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A.Herzáň,5 A. Illana,1, † D.T. Joss,6 H. Joukainen,1 R. Julin,1 H. Jutila,1 M. Leino,1 J. Louko,1

M. Luoma,1 E. Maglione,4 J. Ojala,1, ‡ R.D. Page,6 J. Pakarinen,1 P. Rahkila,1 J. Romero,1, 6 P.

Ruotsalainen,1 M. Sandzelius,1 J. Sarén,1 A. Tolosa-Delgado,1 J. Uusitalo,1, 6 and G. Zimba1

1Accelerator Laboratory, Department of Physics, University of Jyväskylä, FI-40014 Jyväskylä, Finland
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Two triaxial states has been studied in the proton-decaying nucleus 147Tm via a comparison of ex-
perimental data to that obtained through nonadiabatic quasiparticle calculations. The experimental
data were collected in a recoil-decay tagging study using the vacuum-mode recoil separator MARA
coupled with the jurogam3 γ-ray spectrometer. The previously proposed level scheme above the
triaxial 11/2− (πh11/2) ground state was confirmed, and the level structure was expanded to cover

the states above the weakly populated proton-emitting 5/2+ (πd5/2) isomeric state. It was found
that the isomeric state is also triaxial, and possibly more deformed than the ground state. Shape
coexistence of two triaxial states is a rare observation throughout the chart of nuclides.

The amount of energy needed to remove a nucleon from
a nucleus is a key quantity that determines the stabil-
ity of a given isotope. Once this energy becomes neg-
ative the neutron or proton drip line has been reached.
The nuclei in the proximity of the drip lines provide fun-
damental information on nuclear matter with extreme
proton-neutron ratios. The properties of these nuclei play
a key role in the origin of elements [1] as the pathway of
the rapid neutron [2] (proton [3–5]) capture process is
thought to take place close to the neutron (proton) drip
line. Beyond the neutron drip line the least bound neu-
trons are swiftly emitted as the nuclear forces are unable
to keep them in the proximity of other nucleons. On
the opposite extreme of the Segré chart, immediately be-
yond the proton drip line, protons remain bound to the
core by a barrier arising from nuclear, electromagnetic,
and centrifugal components, but will eventually escape
via tunneling; proton emission has become energetically
possible.

Ground-state proton emission [6–11] was found in the
early 1980s via the discovery of 151Lu [12], shortly fol-
lowed by the identification of 147Tm [13] [T1/2=0.58(3)
s [14]]. To date, approximately 50 [10] cases of proton
emission are known between 108I [5] and 185Bi [15], the
only odd-Z element in between without observed proton
emission is promethium. The proton-emission rate is only
sensitive to the energy released in the decay Qp, the an-
gular momentum lp carried away by the emitted proton,
and on the shape of the decaying nucleus. Therefore, it is
possible to probe the shape of nuclei beyond the proton
drip line, even if only a handful of these are produced

in an experiment. For example, see Ref. [16] for the re-
cently discovered strongly oblate deformed proton emit-
ter 149Lu. In order to discuss the sign of the quadrupole
deformation parameter β2, or if one follows the Lund con-
vention, the triaxiality parameter γ, the level-spacing in
the (rotational) band feeding the proton-emitting state
should be measured. In the past this type of measure-
ment has been performed, for example, for the nearby
141Ho [17], 145Tm [18], and 151Lu [19, 20], of which the
last one also included lifetime measurements. Alterna-
tively, proton-decay branching ratios (“fine structure”)
to the excited state of the daughter species may turn out
to be very useful. The nonadiabatic quasiparticle model
has been used successfully to interpret these data, and
to address the shape of proton-emitting nuclei. Whereas
151Lu was concluded to be oblate deformed, 140Ho [21],
141Ho [22], 144Tm [23], and 145Tm [24] were all inter-
preted to be triaxial in their ground state. Notably, when
moving along the proton emitters from the N = 82 shell
closure toward lighter nuclei, prolate deformation has not
been observed, not until at 135Tb [25].

These results are consistent with other large-scale cal-
culations. For example, the finite-range liquid-drop
model [26] and Hartree-Fock-Bogoliubov calculations [27,
28] predicted a spherical shape for the even-even nuclei at
the closed neutron shell (N = 82), but anticipated a mod-
erate oblate deformation (“pumpkin shape”) at N = 80.
Removing further neutrons drives a shape change into
complex triaxial forms, and onward towards the neutron
midshell, into a strong prolate deformation (“rugby ball
shape”). The näıve hypothesis is that a given odd-mass
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proton emitter adopts the shape of the underlying even-
even core. However, atomic nuclei have the intriguing
feature that those competing configurations implement-
ing different macroscopic shapes can emerge within a nar-
row energy range in a given nucleus. This is commonly
referred to as shape coexistence [29–33], of which perhaps
the most famous example is the triplet of lowest-energy
0+ states with spherical, oblate, and prolate shapes in
186Pb [34, 35].

In this Letter we report the results of an in-beam γ-
ray spectroscopy study of 147Tm. The results of a similar
study were first reported in Ref. [36], and were later ex-
panded by largely the same authors in Ref. [37]. These
studies reported the observation of the favored πh11/2

ground-state band together with the tentative observa-
tion of its unfavored signature partner. A comprehen-
sive theoretical study, using the Modified Particle-Rotor
Model (MPRM) utilizing the microscopic nonadiabatic
quasiparticle approach, was performed in Ref. [38] in
order to interpret the ground-state properties of 147Tm.
The conclusion was that the MPRM best reproduces the
measured data if the nucleus is triaxially deformed with
β2 = 0.21 and γ = 25◦. In the present work we expanded
the level scheme above the weakly populated, proton-
decaying low-spin isomeric state, in which only one tran-
sition was tentatively placed in Ref. [36]. These results
are compared to the MPRM calculations, and we find
evidence that the isomeric state is also triaxial, and pos-
sibly more deformed than the ground state. This is the
first instance when proton decay is used to probe shape
coexistence. More importantly, we report evidence on
the possible shape coexistence of two different triaxial
shapes, which is a very rare finding throughout the Segré
chart, the only other examples within our knowledge are
limited to 72Ge [39] and 102Ru [40].

The experiment was conducted in the Accelerator Lab-
oratory of University of Jyväskylä, Finland. The nuclei
of interest were produced in the 92Mo(58Ni,p2n)147Tm
fusion-evaporation reaction using a 250-MeV nickel beam
with 5 pnA (3×1010 ions/s) average beam intensity over
an exposure time of 66 hours. The 550-µg/cm2 thick self-
supporting target was placed at the center of the ju-
rogam3 [41] Compton-suppressed γ-ray spectrometer.
The fusion-evaporation residues, colloquially referred to
as the recoils hereafter, were selected in MARA (Mass
Analyzing Recoil Apparatus [42, 43]) from the flux of
unwanted ions formed by the unreacted primary beam
and other target- and beam-like nuclei. The MARA ion-
optical reference was set to a charge state of 25.5 that
in practice permitted the collection of recoils with four
different charge states simultaneously. At the focal plane
of MARA the recoils passed through a multi-wire pro-
portional counter (MWPC) before implantation into a
192×72 strip double-sided silicon strip detector (DSSD)
with a thickness and pitch of 159 and 670 µm, respec-
tively. The linear energy response of the DSSD was cali-
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FIG. 1. (a) Energy spectrum of the low-energy decay events
versus the recorded decay time. Proton-emission events of
147Tm are labeled together with the internal conversion elec-
trons (IC e−) and β particles. The wide ridge at approx-
imately 1500 keV originates from α particles escaping the
implantation detector. (b) Decay time distribution of the
147mTm events. The solid line is a least-squares fit to the
data as described in Ref. [45].

brated using a 151Lu proton-decay activity (offset param-
eter) and standard α source (gain parameter) containing
239Pu, 241Am, and 244Cm activities. The 151Lu decay
data were obtained in an experiment performed prior to
the present work [16]. The recoils were distinguished
from other implantation events based on the MWPC-
DSSD time-of-flight information and on the implantation
energy. Additionally, an event without the MWPC signal
was considered as a decay event. Data from all detector
channels were time stamped with a 100 MHz clock, and
recorded independently. Finally, data analyses were per-
formed via the grain [44] software package.

The energy spectrum of the recoil correlated low-
energy decay events is presented in Fig. 1(a). The two
proton-decaying activities of 147Tm are clearly distin-
guishable, and their intensity ratio suggests that only
∼ 5% of the reactions resulting in 147Tm populate
the isomeric state. The extracted proton energies of
Ep(11/2

−) = 1050(5) keV and Ep(5/2
+) = 1120(5) keV

agree with the evaluated [14] values of 1051(3) keV and
1119(5) keV, respectively. Due to piling up of the de-
cay signal with that of the preceding recoil implantation
event, the measured energies of the fastest 147mTm events
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FIG. 2. Singles γ-ray energy spectra tagged with the proton
decay of 147Tm (a) 11/2− ground state and (b) 5/2+ isomeric
state.

appear higher. The events suffering from the pile up were
excluded in the proton-energy analyses. The present data
also permit an improved precision on the half-life value of
the isomeric 5/2+ state of 147Tm, which is important for
determining its deformation. A least-squares fit [45] was
performed to the decay-time projection of the 147mTm
events, as shown in Fig. 1(b), yielding a half-life of 375(5)
µs, which is consistent with the presently recommended
value of 360(40) µs [14].

Prompt γ rays feeding the proton-decaying states of
147Tm were probed via the highly selective recoil-decay
tagging technique [46, 47]. The acquired singles γ-ray en-
ergy spectra are displayed in Fig. 2. As the proton-decay
events from the ground state of 147Tm partially overlap
with the random background, a background subtraction
procedure was introduced. The extracted γ-ray data are
listed in the Supplemental Material. Additionally, the
coincidence relationships of the γ rays were investigated.
Selected examples of the γ-γ coincidence analyses are
provided in Fig. 3. The level scheme of 147Tm was con-
structed based on the above discussed γ-ray data, and it
is displayed in Fig. 4.

In this work the proposed [37] level structure above
the ground state of 147Tm was confirmed up to the 27/2−

state, and the extracted angular distribution coefficients
support the suggested spin and parity assignments. Fur-
thermore, the existence of the unfavored signature part-
ner of the ground-state band, tentatively placed in the
level scheme in Ref. [37], was confirmed. Based on the
systematics along the isotonic chain it was proposed in
Ref. [36] that the structure of the ground-state band is
the h11/2 proton weakly coupled to the 2+, 4+, . . . states of
the underlying even-even core. The same reasoning also
holds for the states in the unfavored signature partner
band. Based on simple particle-rotor calculations, it was
found in Ref. [37] that the best agreement between the
model and the experimental data is if 147Tm is assumed
to be triaxial with asymmetry parameter γ ≈ 30◦. In
the comprehensive theoretical study, using the MPRM
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FIG. 3. Examples of γ-γ coincidence analyses when tagging
with the proton decay of 147mTm, and setting a gate on the
γ-ray energy as indicated.
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FIG. 4. Level scheme of 147Tm. Intensities of the positive-
and negative-parity structures are normalized independently.
Excitation energies of the positive parity states inherit a sys-
tematic uncertainty of 6 keV [14] arising from the uncertainty
of the 5/2+ state’s energy.

approach, of Ref. [38] it was concluded that the level
spacings in both, the favored and unfavored πh11/2 bands
are best reproduced if 147Tm is triaxially deformed with
β2 = 0.21 and γ = 25◦. This interpretation is supported
by the proton-emission rate of the ground state of 147Tm.
For the proton-emitting isomeric state of 147Tm a spin
and parity of 5/2+ was proposed [38], and it was suggested
that the wave function of the 5/2+ state is dominated by
the πd5/2 orbital.

The presently obtained precise half-life value of 375(5)
µs allows us to confirm the 5/2+ assignment, and probe
the shape of the isomeric state. In order to facilitate this
interpretation, the calculations of Ref. [38] were extended
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FIG. 5. Results of the nonadiabatic quasiparticle calculations
in 147Tm as a function of the deformation: (a) Ratio of the
theoretical and measured partial proton-emission half-lives of
the 5/2+ state. The combined uncertainties of the model total
to 30% that is indicated with a black contour. (b) Calculated
energy of the 5/2+ state with respect to that of the 3/2+ state.
(c) Sum of squared energy residuals of selected states feeding
the 5/2+ isomer, the symbol marks the global minimum. (d)
Same as (c) but for the states above the 11/2− ground state.
Smallest deformations are excluded by the half-life analysis
as indicated with the solid line. The open symbol marks the
triaxial deformation suggested in Ref. [38].

to other possible deformations considering the presently
measured proton-decay energy. The calculated partial
proton-emission half-lives are compared to the measured
one in Fig. 5(a), and it shows very good agreement for
0.2 > β2 > 0.3, and γ > 20◦. However, within the
model there is also a 3/2+ state close to the Fermi sur-
face. From the calculated internal transition rates the
3/2+ state must be above the 5/2+ state, otherwise the
internal electromagnetic transition would dominate over
the proton decay. The energy difference between the
states is shown in Fig. 5(b). Consequently, the positive
values of the energy difference, shown in red and orange,
can be ruled out. This narrows down the possible defor-
mations and practically excludes the pure prolate shape.
Within the model the 3/2+ state is also proton decaying,
but the calculated level structure above it does not match
the measured level scheme at any deformation, hence the
3/2+ interpretation for the isomeric state can be excluded.

Further support for the triaxial interpretation can be
obtained by studying the states feeding the 5/2+ isomer.
As demonstrated in Figs. 3(a)-(d), the four most intense
γ-ray transitions visible in Fig. 2(b) are mutually an-
ticoincident. This suggests a fragmented band structure
above the isomer. The angular distribution coefficients of
the 220- and 511-keV transitions point to a dipole char-
acter with plausible quadrupole admixture. Therefore,
we place 7/2+ states in the level scheme at the energies
of 288 keV and 579 keV. All the other transitions are

of stretched quadrupole character, and are placed in the
level scheme accordingly. In order to interpret the four
observed bands a comparison to the MPRM calculations
was performed. In this theoretical approach the experi-
mental spectrum of the even-even core is coupled to the
quasiparticle states of the odd proton, thus guaranteeing
the correct treatment of the Pauli principle. Within the
model, levels built on dominant πd5/2, πs1/2, and πg7/2

orbitals are found, see the Supplemental Material for the
energies and wave functions of the states. We interpret
bands 1 and 2 above the isomer as the favored and un-
favored partner of the πd5/2 band. Similarly, bands 3
and 4 are build on mixed πs1/2 and πg7/2 orbitals. In the
(β2,γ) plane there are two regions where we find reason-
able agreement1 between the calculated and measured
level energies of the lowest excited states above the iso-
mer. To visualize this, we show in Fig. 5(c) the sum of
squared energy residuals of the Iπ ≤ 13/2+ members of
the bands 1 and 3 as the model best reproduced the fa-
vored bands. Two pronounced minima are found, a local
one in the already excluded prolate region, and a global,
triaxial minimum at β2 ∼ 0.28 and γ ∼ 20◦ which is
marked with a symbol in Fig. 5(c). It should be noted
that at this triaxial deformation the proton-emission rate
of the isomer is reproduced within uncertainties, and the
rivaling 5/2+ and 3/2+ states are in the appropriate order.
Following this triaxial ansatz the experimentally and the-
oretically observed states are grouped and compared in
Fig. 6.
For completeness, an identical set of MPRM calcu-

lations was performed for the negative parity states of
147Tm, results of which are now briefly summarized.
Firstly, the smallest values of β2 can be excluded by
inspecting (not shown here) the partial proton-emission
half-life of the ground state, this limit is marked with a
black line in Fig. 5(d). Secondly, the sum of squared en-
ergy residuals of the Iπ ≤ 27/2− states feeding the ground
state shows a narrow β2-soft minimum, see Fig. 5(d).
This minimum includes the triaxial shape of β2 = 0.21
and γ = 25◦ proposed in Ref. [38], as is indicated with
the open symbol in Fig. 5(d).
In summary, a recoil-decay tagging study of the pro-

ton emitting nucleus 147Tm was performed. The present
results are in good agreement with the earlier studies
[37, 38], which showed that the 11/2− (πh11/2) ground
state of 147Tm is likely to be triaxial with β2 = 0.21
and γ = 25◦. In the present work the level scheme was

1 Here “reasonable agreement” signifies a correct sequence and an
energy deviation no more than some hundreds of keV for the
calculated states with respect to the measured ones. For many
low-lying states the energy residuals are order of magnitude bet-
ter, which indicates an excellent agreement. The larger deviation
for the high-spin states is due to the unavailability of the experi-
mental energies of the excited states of the even-even core, which
are used as an input in the MPRM calculations.
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expanded above the proton-emitting isomeric 5/2+ (πd5/2)
state. The measured proton-decay rate and the level
spacings above the isomer were compared to those ob-
tained via nonadiabatic quasiparticle calculations. The
isomeric state was found likely to be triaxial with β2 =
0.28 and γ = 20◦ – more deformed than the ground
state. This is the first instance where proton decay has
been used as a tool to probe a shape coexistence can-
didate. Additionally, evidence was found for a possible
shape coexistence of two triaxial shapes. Similarly to
151Lu [19, 20], it would be interesting to perform a life-
time measurement for the low-lying levels of 147Tm with
a plunger device and a recoil separator. This would give
an access to the underlying transition matrix elements,
which would provide an additional observable to compare
with the theory and discuss the deformation and shape
coexistence even further. This type of experiment would
be feasible with the techniques available to date.
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[33] P. E. Garrett, M. Zielińska, and E. Clément, Progress in

Particle and Nuclear Physics 124, 103931 (2022).
[34] A. N. Andreyev, M. Huyse, P. V. Duppen, L. Weissman,

D. Ackermann, J. Gerl, F. P. Heßberger, S. Hofmann,
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