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Effect of a Triaxial Nuclear Shape on Proton Tunneling: The Decay and Structure of 143Tm
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Gamma rays deexciting states in the proton emitter '“>Tm were observed using the recoil-decay tagging
method. The *3Tm ground-state rotational band was found to exhibit the properties expected for an /i, )
proton decoupled band. In addition, coincidences between protons feeding the 2% state in '*Er and the
2% — 0" y-ray transition were detected, the first measurement of this kind, leading to a more precise
value for the 2% excitation energy of 329(1) keV. Calculations with the particle-rotor model and the core
quasiparticle coupling model indicate that the properties of the 774}, /, band and the proton-decay rates in
145Tm are consistent with the presence of triaxiality with an asymmetry parameter y =~ 20°.
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Most nuclei are axially symmetric. However, specific
combinations of single-particle orbitals near the Fermi
surface can lead to a propensity towards triaxial shapes
as illustrated by recent calculations of the gain in the total
nuclear binding energy due to nonaxial degrees of freedom
[1], which revealed several “islands” of triaxiality
throughout the nuclidic chart. One of the islands corre-
sponds to the N = 76,77, 78 isotones above the Z = 50
proton shell in the vicinity of the proton drip line, near the
14Tm proton emitter. This offers a unique opportunity to
study proton tunneling through a 3-dimensional Coulomb
barrier. Conversely, the proton emission can be used as a
probe of triaxial shapes.

In recent years, studies of proton emitters have become a
source of detailed nuclear structure information beyond the
proton dripline. The anomalous proton-decay rates in the
31Eu and '*'Ho proton emitters were associated with large
prolate deformation [2]. In fact, it was proposed that the
transition from spherical to deformed shapes in this region
of nuclei is responsible for a sudden change in the “intrin-
sic”” proton-decay rate [3]. The observation of rotational
bands feeding the ground state and an isomeric state in
14'Ho combined with its proton-decay properties provided
constraints on the departure from axial symmetry in this
nucleus [4]. The three known proton emitting Tm isotopes,
147.146,145Tm, are located between spherical nuclides close
to the N = 82 major shell closure and an island of large
prolate deformation to which '3'Eu and '#'Ho belong. The
microscopic-macroscopic calculations of Moller et al. [5]
predict a prolate quadrupole deformation of 8, = 0.25 for
the '*5Tm nucleus. The heavier Tm isotopes, '“Tm and
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147Tm, are calculated to have an oblate shape with 3, =
—0.20 and B, = —0.19, respectively. The transition be-
tween oblate and prolate shapes is another manifestation of
the softness towards triaxial shapes.

Proton emission from the ¥Tm ground state was ob-
served for the first time in Ref. [6], where a proton energy
of E,=1728(10) keV and a half-life of T, =
3.5(10) us were reported. In a follow-up measurement
(7], a b, = 9.6(1.5)% proton-decay branch to the 2" ex-
cited stated in the daughter nucleus '**Er was observed and
a more precise half-life of 3.1(3) us was determined. The
2" excitation energy in the daughter nucleus, EQ2*) =
330(10) keV, was deduced from the energy difference
between the two proton lines.

The cross section for producing 'Tm in a fusion-
evaporation reaction is of the order of 100 nb and tens of
other nuclei with a total cross section approaching 1 b are
populated at the same time. Thus, an efficient and very
selective detection technique is required. A 417-MeV Mo
beam from the ATLAS accelerator facility at Argonne
National Laboratory impinged on a 0.6 mg/cm? thick,
highly enriched, ®Ni target to populate ' Tm nuclei after
evaporation of 1 proton and 4 neutrons. The average beam
intensity was about 5 pnA for a period of about 90 h. The
recoil-decay tagging method [8] was used to select y rays
in "Tm. Prompt y radiation was detected in the
Gammasphere array of 90 Compton suppressed HPGe
detectors which surrounded the target [9,10]. Recoiling
nuclei were separated from the beam and dispersed accord-
ing to their mass-to-charge state ratio in the Argonne
Fragment Mass Analyzer [11]. Only residues with mass
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145 and charge states 25" and 26* were implanted into a
double-sided silicon strip detector (DSSD). The front and
back side of the 32 X 32 mm?, 60 pm-thick, DSSD were
divided into 80 orthogonal strips each. Following the im-
plantation, the recoils decayed in the pixel where they were
implanted. Using spatial and time correlations, the decays
were associated with individual implants. In addition, a
55% HPGe detector was placed behind the DSSD to enable
proton-y coincidence measurements.

The proton energy spectrum measured within 250 us of
the implantation is shown in Fig. 1. The spectrum is
dominated by the proton line with an energy of E, =
1720(10) keV and a half-life of 7, = 3.17(20) us cor-
responding to the ' Tm ground-state-to-ground-state pro-
ton decay, in agreement with the previous measurement
[7]. The two weak lines in Fig. 1 correspond to the ' Tm
ground-state decay to the 27 level in the '**Er daughter and
to the known proton decay from the isomer in '#'Ho [12],
respectively. A branching ratio of 10.4(21)% was deduced
for the ' Tm proton decay to the 2" state, which agrees
with the previously reported value [7].

The inset of Fig. 1 contains a coincidence matrix be-
tween decay events measured in the DSSD and vy rays
detected in the HPGe placed behind the DSSD. Six out
of the total of seven events in this matrix have proton
energies corresponding to the low-energy, weak '*Tm
proton line. The y-ray energies of two events are identical
and equal to 329 keV. These were interpreted as full-energy
photopeak events. The energies of the remaining events are
spread between 100 and 300 keV and are due to Compton
scattering in the HPGe detector. Therefore, the data are
consistent with coincidences between protons feeding the
2% state and the 27 — 0" y-ray transition in the '“*Er
daughter nucleus. This measurement constitutes the first
observation of proton-y coincidences in a ground-state
proton emitter and was achieved despite a cross section
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FIG. 1. The spectrum of protons detected within 250 ws after

recoil implantation in the DSSD. The coincidence matrix be-
tween protons and <y rays is shown in the inset (see text for
details).

of only about 10 nb for the fine structure decay. The
deduced 2" excitation energy of 329(1) keV agrees with
the value of 330(10) keV obtained previously [7], but is
more precise.

The spectrum of 7y rays correlated with the '*Tm
ground-state-to-ground-state proton decay is presented in
Fig. 2(a). A regular sequence of three y rays with energies
338, 530, and 686 keV can be seen in the spectrum. These
three transitions are in coincidence with each other, as
illustrated by the 686-keV coincidence gate shown in
Fig. 2(b) and the sum of the 338, 530, 686 keV gates in
Fig. 2(c). Two weaker lines at 819 and 938 keV can also be
seen in Fig. 2. Based on the energies of these transitions it
is proposed that they form a 7h;,/, decoupled rotational
band (see discussion below). A closer inspection reveals
the presence of 3 additional weak transitions with energies
478, 806, and 927 keV. Because of the low coincidence
statistics they were not placed in the level scheme. The
energies and intensities of the 7y rays assigned to ' Tm are
included in Table I. The proposed '*Tm decay level
scheme is presented in Fig. 3.

The proton Ay, /, intruder orbital is located close to the
Fermi surface in the proton-rich A = 130-150 nuclei.
Deformed, proton-rich, odd-Z nuclei in this mass region
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FIG. 2. (a) The 7y spectrum tagged with the '“Tm protons.
(b) The 686-keV coincidence gate. (c) The sum of the 338, 530,
and 686 keV coincidence gates.
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TABLE I. Gamma-ray transitions in “3Tm observed in the
38Ni(417 MeV) + Mo reaction.

7y energy v intensity 7y assignment
338.4(4) 100(18) 15/27 = 11/2~
478.1(10) 38(14)

530.4(5) 84(19) 19/27 — 15/2~
686.2(5) 105(25) 23/27 —19/2°
805.9(8) 78(28)

818.8(7) 35(21) (27/27 —23/27)
926.8(7) 36(22)

937.7(8) 22(15) 31/27 —=27/27)

exhibit strongly populated rotational bands based on this
7h),, state. A combination of moderate deformation and
high single-particle angular momentum, j = 11/2, results
in a relatively strong Coriolis interaction, which manifests
itself already at low spin. This leads to the decoupling of
the Ay, proton from the core and to the alignment of the
proton angular momentum along the angular momentum of
the core. As a result, a decoupled band is formed with level
energies: E(11/27), E(15/27), ..., similar to those of the
ground-state rotational band in the even-even core:
E(0%), E(2*),... [13]. The systematics of proton iy,
decoupled bands and ground-state bands in even-even,
proton-rich rare-earth nuclei is presented in Figs. 4(a)
and 4(b), respectively. The y-ray energies in the odd-Z
nuclei and their even-even cores are indeed similar. The
energies of the transitions assigned to the ' Tm ground-
state band agree very well with the systematics of the
proton A/, decoupled bands. The energy of the bottom
transition is 338 keV, very close to the energy of the 2*
state in the even-even core of 329 keV measured in this
work. Consequently, it is proposed here that the observed
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FIG. 3. The proposed level scheme for 43Tm.

sequence of y rays in '“Tm forms a decoupled h;
band. It is instructive to study the behavior of the
E(19/27)/E(15/27) and E(4")/E(2") energy ratios [see
Figs. 4(c) and 4(d)]. For N = 78 isotones, the ratio is about
2.3, just above the 2.0 value corresponding to a harmonic
vibrator and below the 2.5 value characteristic of a y soft
rotor (or a triaxial rigid rotor, with an asymmetry parameter
v = 30°). At N = 76, where ' Tm is situated, this ratio is
almost exactly 2.5 and it increases to about 2.7 for the N =
74 isotones.

The changes in the moment of inertia, J;/h* =1 X
[dE/d(I — j)*]"!, where E,I are the level energy and
spin and j is the odd proton angular momentum, as a
function of the rotational frequency, hw = dE/d(I — j),
are compared with the results of particle-rotor calculations
in Fig. 5. A Woods-Saxon potential, with the universal set
of parameters [14], was used in the calculations. The
proton pairing strength was set to G, = 0.136 MeV, and
the Coriolis interaction was attenuated by 15%. The mo-
ment of inertia was adjusted to fit the E(2) energy of the
core. When the measured E(2*) energy of the **Er core is
used, the best agreement between calculations and experi-
ment for states with spin between 11/2 and 23/2 was
obtained for y = 30°, for both B, =0.18 and 0.25.
When the E(2") energy is decreased to 210 keV in order
to account for the increase of the moment of inertia similar
to the N = 76 isotone '**Dy (see Fig. 5) y = 20° fits the
data very well.

The particle-vibrator proton-decay rate calculations re-
ported good agreement with the experiment using a dy-
namical deformation of B, = 0.18 [7,15]. According to
these calculations the 7h;;/, ® 0" and 7f;7,, ® 2* com-
ponents of the '*3Tm ground state are responsible for the
decay to the 0" ground state and to the 27" excited state,
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FIG. 4. The energies of (a) the 15/27, 19/27, 23/2~ states
(relative to the 11/2 state) and (b) the 2%, 4T, 6% states
(relative to the 0T state) in the proton-rich rare-earth nuclei.
The energy ratios for (c) the 15/2~ and 19/2~ states and for
(d) the 4™ and 27" states.
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FIG. 5. The moment of inertia as a function of the rotational
frequency extracted for the Tm h;;/, band and the values
calculated with the particle-rotor model using different quadru-
pole deformations (3,), asymmetry parameters (), and mo-
ments of inertia (see text for details). The moment of inertia for
the even-even N = 76 isotone 4’Dy is also plotted.

respectively. In order to obtain the ' Tm ground-state
wave function, calculations using the core quasiparticle
coupling model (CQPCM) were performed [16]. The
particle-core coupling constant was adjusted to reproduce
level energies of the 7h;/, band in '*'Eu [17]. For B, =
0.18, amplitudes of 57% and 2.7% were calculated for the
two components above, respectively, which compares well
with particle-vibrator calculations: (33%, 4.0%) [15] and
(56%, 3.0%) [7]. Adding nonzero y values worsens this
agreement. However, using deformations B8, = 0.25 and
v = 25° results in a similar wave function, namely, (50%,
2.7%). Thus, triaxiality appears to be consistent with the
excited states and decay properties of > Tm.

The "Tm proton decay is very complex from a theo-
retical point of view. First, the existence of a decoupled
band suggests that the Coriolis force dominates the ' Tm
structure. Second, as indicated above, **Tm could be
triaxial. The so-called adiabatic proton-decay models ne-
glect the Coriolis force [18]. On the other hand, nonadia-
batic models, which include the Coriolis interaction, did
not reproduce proton-decay data for the deformed proton
emitter '*'Ho [18,19]. In Ref. [20], this discrepancy was
eliminated by using the quasiparticle description, which
attenuates the Coriolis matrix elements through pairing.
Nonaxial degrees of freedom were included in the adia-
batic [21] and nonadiabatic [22] approach, but pairing was
not. In order to describe in detail the ¥ Tm proton decay
both the Coriolis force in the quasiparticle formulation
together with nonaxial shapes should be included.

In summary, the ground-state band in the proton emitter
145Tm was observed. In addition, coincidences between the
protons feeding the 27 state and the 2* — 0" y-ray tran-
sition in the daughter nucleus were detected. The ' Tm
ground-state band has properties characteristic of a proton
hy1/, decoupled band. The comparison between the
particle-rotor model and the measured level energies sug-
gests that an asymmetry parameter y = 20° fits the data
best. The CQPCM indicates that 8, = 0.25 and y = 25°
are consistent with both the '*Tm proton-decay rates and
the spectrum of excited states.
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