multipolarities, respectively.
All multipolarities except M1 can, therefore, be ruled out. Note that a small £2/M1 mixing
ratio for the 58-keV transition would give a larger predicted conversion coefficient, closer
to the experimental value. A 249-keV transition is observed in parallel with the 191- and
58-keV transitions, supporting the present placements.

The rotational band built upon the 17/27 level was extended up to the 27/27 member
using a matrix produced with a requirement that coincidence events occurred in-beam, and

also preceded 311- or 313-keV transitions by 30-800 ns.

6. 23/2% isomer at 1518 keV

A lifetime of 7 = 30(20) ps was measured from the spectrum of Fig. 8. The large error is
a result of low statistics, due to the mismatch between the experimental chopping conditions
(1 ms/3 ms) and the actual lifetime. (Note that the fit of Fig. 8 is performed beyond the
distortion at the start of the spectrum.)

An intensity balance for the 108-, 213- and 405-keV transitions assuming
5(213 keV) = 0.31(4), gives ar(108) = 0.26(4), to be compared with predicted values of
0.27 for E1, 2.47 for M1, 2.27 for E2 and 21.6 for M2 multipolarities, respectively. The
108-keV transition must, therefore, be of E'1 multipolarity. The likely M2 assignment for
the 322-keV branch results in a K™ = 23/2% assignment for the isomer, consistent with the
reduced hindrances of the decays, as shown later in Table VII.

Due to the long lifetime, it was not possible to correlate coincidences across this iso-
mer. Higher-lying structures in Tm, including the expected rotational band, therefore

remain unidentified, although the states above this (yrast) isomer should be populated with

14
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reasonably high yield.

7. Summary of energy levels and v rays associated with '™ Tm

Properties of y-ray transitions assigned to !”Tm are listed in Table II, including the en-
ergies and intensities, the initial and final level energies and spin/parity assignments (where
applicable). Gamma-ray intensities are normalized to the prominent 108-keV line. Since
there was no single spectrum in which all out-of-beam intensities could be measured, the
intensities of v rays from each level were deduced from the measured branching ratios, taking
into account the total intensity feeding into that state and ~-ray conversion coefficients from
Ref. [15]. The intensity errors account for the uncertainties in branching ratios, feeding

intensities and conversion coefficients.

15



counts

108 keV / (164, 191, 213, 301) keV

10l T=30(20) |

I N0 ol o

0 100 200 300 400 500
time (us)

FIG. 8: Time spectrum for the sum of 108/164-keV, 108/191-keV, 108/213-keV and 108/301-keV coin-

cidence events from the 1 ms/3 ms chopped, y-7-clock data with the 17®Yb target. Due to the very low

statistics, the spectrum is compressed to ~8 us/chan.

TABLE II: Transitions assigned to "> Tm.

Ey I E; Ey Kr Jr K7 J7
(keV) (keV) (keV)

5.2(2) <0.13° 946.8 941.6 1= 157 - 1T
58.2(6) 216(81) 1005.0 946.8 = 1 15— 15—
87.4(4) 13(9) 440.3 353 I o
91.9(2) 262(35) 532.2 440.3 9 - I
108.3(1) 1000(56) 1517.9 1409.6 Br BT -2
114.1(1) 379(51) 646.3 532.2 Iy 9
126.9(3) 221(24)° 127.4 0.5 I it
127(1) e 127.4 0 15t 1+
128.8(2) 302(33) 129.3 0.5 o i+ st
136.8(1) 419(48) 783.0 646.3 BT Im u-
158.6(2) 38(6) 941.6 783.0 - 1T 1= 13-

¢ Transition unobserved, inferred from coincidence observations.

b Intensity inferred from intensity balances.

¢ Transition intensities of doublet transitions cannot be resolved.
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TABLE II — continued

Ey L E; Ey K7 JT K} JF
(keV) (keV) (keV)
163.8(1) 566(35) 946.8 783.0 1= 157 1™ Lo
181.6(3) 1123.3 941.6 . 1= 15-
191.2(1) 822(71) 1196.2 1005.0 - 1o o= u-
200.5(5) 1324.1 1123.3 - 17 1= u-
206.2(2) 42(8) 646.3 440.3 I T I
213.4(1) 843(71) 1409.6 1196.2 - ozs - 19-
224(1) 7(5) 353 129.3 1t ot 1t
226(1) 7(5) 353 127.4 1o 1+ 5t
229.5(2) 358.8 129.3 1t us 1t
235.1(3) 1644.7 1409.6 LA - 2o
249(1) 9(5) 1196.2 946.8 - 1o 5= 15~
250.9(2) 105(15) 783.0 532.2 I =9
255.5(4) 1900.2 1644.7 - 2 - 23-
259(1) 1433.6 1175 (27) (@)
276(1) 2176 1900.2 u- oz u- %o
295.4(2) 18(4) 941.6 646.3 I BT Im u-
300.6(1) 255(18) 946.8 646.3 L= L= Im -
311.0(2) 743(82) 440.3 129.3 I iroI
313.0(2) 553(61) 440.3 127.4 = I A
316(1) 675 358.8 1t Lt Lt ut
321.7(2) 53(10) 1517.9 1196.2 BT BT - 1o
322(1) 675 353 1t 137 1t gt
1+ 15+ 1+ 11+
326.7(3) 685.5 358.8 1t L 1t u

¢ Transition unobserved, inferred from coincidence observations.

b Intensity inferred from intensity balances.

¢ Transition intensities of doublet transitions cannot be resolved.
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TABLE II — continued

E, I E; E; KT JT K} JF
(keV) (keV) (keV)

340.2(3) 1123.3 783.0 L - Lo
382.2(4) 1324.1 941.6 - 1 1= 15-
398(1) 1084 635.5 1+t Lt 15t
404.6(2) 126(16) 1409.6 1005.0 LA = 1
409(1) 1084 675 1t 1+ 3%
418.4(4) 1103.9 635.5 1t 1o 1+ 15+
440(1) 13(8) 440.3 0.5 =1 g
448.5(3) 1644.7 1196.2 - 3o - 19-
490.6(4) 1900.2 1409.6 - 25 - 2=
502.4(4) 1606.3 1103.9 1tz Lt 1ot
513(1) 12(7) 1517.9 1005.0 Br BT u- -
532(1) 2176 1644.7 -2 - 23-
643(1) 1175 532.2 (27) (L) 1= 9-
690.6(3) 2124.2 1433.6

735(1) 1175 440.3 (27) (L) - I-
993.3(3) 1433.6 440.3 1= I-

¢ Transition unobserved, inferred from coincidence observations.
b Intensity inferred from intensity balances.

¢ Transition intensities of doublet transitions cannot be resolved.

B. Tm

Figure 9 presents v-ray spectra associated with ™Tm that are observed out of beam

with the !"®Yb target. The proposed *Tm level scheme is found in Fig. 10.
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FIG. 9: Coincidence spectra showing transitions in !"Tm. (a): The spectrum resulting from a sum of
152/171-keV and 115/1013-keV double coincidence gates. Inset: 700-1200-keV energy region (b): Spectrum
obtained from a sum of double gates on 166-keV/(154,916,923,932)-keV and 143-keV/(154,916,932)-keV
~-ray pairs. Inset: 750-950-keV energy region. (c): A 171/1013-keV gated spectrum used for the intensity
balance on the 43-keV transition. The weak 43-keV transition is shown in the expanded inset. Contaminants

are labelled by filled circles.
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FIG. 10: The proposed level scheme for !™Tm. Arrow widths represent the relative vy-ray intensities.
The intensities for the 21/2% band include in-beam relative intensities, in order to highlight the in-band

branching ratios.

1. 1/27[411], ground state band

The present results are consistent with the ground-state band assignments of Pursiheimo
et al. [23] up to the 7/2T state. An energy of 342.3(3) keV for the 11/27 state is consistent
with the value of 339.8(25) keV for the 9/2%, 11/2% doublet from Tarara et al. [24]. The
3/2%, 7/2%, 11/2%... sequence of levels (a=—1/2 signature) has been extended up to the
23/2% member. The 1/2%, 5/2% 9/2%... sequence (a=+1/2 signature) had insufficient

intensity for an extension above the 5/27 state, which was strongly fed by the 7/2~ isomer.
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FIG. 11: A time spectrum showing 122/193-keV ~-ray coincidences relative to the chopped beam from the

Y7611, 10us/40pus, y-v-clock data. The spectrum shows the decay curve for the 7/2~ isomer in 13 Tm.

The v rays tentatively assigned to the a=—1/2 signature band by Asztalos et al. [25] have

not been observed in the present data.

2. 7/27 [5623] isomer at 318 keV

Figure 11 provides a decay curve for the 7/27[523] isomer. The fit results in a lifetime of
T = 16(4) ps, consistent with the value of 7 = 14(3) us measured by Pursiheimo et al. [23].
A weighted mean of 7 = 15(3) us is adopted for the lifetime of this level.

The current 7/27 and 9/27 level assignments in the 7/27[523] rotational band agree
with those of Ref. [23]. The present data also agree, within error, with the extensions of
Tarara et al. [24] up to the 11/2~ state, but their energy of 669.5(17) keV for the 13/2~
level does not agree with the present value of 662.3(2) keV. The present assignments extend
the rotational band up to the 17/27 member in the out-of-beam data, and to the 21/2~

member using in-beam information.
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3. 9/27 [514] state at 1213 keV

The present work confirms the observation of this state by Pursiheimo et al. [23]. It is
fed weakly from the 1344-keV level, and decays via 801- and 895-keV branches to the 7/2~
and 9/27 members of the 7/27[523] band.

4. Positive parity states at 1344, 1448, 1586 and 1751 keV

The 1344-keV level decays via high-energy transitions to the 7/27[523| band and via a
131-keV transition to the 9/27[514] state. The 131-keV transition was observed only weakly,
therefore, several independent intensity balances were performed, resulting in a conversion
coefficient limit of ar(131) < 0.44 to be compared with predictions [15] of 0.16 for ET1,
1.42 for M1, 1.12 for E2 and 10.57 for M2 multipolarities, respectively. This leads to
an unambiguous F'1 assignment for the 131-keV transition and a positive parity for the
1344-keV level.

The energy difference of 99 keV between the 1344- and 1443-keV levels seems too small
for the 1443-keV level to be a band member. However, the states at 1586- and 1751-keV
have the appearance of a rotational band built on the 1443-keV state. If this is in fact not
a band, it should be considered whether either of the 241.8- or 308.7-keV transitions is of
M2 character. The limits on the implied lifetime (taking an M2 transition strength limit of
< 1 W.u.) would then be 7 > 57 ns for the 1751-keV state, and 7 >76 ns for the 1586-keV
level. However, limits of 7 < 5 ns are established for the 1344-, 1443-, 1586- and 1751-keV
level lifetimes from time-difference data. The 242- and 309-keV transitions must, therefore,
be of E2 character, requiring all four levels to be of positive parity.

Each of these positive parity states is connected to the 7/27[523] band by high energy E1
transitions. (M2 multipolarities can be ruled out on inspection of the inter-band transition
branching ratios.) The E1 assignments limit the spin and parity to 11/2" for the 1344 keV
level and 13/2" for the 1443 keV level. The inter-band decays from the 15/2% (1586 keV)
and 17/2% (1751 keV) members of the 13/2" rotational band are K-forbidden E1 transitions.

Their competition with in-band collective transitions will be discussed below.
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5. 18/2 state at 1540 keV

Several branches are observed from this level, the most intense being the high-energy,
inter-band transitions to the 7/27[523] band. The branching ratios of these transitions
restrict the spin and parity to J™ = 13/2%. The state appears to have an associated rotational
band with levels at 1692 and 1862 keV, that are fed by 214- and 43-keV transitions from
the 1906-keV, 19/2~ isomer, respectively (see below for the spin/parity assignment for the
19/2~ isomer). The spin/parity assignments for the 1540-, 1692- and 1862-keV levels can
be constrained further from the multipolarity of the 43- or 214-keV transitions. Assuming
that the £2/M1 mixing ratio for the 152-keV transition is consistent with that of the 171-
keV transition in the same rotational band (6(171 keV) = 0.29(3) in table IV), an intensity
balance for the 43- and 152-keV v rays in the 171/1013-keV double gated spectrum of
Fig. 9(c) results in ar(43) = 8.873%°, with the large uncertainty following from the low
statistics in the 43-keV peak and the uncertainty in the efficiency calibration below 60 keV.
Comparison to predictions [15] of 0.59 for E1, 5.77 for M1, 109.9 for E2 and 296 for M2
multipolarities, respectively, suggests that only an M1 multipolarity is consistent (albeit
within a large uncertainty), requiring negative parity for the 1540-, 1692- and 1862-keV

levels.

6. (15/27) state at (1782 keV)

The excitation energy of this level (at 1664 or 1782 keV) is ambiguous, due to the inability
to order the 124- and 242-keV transitions. Given the observation of a single branch to a
J™ = 13/27 state, it is very likely to be an intrinsic state of negative parity. The most
probable assignments are K = 15/2 or 17/2. An assignment of K™ = (15/27), and an
excitation energy of 1782 keV are tentatively favored from hindrance arguments for the

1906-keV isomer decays.

7. 19/27 isomer at 1906 keV

The lifetime of this state is deduced to be 7 = 360(100) ns from the time-difference

spectrum in Fig. 12. The lifetime fit starts at 50 ns, in order to avoid a possible prompt
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FIG. 12: A sum of time-difference spectra between the 1013-keV + ray, and the 408, 548 and 704-keV

transitions in "3Tm. Due to the very low statistics, the time spectrum was compressed to 20 ns/chan.

contaminant component at the start of the time curve.

The isomer is characterized by several decay branches, the strongest (in total inten-
sity) being the 43-keV, M1 transition to the 1862-keV state, and the 154-keV transition
to the 1751-keV, 17/2% level. In order to find the spin/parity assignment for the isomer
at 1906 keV, two independent intensity balances were performed for the 154-keV decay
branch using £2/M1 mixing ratios deduced from Table IV. In the first, the 154-keV tran-
sition was balanced against the sum of 115- and 209-keV transition intensities in a sum of
(143,166,309)/916-keV double gated spectra, leading to az(154) = 0.07(31). In the second,
the 154- and 166-keV transitions were balanced in a spectrum produced from a sum of
143/(780,818,916,932)-keV double gates, leading to ar(154) = 0.04(27). Predicted values
of 0.11 (E1), 0.90 (M1), 0.63 (E2) and 5.9 (M2) confirm an E'1 assignment. A strong E1
branch to the 1586-keV level would also be expected if the isomer had an assignment of
17/27 or lower, therefore the spin and parity is restricted to K™ = 19/2~.

Structures above the isomer were studied by examining v rays both in- and out-of-beam
that were measured 30-800 ns early with respect to the intense 1013-keV transition. The
rotational band built on the 1906-keV, 19/2~ state was identified in this way. It is fed by a
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FIG. 13: Spectrum showing the rotational band built on the 19/2~, 1906-keV state in "3*Tm, obtained
from a sum of 482/548- and 482/704-keV double gates in the out-of-beam -y-v cube. Contaminants are

labelled with filled circles.

higher-lying isomer, and is clear in a sum of double gated spectra in the out-of-beam, y-v-v
cube in Fig. 13. The spectrum also shows the 152- and 171-keV lines from below the isomer

in weak coincidence (across the 360(100) ns isomer).

8. 21/2% isomer at 2061 keV

The transitions associated with the band built on the 2061-keV state are presented in
Figs. 14(a) and (b). The 2061-keV level has a single, 155-keV decay branch to the 19/2~
isomer at 1906 keV. By assuming that the £2/M1 mixing ratio for the 185-keV transition is
the same as for the 198-keV transition in the same rotational band (§(198 keV) = 1.41(40)
in table IV), an intensity balance was performed for the 155-, 185- and 382-keV transitions
using spectrum 14(a), yielding a7(155) = 0.08(17). Predicted values of 0.10 (E1), 0.89
(M1),0.62 (E2) and 5.8 (M2) suggest an FE1 assignment, making the 2061-keV level either
JT=19/2% or 21/2%. A K™ = 21/2% assignment is strongly favored from the |gx—ggr| value,
and the three-quasiparticle states expected in this nucleus (see further discussion below).

In order to measure the lifetime of the 21/2% state, a -beam matrix was constructed

requiring ~ rays that are observed 30 to 800 ns early with respect to 152/1013-keV or
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FIG. 14: Spectra showing v rays from the 21/2% band in '™ Tm. (a) Spectrum sorted with a requirement
that events occur in-beam, and 30-800 ns early with respect to an out-of-beam 1013-keV transition. (b) A
155-keV gated spectrum from a matrix produced by projecting in-beam coincidence pairs that are detected

30-800 ns earlier than an out-of-beam 1013-keV transition. Contaminants are labelled with filled circles.

171/1013-keV ~-ray pairs. A gate on the 155-keV line in this matrix gives the absolute time
spectrum for this « ray with respect to the beam pulse, and is found in Fig. 15. A lifetime

of 22(8) ns was deduced for the 2061-keV state.

9. 35/2 isomer at 4048 keV

The 4048-keV isomer decays by a strong 704-keV transition to the 31/2~ member of the
19/2~ band, and a much weaker 412-keV branch to the 33/27 member, as well as a weak,
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FIG. 15: Time curve for the 21/27% isomer in "3>Tm, produced from a 155-keV gate in a y-beam matrix.

The dotted line represents the time curve for a prompt v ray with a similar energy.

655-keV branch to the 33/2" member of the 21/2% band. These branches, along with the
non-observation of a decay to the 31/2" level at 3130 keV, imply a likely spin and parity
of 35/2%. The 35/2% option would imply that the 704-keV transition is of M2 character,

35/2" decay curve
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FIG. 16: A time curve for the 35/2 isomer in *">Tm. The points represent the sum of 195-, 214-, 408-
and 483-keV ~-ray intensities from 548/704-keV double gated spectra, from six contiguous time regions in

the out-of-beam data.
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with a strength that is only consistent with a transition between specific one-quasiparticle
configurations and, therefore, very unlikely in the present case. A K™ = 35/27 assignment
is, therefore, adopted for this state. A lifetime of 7 = 175(40) ns was determined for the
35/2~ isomer from the fit in Fig. 16.

10.  Summary of energy levels and v rays associated with ™ Tm

Properties including v-ray energies and intensities, initial and final level energies and
spin/parity assignments of transitions assigned to ™Tm are summarized in Table III.
Gamma-ray intensities are normalized to the prominent 171-keV line. As for '™Tm (Table
IT), the intensities of v rays from each level were deduced from the measured branching
ratios, taking into account the total intensity feeding into that state and ~-ray conversion
coefficients from Ref. [15]. The quoted intensity errors account for the uncertainties in

branching ratios, feeding intensities and conversion coefficients.

TABLE III: Transitions assigned to " Tm.

Ey I E; Ef KF Jf K} J7
(keV) (keV) (keV)

43.4(6) 272(68) 1905.7 1862.3 L= 19- 13— 11~
87(1) 5(3) 1442.7 1356 Bt 137 (L) (i)
93.9(1) 526(104) 411.6 317.7 9 I
98.9(3) 33(10) 1442.7 1343.9 Lt 1t u+ u+
114.9(1) 695(132) 526.5 411.6 o I
116.1(3) 23(8) 118.6 2.5 1ros iros
118.6(2) 181(30) 118.6 0 iros I
122.4(2) 211(35) 124.9 2.5 o 1t 37
124(1) 9(5) 1905.7 (1782) = 197 (L) (L
131.4(3) 41(14) 1343.9 1212.9 u+ s 9= o-
135.7(1) 373(80) 662.3 526.5 - 1 - u-

~—

¢ Intensity inferred from intensity balances
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TABLE III - continued

By I, E; Ey KT Jr K} Jj
(keV) (keV) (keV)

142.9(2) 112(20) 1585.6 1442.7 EA 1t 137
151.6(1) 780(84) 1691.5 1539.9 187 15 1= 13-
154.3(2) 440(44) 1905.7 1751.4 o= - 1= 17
155.4(1) 2061.1 1905.7 %4‘ 2_21+ §_ 1_29_
155.9(1) 143(39) 818.2 662.3 L I L~
165.8(3) 189(27) 1751.4 1585.6 EAE Lt 157
170.8(1) 1000(58) 1862.3 1691.5 = 1 L
176.9(3) 26(13) 995.2 818.2 o - 15T
184(1) 45(11) 1539.9 1356 137 13- (L) (i)
184.7(1) 2245.8 2061.1 BT At at 2t
192.8(2) 516(50) 317.7 124.9 (e %+ %+
194.6(1) 298(104) 2100.4 1905.7 -2 1= 17
195.8(2) 132(27) 1539.9 1343.9 L= L ut
196(1) 1191 995.2 - L - u-
197.8(2) 2443.5 2245.8 a4t 5* at st
199.2(2) 532(50) 317.7 118.6 I 1t os
208.7(2) 63(15) 526.5 317.7 I ou- el
212(1) 2655.9 2443.5 2t ot at+ 2t
213.7(1) 196(60) 2314.1 2100.4 = - o= 2
214.3(4) 102(15) 1905.7 1691.5 - - 137 18
216(1) 1407 1191 - o2- - L
217.4(3) 342.3 124.9 1t it
229(1) 2885 2655.9 At 2F at+ 2t
232.4(4) 46(27) 2546.5 2314.1 = % L= -
241.8(6) 14(4) 1585.6 1343.9 1Br 15T ut ot

¢ Intensity inferred from intensity balances
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TABLE III - continued

£y I E; Ef KF Jr K7 JF
(keV) (keV) (keV)

242(1) 15(8) (1782) 15309  (87) (L) 13- 137
245(1) 3130 2885 At st at 29+
250.1(4) 87(25) 2796.6 2546.5 o= 2z~ L~ 25-
250.5(2) 71(7) 662.3 411.6 - 1 = 9
262(1) 3393 3130 IR at a1t
267(1) 15(12) 3063.3 2796.6 n- 2 o= 2
281(1) 57(18) 3344.4 3063.3 9= 31 - 2°-
291(1) 4(3) 3635.8 3344.4 L~ - L~ 31~
291.5(1) 51(15) 818.2 662.3 8T = U=
308.7(4) 54(11) 1751.4 1442.7 EAE -
309.3(3) 651.6 342.3 1T 157 1t
322.2(3) 180(14) 1862.3 1539.9 Lo U L= L
332.9(4) 16(8) 995.2 662.3 LA - 13-
373(1) 1191 818.2 - L - 1
382.4(2) 2443.5 2061.1 a4t 5* at 2t
396.4(4) 1048.0 651.6 1t Lot Lt 15t
408.4(1) 257(77) 2314.1 1905.7 - - = L~
410.1(2) 2655.9 2245.8 At 2zt gt o3t
412(1) 1407 995.2 - oa- - -
412(1) 63(21) 4047.9 3635.8 BT BT 9= 35
441.5(3) 2885 2443.5 At A+ ot
446.1(3) 147(62) 2546.5 2100.4 L= 25 L~ 2~
474(1) 3130 2655.9 at st at+ 2t
479(1) 1527 1048.0 itz 1t 1%
482.5(1) 445(105) 2796.6 2314.1 o= - L~ 2-

¢ Intensity inferred from intensity balances
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TABLE III - continued

£y I E; Ef KF Jr K7 JF
(keV) (keV) (keV)

508(1) 3393 2885 2t 3% at 2t
516.8(4) 103(47) 3063.3 2546.5 9= 29- - -
547.8(1) 529(104) 3344.4 2796.6 o= 81- L~ z-
572.5(3) 58(23) 3635.8 3063.3 9= 33- - 29—
655(1) 33(19) 4047.9 3393 3B 357 at gt
680(2) 9(5) 1343.9 662.3 ut s - 13-
694(1) 10(5) 1356 662.3 CONED I~ 13-
696.3(5) 34(17) 1691.5 995.2 L= 1 - -
703.5(1) 585(92) 4047.9 3344.4 - 35 - a-
721.3(1) 127(18) 1539.9 818.2 1= 13- = 1
756.5(4) 24(8) 1751.4 995.2 TRt - -
767.8(3) 17(5) 1585.6 818.2 EA I~ L
780.4(2) 26(6) 1442.7 662.3 EA - L
801.3(4) 8(4) 1212.9 411.6 9= 9” 1= 9”
817.8(4) 40(18) 1343.9 526.5 urou I~ L-
830(1) 17(8) 1356 526.5 (A (4 I~ u-
873.3(3) 51(17) 1691.5 818.2 L= L= Im LT
877.6(7) 348(44) 1539.9 662.3 1= 187 - -
895.2(6) 40(16) 1212.9 317.7 59 I
916.1(2) 119(24) 1442.7 526.5 EA I U=
923.3(3) 55(11) 1585.6 662.3 Lt 15t I~ 13-
932.2(4) 175(47) 1343.9 411.6 uroue - g
933(6) 83(21) 1751.4 818.2 EE 1= 15-
945(1) 49(16) 1356 411.6 A & =9
1013.3(1) 1103(126) 1539.9 526.5 1= 187 - ou-

¢ Intensity inferred from intensity balances
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TABLE III - continued

E, I, E; Ey KT Jr K7 J§
(keV) (keV) (keV)
1029.2(2) 194(36) 1691.5 662.3 L= b I
1128.1(2) 118(17) 1539.9 411.6 L= B 5
1165(1) 10(6) 1691.5 526.5 L= L= o o4a-

¢ Intensity inferred from intensity balances

V. CONFIGURATION ASSIGNMENTS, DECAY HINDRANCES AND BAND
PROPERTIES

The structure of these odd-A nuclei is expected to be similar to that of the neighboring
even-even core nuclei, but with the unpaired proton coupled to the n-quasiparticle structures
(where n = 0, 2, 4, 6...). Comparisons with the neighboring erbium, ytterbium and lutetium
isotones, therefore, play a role in the configuration assignments.

The configuration of a strongly coupled rotational band is reflected in its in-band decay
properties, such as the competition between E2 crossover and M1 cascade transitions, which
can be examined via the y-ray intensity branching ratio, given by

CL(J—=J=2)
)\_LY(J—>J—1)' (1)

Within the rotational model, it is possible to extract the F2/M1 mixing ratios, d, for the
J — (J—1) transition, and the (gx—ggr)/Qo ratio from the observed branching ratio, A,

using the relations

"< JK20 | J — 2K >2
< JK20|J — 1K >2

1 1[E(J = J-2)
X[ 1, (2)

E(J—>J-1)

and
B —8r _ (933 £al/ 2/~ 1)

Qo (VJ2—=1)8

The in-band properties for measured rotational bands in '™ Tm and "> Tm are presented

(3)

in Tables IV and V. Table VI compares (where available) experimentally measured |gx—gg|

values to empirical predictions for '™Tm and '"™Tm.
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TABLE IV: In-band decay properties for rotational bands in "3Tm.

JT E,(M1) E,(E2) A 1 lgrx-gr|®
7/2” 318 keV
11/2- 114.9 208.7 0.09(2) 0.15(3) 0.99713
13/2- 135.7 250.5 0.19(3) 0.14(2) 1.0411°
15/2~ 155.9 291.5 0.36(6) 0.15(2) 0.981°
17/2- 176.9 332.9 0.63(22) 0.16(6) 0.90772
19/2- 196 373 0.67(20)° 0.14(4) 1.04739
13/2F 1443 keV
17/2+ 165.8 308.7 0.29(5) 0.39(7) 0.3573
13/2~ 1540 keV
17/2- 170.8 322.2 0.18(2) 0.29(3) 0.4973
19/2- 1906 keV
23/2~ 213.7 408.4 1.3(2) 2.09(38) 0.06™%
25/2~ 232.4 446.1 3.2(16) 4.3(22) 0.03%(0 )°
27/2~ 250.1 482.5 5.1(11) 3.67(82) 0.037¢, )¢
29/2- 267 516.8 6.8(49) 2.8(21) 0.05F (7 ¢
31/2- 281 547.8 9.3(27) 3.11(91) 0.0477 ¢
21/2+ 2061 keV
25/2F 197.8 382.4 1.01(29)° 1.41(40) 0.0873
27/2F 212 410.1 2.76(123)" 2.7(12) 0.0477, ¢
29/2+ 229 441.5 3.64(227)° 1.8(11) 0.06 () )

*Assuming Qo = 7.4(3) eb [26].
®Branching ratio deduced from in-beam intensities.

°nd: Not defined.

Figure 17 presents the net rotational alignment for bands observed in ®Tm and ™ Tm.
In both plots, reference parameters are chosen so that the average alignment for the two
signatures of the 1/27[411] band is approximately zero. This requirement is equivalent to

subtracting a reference representing the core contribution to the alignment. The 7/27[523]
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TABLE V: In-band decay properties for rotational bands in "> Tm.

J7 E,(M1) E,(E2) A |6 lgr-grl®
7/2 440 keV
11/2- 114.1 206.2 0.11(2) 0.17(3) 0.8612
13/2- 136.8 250.9 0.25(4) 0.16(2) 0.88™8
15/2~ 158.6 295.4 0.47(13) 0.17(5) 0.85715
17/2- 181.6 340.2 0.66(15)" 0.17(4) 0.88742
19/2- 200.5 382.2 0.69(22)° 0.14(4) 1.03%23
17/2° 1005 keV
21/2~ 213.4 404.6 0.15(2) 0.31(4) 0.4573
23/2- 235.1 448.5 0.32(14)° 0.30(13) 0.461%7
25/2~ 255.5 490.6 0.47(43)° 0.29(26) 0.48™3
27/2- 276 532 0.36(16)° 0.21(10) 0.6712

*Taking Qo = 7.3(2) eb [27].

bBranching ratio deduced from in-beam intensities.

bands in both nuclei exhibit a slight signature splitting at higher spin as expected for a

member of the h;;/, proton multiplet since significant Coriolis mixing is present.

A. The 7/27[523] Nilsson orbital

The 7/27[523] state is the lowest-lying intrinsic excitation in 'Tm, 1™ Tm and ™ Tm.
The state is isomeric, decaying primarily via E1 transitions to the J™ = 5/27 and 7/2%
members of the 1/2%[411] rotational band in each isotope. The hindrance values of decay
branches from the 7/27[523] isomer in '™ Tm are given in Table VII, while those for ™ Tm
are listed in Table VIII. E1 transitions are often intrinsically hindered relative to Weisskopf
estimates [34]. To account for this, Tables VII and VIII include corrected E1 reduced
hindrances (in italics) that assume a somewhat arbitrary reduction factor of 10* for the
hindrance values. In '®Tm, only the E1 transitions are observed, with reduced hindrance
f, values that are very large. A limit is given for the unobserved 315-keV, M2 transition

that also implies a large hindrance value. The reduced hindrances of the equivalent E'1
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TABLE VI: Comparison of experimental |gx —gg| and predicted gx —gpr values for expected configurations

in 13 Tm and 1™ Tm.

K™ Configuration gK—8R “ gK-2R|
w predicted meastred

173Tm

7/2- 7/27[523] +1.01 0.99(10)

11/2+ 5/27[512] 7/27[514] 1 1/2+[411] -0.17(8)

13/2+ 5/2-[512] 7/27[514] 4 1/2+[411] -0.44(7) 0.35(4)

13/2 7/2+[633] 7/2-[514] 1 1/27[411] -0.10(8) 0.49(3) ¥

13/2 5/2-[512] 9/2+[624] 1 1/27[411] -0.48(9)

15/2" 7/2%(633] 7/27[514] 4 1/2+[411] -0.34(7) ;

19/2- 5/2-[512] 7/2"[514] 7/2- [523] 0.14(8) 0.04(3)

21/2+ 7/27(633] 7/2[514] 7/27[523] 0.16(8) 0.06(4)

21/2+ 5/27[512] 9/2+[624] 7/2-[523] 20.08(8)

35/2" 7/2+(633] 5/2"[512] 7/2-[523] -0.14(7) ;

7/2-[514] 9/2+[624]

175 m

7/2- 7/2-[523] +1.01 0.88(9)

15/2~ 7/2-[514] 9/2+[624] 1 1/2+[411] 20.19(8) .

17/2- 7/27[514] 9/2+[624] 4 1/2+[411] 20.39(7) 0.46(6)

23/2+ 7/2-[514] 9/2+[624] 7/2- [A11] 0.07(8) :

®gq from various empirical measurements [20, 22, 28-32], g from [33] .

bSee text for a discussion of the 1540-keV, 13/2 state.

transitions in ™Tm are within the f, ~ 30-200 range expected for normal K-forbidden

transitions [35, 36]. The hindrance for the 440-keV, M2 transition is, however, quite large.
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FIG. 17: Net rotational alignment in 'Tm and '"Tm. A reference with Harris parameters
Jo = 40.9 h?/MeV and J; = 42.7 h*/MeV? for 13 Tm, and Jog = 38.0 h?/MeV and J; = 57.5 ht/MeV?
for 1 Tm has been subtracted from the observed total alignments. Dashed lines are the sum of empirical

neutron and proton alignments that make up the indicated multi-quasiparticle configuration (see the text).
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FIG. 18: Multi-quasiparticle states in the N = 106 isotones. Configuration assignments (with abbreviated
labels) in 17>Tm are given on the basis of the expected couplings to the unpaired proton of two-quasineutron

states seen in the neighboring even-even isotones.
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B. Three-quasiparticle states in ""Tm
1. 15/27 and 17/2 states at 947 and 1005 keV

The low-lying, K™ = 8~ isomer constructed from the v7/27[514]9/2%[624] neutron con-
figuration is well known in the N = 106 isotones (at 1112 keV in '™Er [3, 4] and 1050 keV
in '%Yb [37]). In "Lu [39], the same neutron configuration couples to the ground state
7/27]404] proton, to give a K™ = 23/2~ isomer at 970 keV. It seems reasonable to presume
that the 15/2~ and 17/2~ states in '™ Tm are associated with the same 12[87] configuration,
coupled parallel and anti-parallel to the 1/27[411] ground state proton, as depicted in Fig.
18.

Table VI shows good agreement between the experimental and predicted gx—gpr values
for the 17/2~ band (£0.46(6) and —0.39(7), respectively), lending strong support to the
assignment.

A reasonably large rotational alignment is associated with the 17/2~ band, as indicated in
Fig. 17. This is consistent with the presence of an 4,3/ neutron component in the configura-
tion. Since the 1/2%[411] proton should contribute very little rotational alignment, the 17/2~
band alignment can be compared directly to the alignment for the v7/27[514]9/2%[624], 8~
band in '"Yb [38, 40] (with a reference appropriate for the ground state band in '"Yb) as
indicated by the dotted line that matches the 17/2~ band alignment in Fig. 17. The good
agreement gives further support to a v7/27[514]9/2%[624]®71/27[411] configuration assign-
ment for the 17/2 state, as well as independent support for the rotational band placed on
the (long-lived) 8~ isomer in 170YD.

The transition strengths and hindrances for the 947- and 1518-keV isomers in !™Tm are
given in Table VII. For decays from the 15/27 isomer, the reduced hindrances are low, in
particular the value of f, = 8(1) for the 301-keV, E2 transition. These hindrances will be
discussed below in terms of state mixing. The 5.2-keV, M1 ~ ray from the 15/2~ isomer is
unobserved. Therefore, its intensity was inferred from the total intensity de-exciting the 942-
keV level which it feeds, assuming a pure M1 character. Since even a small £2/M1 mixing
ratio would significantly increase the conversion coefficient for this 5.2-keV transition, the

value of I, is an upper limit, and the corresponding reduced hindrance value a lower limit.
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2. 23/2% isomer at 1518 keV

The energy gap between the 15/27, 17/2~ doublet and the 23/2" isomer is of the order
of 500 keV, comparable to the 440-keV energy gap between the 1/2% ground state and the
7/27 isomer. The implication of Fig. 18 is that the K™ = 23/27 — K™ = 17/2~ decays are
the analogue of the 7/27[523] — 1/27[411] ones, but with the single proton coupled to the
v7/27[514]9/2%[624] neutron configuration.

Reduced hindrance values for the decays from the 1518-keV, 23/2" isomer are given in
Table VII. The 513-keV, E3 transition is an allowed one, but has Fy, = 33(29). The re-
duced hindrance for the 108-keV, E1 transition is within the usual f, ~ 30-200 range for
K-forbidden transitions (after accounting for an E'1 hindrance reduction factor of 10*). The
322-keV, M2 transition has a large reduced hindrance of f, = 1.9(13)x10%. The hindrances
for decays from the 23/2% isomer seem to be consistent with the 7/27[523] — 1/2%[411]
proton change (c.f. the similar reduced hindrances for the E1 and M2 decays from the
7/27[523] isomer). They, therefore, support a v7/27[514]9/27[624|®@77/27[523] configura-

tion assignment for the 23/2% isomer.

C. Three and five-quasiparticle states in '™>Tm

The large number of high- K, multi-quasiparticle states observed between 1 and 2 MeV
excitation energy in '™Tm (see Fig. 10), can be attributed to the 5/27, 7/27, 7/2% and
9/27% neutron orbitals, all lying near the Fermi surface at N = 104.

The even-even neighbors of ™Tm are '™Er [3, 41] and '™Yb [5]. They contain
v5/27[512]®@7/27[514], K™ = 6T isomers, at 1501 and 1518 keV, respectively. Both nu-
clei also exhibit ¥7/27[633]®7/27[514], K™ = 7~ isomers (1792 keV in '™Er and 1765 keV
in 'Yb). The studies of ™YDb also revealed a v5/27[512]7/2%[633] 7/27[514]9/2%[624],
K™ = 147 isomer at 3699 keV [5].

The intrinsic states observed in '™Tm, including likely configuration assignments, are

compared to the equivalent states in the neighboring isotones in Fig. 19.
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TABLE VII: Transition strengths (B(cL)), hindrances (Fy) and reduced hindrances (f,) for decays from

the 7/27, 15/27 and 23/27 isomers in "5Tm.

E, L, oL ar B(oL)® Fy v f,
(keV)  relative

7/27 (440 keV, 7=460(50) ns)

87 13(9) E1 0.481 1.9(13)x1078  1.1(8)x10% 2 1.0(4)x10%; 103(40)
311 743(82)  FE1 0.018 2.4(4)x107%  8.5(15)x107 2 9.2(8)x103; 92(8)
313 553(61)  E1 0.017 1.7(3)x107%  1.2(2)x10® 2 1.1(1)x10%; 108(10)
440 13(8) M2 0.176 0.09(6) 578(364) 1 578(364)
15/27 (947 keV, 7=64(3) ns)

5.2 <0.13¢  (M1) 701¢ <6.2x1074 >2906 3 >14
163.8  566(35) M1 0.763 8.6(10)x107°  2.1(3)x10* 3 28(1)
300.6  255(18)  E2 0.071 0.99(12) 57.6(72) 2 8(1)

23/2% (1518 keV, 7=30(20) us)

108.3  1000(56)  E1 0.270 1.2(8)x107%  1.7(11)x10% 2 1.3(5)x10%; 129(45)
321.7  53(10) M?2 0.474 0.03(2) 1.9(13)x10% 1 1.9(13)x 103
513 12(7) E3 0.047 55(49) 33(29) 0 -

2B(EL) units are (e?fm?2%) and B(ML) units are (u% fm2?~=2).

Values in italics include an additional factor of 10* in the expected single-particle hindrance for E1
transitions (see text).

‘L, for the unobserved, 5.2-keV transition is estimated from the sum of total intensities of 159- and

295-keV ~y rays and assumes pure M1 multipolarity (see text for details).

1. 11/2% and 13/2" states at 1344 keV and 1443 keV

Figure 19 implies the presence of a low-lying v5/27[512]7/27[514]®@n1/2%[411] configura-
tion in '™Tm. It is likely that the 11/27, 1344- and 13/2%, 1443-keV states are associated
with the anti-parallel (—1/2%[411]) and parallel (+1/2%[411]) proton couplings of this con-
figuration, respectively. The |gx—ggr| value in Table VI for the 13/2% band is consistent
with such an assignment. The 7/27[514]®1/27[411] and 5/27[512]®1/27[411] residual in-

39



TABLE VIII: Transition strengths (B(cL)), hindrances (Fy) and reduced hindrances (f,) for decays from

isomers in "3Tm. Two possible assignments: 35/2~ and 35/2% are shown for the isomer at 4048 keV.

E, L oL ar B(oL)® Fw v f, b
(keV)  relative

7/27 (318 keV, 7=15(3) us)

193 516(50) E1 0.059 2.7(7)x107%  7.3(18)x10% 2 2.7(3)x10%; 270(33)
199  532(50) E1 0.054 2.6(6)x107  7.8(19)x10% 2 2.8(3)x10%; 278(34)
315 <20 M2 0.508 <3x1072 >1.8x10% 1 >1.8x103

19/2~ (1906 keV, 7=360(100) ns)

434  272(68)¢ M1 5.77 2.0(8)x107*  8.8(34)x10% 2 94(19)
154.3 440(44) F1 0.106 8.1(25)x1078  2.5(8)x107 2 5.0(8)x10%; 50(8)
214.3  102(15) E2 0.207 0.20(7) 288(95) 1 288(95)
124 9(5)  E2 1.377 0.27(17) 212(133) 0 -

35/27 (4048 keV, 7=175(40) ns)
412 63(21) M1 0.063 42(17)x1077  4.2(17)x105 7 9(1)
655  33(19) E1 0.0033 6.1(38)x10710  3.3(20)x10° 6 38(4); 8(1)
703.5 585(92) E2 0.0075 2.3(6)x1072  2.5(7)x10% 6 4(1)

“B(EL) units are (e? fm?2L) and B(ML) units are (u% fm?L=2).
®Values in italics include an additional factor of 10* in the expected single-particle hindrance for F'1

transitions (see text).
Inferred from the intensity balance with the 171- (6(171 keV) = 0.29(3)) and 322-keV + rays, due to the

difficulty of accurately measuring the intensity for the 43-keV line.

teractions predict that the 11/2% coupling is energetically favored by 116 keV over the 13/27
coupling. This is in approximate agreement with the 99-keV difference observed experimen-
tally. The alignment for the 1443-keV, 13/2% band, illustrated in Fig. 17, is surprisingly

large, considering the absence of either an hy;/, proton or an 4,3/, neutron.
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FIG. 19: Multi-quasiparticle states in the N = 104 isotones. Configuration assignments (with abbreviated
labels) in !™Tm are proposed on the basis of the expected couplings to the unpaired proton of 2- and
4-quasineutron states seen in the neighboring even-even isotones. The dotted line signifies a break in the

energy scale to display the higher-seniority isomers.

2. 13/27, 15/27 and 17/2~ states at 1540, 1692 and 1862 keV and the (15/27) state at
(1782 keV)

The reduced hindrance values for the 43-keV, M1 and 214-keV, E2 branches from the
19/2~ isomer (Table VIII) are consistent with the 1692- and 1862-keV states being the
15/27 and 17/27 members of a band built on the K™ = 13/2~ level at 1540 keV. Figure 19
would suggest a v7/27[633]7/27[514]®@n—1/21[411] configuration assignment for the 13/2~
state. However, Table VI indicates that the |gx—ggr| value deduced from the 171/322-keV
branching ratio is inconsistent with the prediction for this configuration.

One possible explanation is that the 15/27, 1692-keV level is in fact not a band member,
but corresponds instead to the v7/27[633]7/27[514]@n+1/27[411] coupling from the same

configuration. This would explain the disagreement of the |gx—gg| value, as well as the
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observation of strongly competing, K-forbidden, inter-band transitions from the 1692-keV
level to the 7/27[523] band. However, assuming that the 17/2~ state is then in a band built
on a 15/27 intrinsic state at 1692 keV, the 43-keV transition from the 1906-keV isomer
would have a very large reduced hindrance of f, = 8.8(33)x103.

A 13/2 state can also be constructed from the v5/27[512]9/2%[624] @m—1/2%[411] con-
figuration. This gives a predicted (gx—gr) = —0.48(9), in much better agreement with ex-
periment. However, the multi-quasiparticle calculation (section VI) predicts that this state
should lie more than 200 keV higher than the favored configuration assignment. Given the
predicted close proximity of these two states, it is possible that the 13/2~ level at 1540 keV
represents a mixture of the two configurations.

The alignments in Fig. 17 indicate that the 13/27, 1540-keV state has a reasonably
large rotational alignment. This is consistent with the presence of an 7;3/2 neutron in its
configuration.

The (15/27) state at 1782 keV may have an alternative energy placement of 1664 keV
(if the order of the 124- and 242-keV transitions is reversed). It is a candidate for the
v7/2%1633]7/27 [514]@n+1/27[411] configuration, as implied by Fig. 19.

3. 19/2 isomer at 1906 keV

A 19/27 state is expected to be formed from the v5/27[512]7/27[514] configuration (see
Fig. 19) coupled to the 7/27[523] proton excitation. The 1906-keV, 19/2 isomer lies at the
expected energy, and reasonable agreement is seen between the experimental |gx—gr| value
and that predicted for this configuration in Table VI.

The rotational alignment of the 19/2~ band is plotted in Fig. 17. The nearby dotted
line shows the expected alignment for this configuration as obtained from the sum of the
7/27[523] alignment and that of the v5/27[512]7/27[514], 67 band in ™Yb [5] (with a
reference appropriate for the '™Yb ground state band). The excellent agreement between
the two curves gives additional confidence in this configuration assignment, and suggests
that, in this case, the neutron and proton components of the rotational alignments are
approximately additive, provided that appropriate references are chosen in each case. The
sudden increase in alignment at the top of the observed 19/2~ band is probably an indication

of the beginning of a backbend [42] and will be discussed below.
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Table VIII presents hindrances for decay branches from the 1906-keV isomer. Reasonable
reduced hindrances are seen for the 43-, 154- and 214-keV branches with the present spin
and parity assignments. The f, = 50(8) value for the 154-keV transition is in contrast to
the large reduced hindrances of the 193- and 199-keV, E'1 transitions from the 7/2~ isomer
at 318 keV, that should represent the one-quasiparticle analogue of the 154-keV transition.
For the decay to the 1782-keV (or 1664-keV) level, the transition can have an energy of
either 124 or 242 keV and can be of M1 or E2 multipolarity so that there are four possible
hindrance values. Of the four possibilities, a 124-keV, E2 transition appears to be the most
reasonable (the alternative assignments imply allowed transitions with hindrance values,
Fy > 3.7x10%). However, the 15/2~ spin/parity and 1782-keV energy assignments for this

state remain tentative.

4. 21/2% state at 2061 keV

The experimental |gx—ggr| value for the 21/2% band is in good agreement with that ex-
pected for the v7/2%[633|7/27[514] ®n7/27[523] configuration (Table VI). However, it is
also consistent with the the |gx—gg| value for the 19/2%[624] 5/27[512]®@n7/27[523] config-
uration, which could also be low lying.

Since both configurations contain a hy;/2 proton and an ¢;3/, neutron, both are consistent
with the large alignment observed in Fig. 17. The dotted line which closely follows the
21/2" alignment, is a sum of the 7/27[523] alignment with that of the ©7/2%[633]7/27[514],
7~ band in '™Yb [5] (with a reference appropriate for the '™Yb ground state band).
The agreement is consistent with an assignment to the v7/27[633]7/27[514] ®@n7/27[523]

configuration.

5. 35/27 isomer at 4048 keV

The absence of a rotational band associated with this state precludes a gx—ggr
measurement so that no firm configuration assignment can be proposed on this ba-
sis.  Nevertheless, comparison with the 147 isomer in '™Yb (Fig. 19), but with
the addition of a 7/27[523] proton gives the expectation of a 35/2~ state at approxi-
mately 4017 keV (neglecting residual interactions and taking E,(7/27[523]) = 318 keV).
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A v7/27[633]7/27[514]9/2%[624]5/27 [512]@77 /27 [523] configuration assignment, therefore,
seems very likely for the 35/27, 4048-keV isomer.
The reduced hindrance values for all three branches from the 35/2~ isomer (Table VIII)

are low, and will be discussed below.

VI. MULTI-QUASIPARTICLE CALCULATIONS

The multi-quasiparticle calculations employed here have been described in connection
with several investigations in this mass region (see Refs. [2, 5, 7, 32|, for example). They
use single-particle energies from a Nilsson calculation, and the Lipkin-Nogami formalism
(plus pair-blocking) for calculating pairing correlations. The calculations were performed
systematically for the thulium isotopes between A = 171 and A = 175, although the present
paper will focus on 'Tm and 'Tm only.

The Nilsson calculation parameters were adopted from Ref. [43] while deformation pa-
rameters for thulium isotopes from A =171-175 were taken from Ref. [44]. Single-particle
Nilsson orbitals were generated for the N = 4, 5 and 6 proton and neutron oscillator shells
(a total of 128 states). For simplicity, a fixed, configuration independent deformation is used
for all Nilsson orbitals. (Configuration-dependent deformations calculated for single proton
states by Nazarewicz et al. [45] suggest only small differences in deformation between, for
example, the 1/2%[411] and 7/27[523] orbitals within a given nucleus).

After calculation with the initial set of Nilsson energies, the neutron and proton orbitals
near the Fermi surface were adjusted to ensure that the multi-quasiparticle calculation ap-
proximately reproduced the experimental one-quasiparticle energies for protons in the odd-A
thulium isotopes, and, in the odd-A erbium and ytterbium isotopes for neutrons.

Pairing strength parameters of G, = 18.0/A MeV and G, = 20.8/A MeV were used
for neutrons and protons, respectively. These were chosen to approximately reproduce the
odd-even mass differences in the neutron and proton pairing gaps, and to be consistent with
previous calculations for tantalum, lutetium and ytterbium nuclei in this region [2, 5, 7, 32].

The multi-quasiparticle energies obtained by combining the calculated multi-quasiproton
and multi-quasineutron components are subsequently corrected for the residual nucleon-
nucleon interactions. These are taken from the present work (where applicable), from Ref.

[10] and from Kondev [46]. For multi-quasiparticle states, a sum of the individual two-
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quasiparticle residual interactions was used following the generalized form given by Jain
et al. [47]. Strictly speaking, each multi-quasiparticle configuration should also be corrected
for perturbations from rotational and Coriolis shifts, but these are usually relatively minor
and have been neglected here [46].

The energies of the calculated multi-quasiparticle configurations and experimental states
are compared in Table IX and Table X for '™ Tm and '™ Tm, respectively, as well as in Fig.

20. Only those states calculated within reasonable proximity to the nominal yrast line are

included.
TABLE IX: Calculated multi-quasiparticle states compared to ex-
periment for 73 Tm.
K™ Configuration® Ey FEres FEege Eerp
v 7r (keV) (keV) (keV)  (keV)

1/2% 1/2% 0 0 0 0
3/2+ 3/2+ 640 0 640

7/27 7/27 320 0 320 318
7/2+ 7/2+ 822 0 822

9/2~ 9/2~ 1213 0 1213 1213
11/2%F 5/27,7/2 1/2% 1540 —188 1352 1344
13/2+ 5/27,7/2° 1/2+ 1540 —72 1472 1443
13/2~ 7/2%, 727 1/2% 1763 —108 1655 1540
13/2~ 5/27,9/2% 1/2% 1893 —10 1883
15/2~ 7/2%, 727 1/2% 1763 —78 1685  (1782)
15/2~ 5/2-, 9/2+ 1/2+ 1893 +378 2271
15/2~ /2%, 7/27,7/2% 2256 —65 2191
15/2% 7/2F,9/2% 1/2% 2101 +51 2152
17/2% 7/2%,9/2% 1/2% 2101 +349 2450
17/2- 7/2-,9/2+ 1/2+ 2262 —69 2193

@ Configurations: (v) 1/27: 1/27[521], 7/27: 7/2~[514], 7/2+: 7/2+[633], 5/27: 5/2-[512], 9/2+: 9/2+[624],

3/27: 3/27[512). (w) 1/2F: 1/2+[411], 7/27: 7/27[523], 3/2%: 3/2+[411], 7/2%: 7/2+[404], 9/2: 9/27[514].
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TABLE IX — continued

K7™ Configuration® Eyp FEres Ecac Eewp

v s (keV) (keV) (keV)  (keV)

19/2~ 5/27,7/27 7/2” 1860 —177 1683 1906
19/2+ 5/27,7/27 7/2F 2362 —200 2162

21/2% 7/2%, 727 7/2” 2083 —93 1990 2061
21/2+ 5/2-,9/2+ 7/2- 2213 +19 2232
21/2~ 7/2%,7/27 7/2F 2585 —158 2428
21/2~ 5/27,7/2” 9/2~ 2752 —162 2590
23/2~ 7/2T,9/2% 7/27 2421 485 2506
23/2+ 7/27,9/2% 7/2” 2582 —122 2460
23/2~ 7/27,9/2% 7/2F 3084 —156 2928
25/2F 7/27,9/2% 9/2~ 3474 —114 3360
25/2~ 7/2T,9/2% 9/2~ 3313 458 3371
27/2% 5/27,7/2F,7/27,9/2F 1/2% 3509 +54 3563
27/27 5/27,7/2” 1/2%,7/27,7/2% 3796 —61 3735
29/2+ 5/27,7/2%,7/27,9/2% 1/2% 3509 +472 3981
29/2+ 7/2%,7/2” /2%, 7/2F,7/27 4019 4189 4208
31/2~ 7/2T,9/2% 1/2%,7/27,7/2% 4357 4286 4643
31/2- 7/2%, 727 1/2%,7/27,9/2 4399 —7 4392
33/2% 7/2%,9/2% 1/2%,7/27,9/27 4737 4182 4918

35/27 5/27,7/2F,7/27,9/2F 7/2” 3829 498 3927 4048
35/2% 5/27,7/2F,7/27,9/2F 7/2% 4331 +319 4650
37/2~ 5/27,7/2%,7/27,9/2% 9/2~ 4722 +87 4809
39/2% 7/2%,9/2% 7/2%,7/27,9/27 5860 —68 5793
43/2~ 5/27,7/2%,7/27,9/2F 1/2% 7/27,7/2F 5765 4295 6060

@ Configurations: (v) 1/27: 1/27[521], 7/27: 7/2~[514], 7/2+: 7/2+[633], 5/27: 5/2-[512], 9/2+: 9/2+[624],

3/27: 3/27[512). (w) 1/2%: 1/2+[411], 7/27: 7/27[523], 3/2%: 3/2+[411], 7/2%: 7/2+[404], 9/2: 9/27[514].
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TABLE X: Calculated multi-quasiparticle states compared to ex-

periment for 17> Tm.

K™ Configuration® Eq FEres Feac Eerp
v s (keV) (keV) (keV)  (keV)
1/2% 1/2% 0 0 0 0
7/2” 7/2” 438 0 438 440
3/2% 3/2+ 624 0 624 611
7/2% 7/2% 869 0 869
9/2~ 9/2~ 1157 0 1157 1175
9/2+ 1/2=,7/2~ 1/2% 1548 —193 1361
11/2— 1/27,9/2* 1/2% 1670 +285 1955
11/2+ 3/27,7/2- 1/2+ 1729 +33 1762
11/2% 5/27,7/2 1/2% 2062 —188 1874
11/2* 1/2=,7/2~ 3/2% 2172 —173 1999
13/2~ 3/27,9/2% 1/2% 1851 —176 1676
13/2% 5/27,7/2 1/2% 2062 —68 1994
13/2~ 1/27,9/2F 3/2+ 2294 411 2305
15/2~ 7/2-,9/2+ 1/2+ 1048 —117 931 947
15/2~ 5/2-,9/2+ 1/2+ 1967 +370 2337
15/2~ 1/2=,7/2~ 7/2” 1986 —281 1705
15/2+ 1/2-,7/2" 7/2+ 2417 —265 2152
17/2~ 7/27,9/27F 1/2% 1048 —69 979 1005
17/2% 1/27,9/2F 7/2” 2108 —56 2052
19/2~ 7/27,9/2F 3/2% 1672 —108 1565
19/2+ 3/2-,9/2+ 7/2- 2289 —142 2147
21/2+ 5/2-,9/2+ 7/2- 2405 +19 2424

@ Configurations: (v) 1/27: 1/27[510], 7/27: 7/2~[514], 7/2+: 7/2+[633], 5/27: 5/2-[512], 9/2+: 9/2+[624],

3/27: 3/27[512). (w) 1/2F: 1/2+[411], 7/27: 7/27[523], 3/2%: 3/2+[411], 7/2%: 7/2+[404], 9/2: 9/27[514].
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TABLE X — continued

K7™ Configuration® Eyp Eres Ecuc Eecwp

v T (keV) (keV) (keV)  (keV)

23/2+ 7/27,9/2% 7/2” 1486 —119 1367 1518
23/2~ 7/27,9/2% 7/2F 1917 —156 1761
252+ 7/2-,9/2F 9/2- 2205 —114 2091
25/2~ 3/27,5/27,7/27,9/2% 1/2% 3302 —144 3158
27/2% 3/27,7/2F,7/27,9/2%F 1/2% 3579 —164 3415
27/2~ 7/2-,9/2F 1/2%, 3/2%, 7/2F 3621 —190 3431
27/2~ 3/27,5/27,7/27,9/2% 3/2% 3926 —213 3713
29/2+ 1/27,5/27,7/27,9/2F 7/2” 3572 —181 3391
29/2~ 1/2-,5/27,7/2-, 9/2* 7/2+ 4003 +119 4122
31/2% 7/27,9/27F 1/2%,7/27,7/2% 3435 —224 3211
31/2% 3/27,5/27,7/27,9/2% 7/2” 3739 —229 3510
31/2~ 1/2=,7/2%,7/27,9/2* 7/2” 3849 —16 3833
31/2- 3/27,5/27,7/27,9/2+ 7/2+ 4170 —246 3924
33/2~ 7/27,9/2% 1/2+,7/27,9/27 3714 —17 3697
33/2~ 3/27,7/2F,7/27,9/2% 7/2” 4017 —154 3863
33/2% 7/27,9/2F 3/2t,7/27,7/2T 4095 —366 3729
39/2~ 7/27,9/2F 7/27,7/27,9/27 4847 —341 4506

@ Configurations: (v) 1/27: 1/27[510], 7/2~: 7/2~[514], 7/2+: 7/2+[633], 5/27: 5/2-[512], 9/2+: 9/2+[624],

3/27: 3/27[512). (w) 1/2F: 1/2+[411], 7/27: 7/27[523], 3/2%: 3/2+[411], 7/2%: 7/2+[404], 9/2: 9/27[514].

A. Comparison between experimental and calculated states

The predicted one-quasiproton energies in the odd-A nuclei do not provide a true test of
the calculations since they have been adjusted to match experiment in cases where they are
known. The predictions for higher-seniority configurations provide a better test, and the

agreement here is usually within 150 keV of experiment.
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FIG. 20: Experimental and calculated single and multi-quasiparticle state energies for '™Tm and 7> Tm.

The smaller filled, joined symbols represent the @ = —1/2 signature of the 1/2%[411] ground state band.

1. 1BTm

The 11/2% and 13/2" states observed at 1344 and 1443 keV, respectively, are proposed to
represent the v5/27[512]7/27 [514]®@=+m1/27[411] configurations. They are reproduced well
at 1352 and 1472 keV, respectively.

A prediction of 1655 keV for the 13/27 coupling of the v7/2%[633]
7/27[514)®—m1/27[411] configuration, approximately agrees with the 13/2~ state ob-
served at 1540 keV.

The 15/2~ coupling of the v7/27[633]7/27 [514]®+m1/27[411] configuration is predicted
by the residual interactions to be 30 keV higher-lying than the 13/2~ coupling. Possible
candidates for the parallel coupling are the (15/27) state at 1664/1782 keV or the 15/2~ state
at 1692 keV (the latter is, however, more likely to be the 15/27 member of the K™ = 13/2~
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rotational band).

The v5/27[512]7/27[514]®@77 /2~ [523] configuration is predicted 223 keV lower than the
19/2~ isomer at 1906 keV. No alternative 19/2~ configurations are predicted, and this
assignment seems likely.

The 2106-keV, 21/2% isomer has possible assignments as the v7/27[633]
7/27[514|®@n7/27[523] or v5/27[512]9/27[624]®n7/27[523] configurations. The
former is predicted at 1990 keV, which is within 100 keV of the experimen-
tal state and over 200 keV lower than the alternative configuration. The
v5/27[512]7/27[633]7/27[514]9/27[624]@77/27[523] configuration is predicted within
121 keV of the 35/27 isomer at 4048 keV, in excellent agreement. No other states with

comparable K values are expected to occur this low in excitation energy.

2. 11m

The agreement between experiment and calculation for Tm is satisfactory. The
15/27 and 17/2 couplings of the v7/27[514]9/2%[624]® + 71/2%[411] configuration are
both well reproduced, falling within 30 keV of experiment. The nearest alternative states
with J = 15/2 or 17/2 are predicted more than 700 keV higher in energy. The 23/27
isomer resulting from the v7/27[514]9/27[624|®@77/27[523] configuration is calculated to
lie at 1367 keV, 151 keV lower than the experimental value of 1518 keV. No other
JT = 21/2% or 23/2% states are expected below 2 MeV in excitation. Predicted low-
lying five-quasiparticle states include a 31/2% state calculated to lie at 3211 keV, from the
v7/27[514]9/2%[624|®@nr1/27[411])7/27[523]7/27[404] configuration, although the unknown
energy of the w7/2%[404] orbital makes this prediction rather unreliable.

3. General agreement

The agreement between experimental and calculated states for both '™Tm and Tm
is typically within 150 keV, and is no worse than 250 keV for any given state. This is
comparable to similar multi-quasiparticle studies in this region. For example, experimentally
observed states in the nearby nuclei, *™Yb [5] and '"Lu [7], are reproduced to within about

200 keV in similar calculations.
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VII. DISCUSSION
A. Anomalous decays from the 35/2~ isomer in !"*Tm

In ™ Tm, the 35/2~ isomer decays via 412-keV, M1 and 704-keV, E2 transitions to the
19/27 band, and via a 655-keV, E1 transition to the 21/2%7 band. The 412-, 704- and
655-keV transitions have reduced hindrance values of f, = 9(4), 4(1) and 8(1), respectively.
These are all unusually small.

As was shown in Fig. 19, the 35/27, 19/2~ and 21/2" states in '™ Tm are the analogues
of the K™ = 147, 6% and 7~ states in the even-even isotone, ™YDb, obtained by adding
the 7/27[523] proton component to the '™Yb core. The 14T isomer in 'Yb also exhibits
decay branches with small hindrance values to the 67 and 7~ bands. Dracoulis et al. [5]
ascribe these low hindrances to Coriolis mixing from the 4,3/, neutrons contained within the
configuration of the 14 isomer, and probable chance mixing with nearby 14" levels at this
energy (seated over 1 MeV above the yrast line).

The Coriolis mixing discussed in the '"Yb case would presumably also contribute to
the low reduced hindrances of transitions from the 35/2~ isomer in ™ Tm, especially since
the additional hiy/2 proton will also be Coriolis mixed. For '™Tm, the 35/27 isomer is
~600 keV above the yrast line, so the surrounding level density should be somewhat lower
than that surrounding the 14T isomer in '™Yb, and fewer 35/2~ states will be available for
state mixing as a result.

An analogous, K™ = 227, six-quasiparticle isomer was recently observed in '"®Hf by
Mukherjee et al. [48]. Its configuration contains the same four quasineutrons as the 147
('™YD) and 35/2~ (™Tm) levels, and shows a relatively enhanced K-forbidden E2 decay
to a K™ = 14~ band. Mukherjee et al. also propose possible statistical and Coriolis mixing
to account for the enhancement, but also suggest local mixing of either the 22~ isomer with
the (unobserved, AE ~ 723 keV) 22~ member of the 14~ band, or mixing of the 20~ final
state with a nearby (AE = 60 keV) 20~ level. While the latter is a special case, the for-
mer can be compared with chance mixing of the 35/27 isomer and the (unobserved) 35/2~
member of the K™ = 19/2~ band in '™Tm. An energy separation of 111 keV between the
two 35/2~ levels can be estimated from an extrapolation of the 19/2~ rotational band. A

mixing amplitude of 3 = 1.6x1073, and an interaction strength of V' = 0.17 keV are deduced
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in a manner similar to Refs. [6, 49]. This mixing amplitude would imply that a contribu-
tion of 32 = 2.56x107% of the K™ = 19/2~ component to the K™ = 35/2~ wavefunction
is sufficient to explain the observed strength of the 412-keV and 704-keV transitions to the
K™ = 19/2~ band. However, such mixing should also enhance the 655-keV, E1 transition
since the 19/2~ admixture in the 35/2~ state wavefunction would give an allowed compo-
nent for the E1 transition to the 21/2% band. The transition strength for an allowed F1
transition between these two configurations is already known in this case, since the 155-keV,
21/2% — 19/27 decay corresponds to the reverse transition, with a measured B(£1) value
of 6.9715x107%2fm?. Taking the same B(E1) value for the 655-keV transition, but with
an amplitude of 32 = 2.56x107%, gives B(E1) = 1.87 1x 107" e? fm?. This value is smaller
than the experimentally measured transition strength of B(E1) = 6.1(38)x1071%2 fm? for
the 655-keV transition, suggesting that, on its own, such mixing cannot fully account for
the enhancement of this transition from the 35/2~ isomer.

It is interesting to note the similarity in the configurations of the 19/2~ and 35/2 states,
the latter having the 7/2%[633] and 9/27[624] neutrons coupled to the 19/2~ configuration.
These two 413/, neutrons are also partially aligned to the rotation axis, making this isomer
the bandhead of a so-called Fermi-aligned or t-band [50, 51]. (In such a band, the single-
particle angular momentum, j, precesses around an axis intermediate between the symmetry
and rotation axes.)

The sudden increase in alignment observed at hw ~ 0.22 MeV for the 19/27 band in
Fig. 17 suggests the beginnings of a backbend [42]. This is attributed to the introduction
of rotational alignment from a pair of high-j nucleons (in this case, two 4;3/» neutrons),
coupled so that K =~ 0. The consequent rotation-aligned sequence of states (in this case, a
three-quasiparticle state coupled to the (i13/2)? neutrons) is then called the s-band.

The 412- and 704-keV transitions are, therefore, likely to be decays between the bandhead
of the K™ = 35/27, t-band and the K™ = 19/2~ s-band. The two configurations contain
the same five quasiparticles, but, in the case of the 35/27 isomer, the two 413/, neutrons are

coupled parallel, and in the 19/2~ s-band, they are coupled anti-parallel.
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B. The competition between K-forbidden E1 transitions and collective £2 and M1

transitions in *Tm

The K™ = 13/27" state at 1433-keV is proposed to be composed of the v5/27[512]7/27[514]
® m+1/27[411] configuration. It has rotational members at 1586-keV and 1751-keV, both
of which show v = 2, E'1 branches to the 7/27[523] rotational band.

Only lifetime limits of 7 < 5 ns were obtained for each level, however transition strengths
can be deduced indirectly for the K-forbidden decay branches by scaling the observed -
ray branches to the partial v-ray widths of the in-band E2 or M1 transitions (calculated
assuming the rotational model). For the 309-keV, E2 decay from the 1751-keV level, a v-ray
width of 4.2(3) x 1079 eV was deduced. This leads to implied widths of 1.9(8) x 107% €V and
6.5(22)x 1075 eV for the 757- and 933-keV transitions, respectively. These widths correspond
to strengths of 2.1(8) x 107 W.u. and 3.8(13) x 1078 W.u. for the two transitions. For the
1586-keV level, the 143 keV, (M1 + E2) transition is used to deduce the widths (with the
present assignments no collective £2 transition de-excites this level). A partial y-ray width
of 5.6(13) x 107% eV for the 143-keV ~ ray leads to implied strengths of 7.7(29) x 1077 W.u.
and 1.5(5) x 1079 W.u. for the 768- and 923-keV transitions, respectively. It should be noted
that the above calculations are sensitive to the assumed K™ = 13/2% assignment for the
1433-keV level.

The transition strengths deduced above (of about 107¢ W.u.) imply relatively strong tran-
sitions once the K-forbiddenness is taken into account. In the rare-earth region, E1 transi-
tions with strengths around 1074-107° W.u. are expected between certain one-quasiparticle
states [52-54] and can be attributed to an enhanced dipole moment due to an octupole soft-
ness [55]. However, octupole enhancement is difficult to reconcile with the fairly complex
three-quasiparticle to one-quasiparticle configuration changes exhibited in the present case,

and the relative enhancement of these E'1 transitions therefore remains unexplained.

C. Mixing of 15/2~ states in '">Tm

The 15/27 isomer at 947 keV has three decay branches to the 7/2~ band (see Fig. 2)
that exhibit small reduced hindrances. The 5-keV, M1 branch has f, > 14, the 164-keV,
M1 one f, = 28(1), while the 301-keV, E2 branch has f, = 8(1).
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The ~-ray intensity branching ratio of 0.45(4) for the 301-/164-keV transitions agrees
within error with a value of 0.47(13) for the 296-/159-keV in-band transitions from the
15/2~ band member at 942 keV. The similarity is a signature [6] that the isomer contains a
small amplitude of the lower-K band that results in a collective component in the otherwise
forbidden transitions resulting in the observed low hindrances.

Using a method similar to Refs. [6, 49], a mixing amplitude between the two 15/27 states
of = 0.010 can be deduced from the 301-keV, E2 isomer branch. This mixing amplitude,
and the measured energy spacing of AE,,, = 5.2 keV, implies an interaction strength of
only V =53 eV. This is a small interaction in comparison to normal nuclear matrix elements
that are typically on the order of tens of keV [57]. However, it is comparable to interaction
strengths associated with other cases of chance mixing between high- and low-K states,
as discussed by Dracoulis et al. [6]. A 0.01% component of the K™ = 7/2~ band in the
K™ = 15/2~ wavefunction is, therefore, sufficient to allow this isomer to decay with the low
reduced hindrances observed in the data.

The inferred 5.2-keV transition between the two 15/27 states is presumably also allowed,
due to the collective component described above. It represents an unusual in-band decay
that connects two states with the same J and can only occur because of the state mixing.
The situation is displayed (for a general case) in Fig. 21.

The in-band B(M1) value for bands with K # 0, 1/2, can be written in terms of the
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FIG. 21: Mixing of a high-K bandhead with a rotational state of the same spin in a lower-K band. The

mixed wavefunctions are shown.
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rotational g-factor, gg, and the intrinsic g-factor, gr, as [58]

B(M1L; J;, K = Jp, K) = (4)

2
3
Am in® x| (gx — gr) X K(NK10 | LK)+ gr(Ji(Ji + 1)25(J1, Ja) |

eh
2M

where uy = is the nuclear magneton. The last term is only relevant when J; = Js,
and is, therefore, unphysical in normal circumstances, since two states with the same spin
cannot occur in a band.

The M1 transition matrix element between two states with spin J, and nominal (mixed)

K values, K; and Kj (see Fig. 21) is given by:

(J,Ky | T(M1) | J, K) = <B(J, K|+ a(J, K, | ‘T(Ml)

al J K =8| J,K2>>, (5)

where o and 8 are the wavefunction amplitudes. Neglecting the cross-terms between K,
and K (i.e., the non-collective components), and rewriting for the present '™Tm case in

terms of the experimental B(M1) value:

B(M1;J, K59 — J, K75) = (6)
Oz252

2
(2J‘|‘ 1) <J’ K15/2 | T(Ml) | Ja K15/2> - <J> K7/2 | T(M].) | J, K7/2>] .

This expression does not look like that for a normal in-band M1 transition, but instead
takes the form of a difference in the static moments of the two states. By substituting eq.
(4) for both right-hand terms in eq. (6), the transition strength for the 5.2-keV transition
measured experimentally can be compared with that predicted from the mixing. For sim-
plicity, the same gr value is assumed for both the K = 7/2 and K = 15/2 states. The
predicted gx—gr = —0.19(8) is assumed for the K™ = 15/2~ band (whose rotational band
is unobserved) along with gx—gr = +0.88(9) (from Table VI) for the K™ = 7/2~ band.
The amplitude = 0.010 was deduced earlier, and a = \/ﬁ

The calculation results in the prediction B(M1) = 1.8(9)x10~*u,? for the 5.2-keV tran-
sition, which is consistent with the measured limit of B(M1) < 6.2x107*u3.. It should be
noted, however, that the measured B(M1) limit is very sensitive to the mixing ratio used in

deducing the limit on the 5.2-keV ~v-ray intensity.
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VIII. SUMMARY

In summary, extensive results on the high-spin structure of odd-A, neutron-rich *Tm
and Tm nuclei have been obtained.

In 'Tm, the new states include a three-quasiparticle, K™ = 19/2~ isomer with a
lifetime of 7 = 360(100) ns at 1906 keV. The level is associated with the v5/27[512]
7/27[514|®@n7/27[523] configuration. A five-quasiparticle, K™ = 35/2~ isomer with a life-
time of 7 = 175(40) ns has also been observed at 4048 keV. The 35/2~ isomer is proposed to
be a t-bandhead comprised of the v7/27[633]7/27[514]9/27[624]5/2~ [512]®@77 /27 [523] con-
figuration. It is characterized by anomalously fast decays, possibly due to Coriolis mixing
within the configuration and to state mixing with nearby levels.

In '™ Tm, a candidate for the 9/27[514] orbital has been identified at 1175 keV. High-K
structures in ' Tm include a K™ = 15/2 isomer with a lifetime of 7 = 64(3) ns at 947 keV.
The isomer has been assigned to the v7/27[514] 9/27[624]®@r—1/27[411] configuration. It
shows relatively enhanced decays that can be explained by chance mixing with the 15/2~
member of the 7/27[523] band at 942 keV with a mixing matrix element of only 53 eV.
Another isomer with K™ = 23/2% and a lifetime of 7 = 30(20) us, was observed at 1518 keV.
It is proposed to be associated with the v7/27[514] 9/2%[624|®@77/27[523] configuration.

Multi-quasiparticle calculations were performed for both nuclei, the results of which
compare well with the experimentally observed high-spin states. The observed multi-
quasiparticle structure of both Tm and " Tm can be understood in terms of the single
unpaired proton occupying either the 1/2%[411] or 7/27[523] Nilsson states with coupling to
high-seniority neutron configurations that are observed in the even-even isotones.

Unresolved experimental issues remain nevertheless. In particular, the rotational bands
associated with the 35/27 isomer in '™ Tm and the 23/2% isomer in ' Tm need to be iden-
tified to confirm that the magnetic properties are consistent with the present configuration

assignments for the respective states.
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