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Using a fusion-evaporation reaction and a gas-filled recoil separator, an isomeric state [T = 83(8) us] with

a most likely spin and parity of 22 has been identified in 2'''Th. The isomeric state is mainly depopulated via
a hindered internal M2 transition [B(M2) = 0.0025(5) W.u.], but also a weak «-decay branch of 4(3)% was
observed. The present observations fit well to the systematic pattern set by the previously identified states of the

same spin and parity in this region of the nuclear chart.
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I. INTRODUCTION

Isomeric excited states [1] have a particularly important
role in fundamental nuclear physics, as well as in its appli-
cations. Metastable states provide opportunities from energy
storage to medicine [2,3] and might play a role in stellar
processes [4]. From the perspective of experimental nuclear
physics, the isomeric states offer unique opportunities for
experimental arrangements in the form of isomeric targets
(see, for example, Ref. [5]) and isomeric beams [6,7]. More
commonly, however, the metastable states are used to gain
information on nuclear structure; if one measures the energy,
rate, and multipole of the transition depopulating the level, an
access is gained to the underlying transition matrix element.
Furthermore, the decay of the isomeric state might populate
otherwise inaccessible intermediate state(s) that in turn can be
studied, for example, on a focal plane of a recoil separator
[8,9], or said transitions can be used to gain high selectivity in
the form of a recoil-isomer decay tagging [10—12].
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In this article we report the discovery of an isomeric state
in 2''Th with, most likely, spin and parity of 13/2" arising
from the vig/l2 configuration. States of the same /™ and config-
uration are fairly well established through polonium, radon,
and radium isotopes with even Z, odd N, and N < 126; see,
for example, Refs. [13-17] and references therein. Among
the N < 126 isotopes of thorium, only two examples of the
13/2% state were proposed before this study in 2 Th [18] and
23Th [19]. The dominant depopulation mechanism of the
isomer appears to be internal transition in isotopes close to the
N = 126 shell closure, whereas « decay takes over when one
moves on the nuclear chart towards the proton dripline. Some
of the observed internal decay paths involve a rare transition of
M4 type [14,20]. When it comes to 2I1ThH, we have observed
a dominant internal cascade as well as a weak a-decay branch
from the metastable state.

II. EXPERIMENTAL DETAILS

The nuclei of interest were generated in a fusion-
evaporation reaction '8!Ta(*®Ar, 1p5n)2!'Th. The results
reported here represent the sum of the data obtained under the
experimental conditions listed in Table I. The K-130 cyclotron
of the University of Jyviskyld was used to deliver the ion
beams, and the fusion-evaporation residues recoiling out from
the target, referred to as recoils hereinafter, were selected from
the primary beam using the recoil ion transport unit (RITU)
[21,22] gas-filled recoil separator. The recoils passed through
a multiwire proportional counter (MWPC) at the focal plane
of RITU before implantation into a double-sided silicon strip
detector (DSSD) of the GREAT spectrometer [23]. The indi-
vidual strips of the DSSD were gain matched using a '**Ba
source (low-energy range for internal-conversion events) or

©2021 American Physical Society
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TABLE I. The reactions, beam energies E}j‘b and intensities 7,
irradiation times ¢, and the thicknesses of the tantalum target dr, and
of the downstream carbon degrader foil d¢ used at different phases
of this study.

Etl)ab I, t dma dc
Phase Reaction (MeV) (pnA)  (h) (£5) 5
1 OAr+ ¥ 178 141 8.2 1000 70
2 BAr+ '81Ta 184 138 14.4 450 70
3 BAr 4+ 131Ta 190 190 153 1000 70
4 OAr+ 81T 196 196 209 1000 70
5 BAr+ '31Ta 202 199 423 1000 70
6 BAr+31Ta 208 210 68.8 1000 70
7 OAr+ 81T 214 158 16.2 1000 70
8 OAr+ 81T 210 180  80.6 1000 70

a-decay data collected through a *®Ar 4 'Tm reaction dur-
ing the back-to-back sister experiment of this study, whose
results are already published [24]. An energy resolution of
approximately 25 keV (FWHM, «-decay events) was ob-
tained for the DSSD. The highly pixelated (1 mm? pixel
size) 300-pum-thick DSSD was used to correlate spatially the
recoil-implantation events to the subsequent decay events.
Recoils were distinguished from the scattered primary beam
and other unwanted beam- and target-like ions based on their
energy loss in the MWPC and the MWPC-DSSD time of
flight, and an event without the MWPC signal was considered
as a decay event. As demonstrated in Fig. 1, many of the a-
particle energies are overlapping in this region of the nuclear
chart. It is therefore necessary to seek correlations up to four
consecutive decay events in order to achieve reliable identifi-
cation of the parent nucleus. The «-decay tagging efficiency
was further enhanced by assembling 28 silicon PIN diodes
in a tunnel geometry upstream from the DSSD to detect o
particles escaping from the implantation detector. Similar to
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FIG. 1. Measured decay time, as a function of the «-particle
energy, of the first decay event of a decay chain consisting of two
to four decay events correlated with a recoil implantation event in
the same pixel of the DSSD. Some of the previously known [27,28]
activities are labeled as well as the newly observed o decay of the
isomeric state in >!!Th.
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FIG. 2. «-particle energy spectrum reconstructed from the « par-
ticles that escaped from the DSSD, but which were detected in any
of the PIN diodes surrounding the DSSD. ?®Ra events were selected
by setting decay-time conditions of #(d1) < 1 ms and 7(d2) < 16 s,
i.e., by gating with the internal-conversion electrons of a transition
depopulating a known isomeric state in *’Ra [16] [see Sec. III for
the definition of E(dn) and #(dn)]. The dashed line is the -particle
energy of **Ra reported in the literature [27].

the DSSD, the PIN diodes were calibrated by using the «-
decay data obtained via the reaction of Ref. [24]. A correction
was applied to account for the varying effective thickness of
the dead layers on the surface of the DSSD and the PIN diodes
as a function of the «-particle emission angle. An example
a-particle energy spectrum obtained from the escape events
by adding back the energy measured in the PIN diodes is
displayed in Fig. 2, and it reflects an energy resolution of
approximately 120 keV (FWHM). Furthermore, y rays at the
focal plane were measured by using three clover-type ger-
manium detectors [25] around the GREAT vacuum chamber
and one planar-type detector inside, immediately behind the
DSSD. Data from all detector channels were recorded inde-
pendently and time stamped with a 100 MHz clock. The data
were presorted into correlated decay chains containing two
to four decay events using the GRAIN [26] software package.
The final analysis of the decay chains was carried out in the
MATLAB R2018b environment.

III. OBSERVATIONS

The observations described in this section were obtained
by selecting those event chains where a recoil implantation
event was followed by two to four consecutive decay events
in the same pixel of the DSSD. E(dn) and #(dn) denote the
measured particle energy and decay time of the nth decay
event in the chain, respectively. The proposed decay scheme
of the isomeric 13/2% (vig/lz) state in 2''Th is displayed in
Fig. 3, and the experimental evidence supporting this decay
pattern is provided below and discussed further in Sec. IV.

A. Internal decay of the isomer

The energy correlation plot of the first and second decay
event following a recoil implantation is displayed in Fig. 4(a).
Here time gates of 1(d1) < 0.5 ms and 7(d2) < 160 ms were
set, of which the former is to select fast decay events likely
originating from isomeric states, and the latter is approxi-
mately 4-5 times the half-life of >''Th and ?!>Th. The two
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FIG. 3. Decay scheme of the 13/>* (vig/'z) isomeric state in 2! Th
observed in this study

event groups represent the internal-conversion electrons aris-
ing from the depopulation of a known isomeric state in 2*’Ra
[16], and a newly observed one either in 2''Th or in 2!>Th.
As demonstrated in Fig. 1, many of the «-particle energies
in the region are overlapping. Therefore it is necessary to
search decays down to the fourth decay generation in order
to pinpoint the mother isotope of thorium with the metastable
state. These correlations are displayed in Fig. 4(b). As the
E(d4) corresponds to the a-particle energy of 2**Rn, the
newly observed isomeric state must be in 2! Th.

The energy spectrum of the internal-conversion electrons
associated with the depopulation of the 2''"'Th is displayed
in Fig. 4(c). This spectrum was obtained by demanding the
aforementioned time conditions, and in addition that either
E(d2) or E(d3) must reflect the literature «-particle energy
of 2''"Th or >’Ra, respectively. The tagging efficiency was
further enhanced by adding back the «-particle energy of
those decays where the o particle escaping the DSSD was
caught by the PIN diodes. Detection efficiencies of 55% and
25% for the DSSD and the PIN diodes, respectively, reflects a
probability of 96% to observe at least one of the two o parti-
cles with full energy either in the implantation detector, or in
the surrounding PIN tunnel. The four peaks in the spectrum fit
the K and L + M + - - - energies of the 182(5) and 203(5) keV
transitions. The sum peaks of the two transitions are expected
to be present in a level of a few counts, some of the events
on the high-energy side of Fig. 4(c) may exhibit this origin.
It is noteworthy that the response of the implantation detector
involves the energy of the emitted internal-conversion electron
summed with the energy released in the subsequent atomic
relaxation via low-energy x rays or Auger electrons as the
atomic vacancies created by the internal-conversion decays
are filled [37,38]. These atomic phenomena were accounted
for as the transition energies were deduced. Furthermore, fast
decay events will pile up with the preceding signal from
the recoil implantation, which will interfere with the energy
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FIG. 4. (a) Correlated decay events observed in the DSSD within
the decay-time conditions of #(d1) < 0.5 ms and #(d2) < 160 ms.
(b) The decay events following those of panel (a) in the same pixel
of the DSSD. The solid and dashed lines in panels (a) and (b) are
selected a-particle energies obtained from the literature [29-35].
(c) Energy spectrum of internal-conversion electrons emitted in the
decay of the newly observed isomeric state in *!'Th and (d) the
respective decay-time distribution with a least-squares fit (solid line
[36]) to the data. (e) Energy spectrum of y rays in coincidence with
the electrons of panel (c). See text for further details.

extraction. An internal correction curve was created, and,
finally, the corrected spectrum is displayed in Fig. 4(c). See
the Appendix for details.

For the 203-keV transition a % intensity ratio of
2.1(4) was extracted that fits the value of 2.1(3) obtained
with the Brlcc calculator [39] for a 203-keV M2 transition.
Hence we assign M2 character for this transition. Similarly,
the experimental intensity ratio of 1.7(6) reflects the theoret-
ical value of 2.0(3) for a 182-keV M2 transition; however,
the total number of 182-keV conversion events in Fig. 4(c)
is smaller than that observed for the 203-keV transition, in
contrast with theoretical total internal-conversion coefficients.
Furthermore, the measured intensity ratio is between the the-
oretical values of 4.0(4) and 0.248(13) obtained for pure M1
and E2 type 182-keV transitions, respectively. Therefore we
propose a mixed M 1/E?2 character for the 182-keV transition.
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FIG. 5. Decay correlations and the respective recorded decay data of the four a-decay chains originating from the metastable state of !! Th
observed in this study. The «-particle energies reconstructed from an escape event observed in the PIN diodes are indicated with parentheses.
The internal cascade (marked with +) from the (13/2™) state to the ground state of 2°’Ra was not observed. For comparison, the relevant literature

data [33,40,41] are provided above (below) the dashed line.

The decay-time distributions of both transitions are similar,
suggesting a cascade, and the sum distribution is displayed
in Fig. 4(d). A half-life of 83(8) us was obtained via a
least-squares fitting method described in Ref. [36]. Further-
more, a 393(2) keV y ray [see Fig. 4(e)] was observed to
coincide with the electrons of Fig. 4(c) once the y-ray data
from the focal-plane clover array are summed with that from
the planar detector.

B. o decay of the isomer

Altogether, four o-decay events from the newly observed
isomeric state of 2! Th were observed during this study, which
are highlighted in Fig. 1. The recorded decay data and cor-
relations are displayed in Fig. 5 together with the relevant
literature values. We interpret the number two and four chains
to be links between the isomeric (13/27) states of 19pg 203Rp,
207Ra, and the newly observed isomeric state of 2!'Th. Chain
number one (three) connects the ground state o decays of
2B3Rn and ?’Ra to the « decay of !'Th via an internal
cascade, which was not observed in this study. An upper limit
of by, < 25% was deduced for the a-decay branch of 207mRa in
Ref. [41], which does not contradict the present observations
because the total number of observed « decays in this study
is low. From the four observed «-decay events, an «-particle
energy of 8045(15) keV and a half-life of 351’% us were
extracted, latter with the exact maximum likelihood method of
Ref. [42]. It is worth pointing out that this half-life is compara-
ble but marginally shorter than that obtained earlier with better
statistics from the internal-conversion events. Furthermore, an

a-decay branch of 4(3)% was estimated from the number of
observed « decays and internal-conversion events by taking
into account the «-particle and simulated internal-conversion
electron detection efficiencies, as well as the aforementioned
tagging efficiency and calculated internal-conversion coef-
ficient [39]. The quoted uncertainty is dominated by the
statistical uncertainty arising from the low number of ob-
served «-decay events.

IV. DISCUSSION

The presently measured E, = 8045(15) keV for the 2! Th
corresponds to an energy release of 8200(15) keV in the o
decay of the isomeric state. As the Q, of 2!''Th is 7943(14)
keV [29] and the level energy of the final state of the «
decay of 2!'""Th is E(*"Ra; (13/21)) = 554(15) keV [40],
a level energy of 810(30) keV can be calculated for the
2mTh | Furthermore, with the half-life and «-decay branch
of 83(8) us and 4(3)%, respectively, a reduced «-decay width
of 82 = 17013% keV was extracted via the method of Ras-
mussen [43] by assuming s-wave «-particle emission. Once
8% is normalized to the ground state-to-ground state o decay
of the neighboring even-even isotopes 2!%2!>Th, an «-decay
hindrance factor H = 0.3™}3 can be obtained. As H is, within
the present uncertainties, equal to unity, the initial- and final
states of the 2" Tha decay are likely to exhibit the same
spin and parity. Based on the shell model and systematics
arguments, the final state has been assigned tentatively to be
(13/2%) [40], hence we propose the same spin and parity for
the newly observed isomer in ?'' Th. With similar arguments,
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the ground state of 2!3Th, 2! Th, and 2*’Ra can be proposed to
be (5/27), (3/27), and (3/27), respectively.

The energy sum of the three internal transitions observed in
this study is 778(8) keV, in good agreement with that obtained
above from the o-decay data, further supporting the interpre-
tation of the same origin. The internal branch depopulating
the 2!"Th likely begins with the 203-keV M2 transition,
feeding a (9/27) state at 575 keV. As discussed above and as
can be found in Ref. [27], a ground-state spin change from
(3/27) to (5/27) takes place between 2932%Rn, 2972°Ra, and
211.213Th along the isotopes of a given element. It is therefore
reasonable to set a low-lying (5/27) state in 2!!'Th, and place
the 182-keV mixed character M 1/E?2 transition between that
and the (3/27) ground state. This leaves an opening in the
level scheme for a transition of type E2, where we place the
observed 393-keV transition.

The binding-energy surface! obtained via Hartree-Fock-
Bogoliubov calculations [45] predict a shallow, weakly oblate
(global) and prolate (local) minima for ! Th. On the weakly
oblate side a € = 3/2~ neutron orbital of the f5;, spherical
parentage is likely to be occupied by the odd neutron of
211Th, which explains the ground-state spin and parity pro-
posed in this study. On the weakly prolate side of the Nilsson
figure the € =52~ and Q = 132" orbitals of fs,, and i,
spherical origin, respectively, are close to the Fermi surface.
Moving the odd neutron (hole) in this valence space provides
a satisfactory explanation for the observed (5/27) and (13/2%)
states. Should this be the case, the presently observed isomeric
state and the ground state of 2!'Th would provide another
example of coexisting different nuclear shapes (see, for ex-
ample, Refs. [46-50] and references therein). The remaining
(9/27) state could be, for example, the 5/2~ state coupled to
the collective 2* excitation of the underlying >'°Th core.
Unfortunately E (®*'Th; 2%) is not known, but with a robust
extrapolation on the systematics [27] one may find a value
comparable to the energy of the E?2 transition observed in this
study.

In Fig. 6 the present level energy is compared with those
of other 13/2" states observed in nearby even-Z odd-N nuclei.
The newly obtained data appear to fit well to the systematic
pattern set by these states, further supporting the (13/2%) as-
signment for the isomeric state in 2''Th. It is also apparent
from Fig. 6 that the excitation energy of the isomer is not
strongly dependent on proton number on a given isotone.
This supports the suggested dominant neutron configuration
of the wave function for the 13/2% states. A vig/l2 configuration
has been proposed for the isomer, for example, in N = 121
isotones 2%Po [51], 2“Rn [40], and ?*Ra [16], as well as for
the N = 123 nuclei *’Po [40], **Rn [52], *!'Ra [53], and
213Th [19]. In said nuclei the 13/2% state is depopulated via a
hindered M2 transition. The inset of Fig. 6 displays the re-
duced transition strength of the M2 transition in these nuclei,
with the newly obtained value of B(M2) = 0.0025(5) W.u.

'For the purposes of the following discussion we advise the reader
to take a look at the binding-energy plot and the Nilsson diagram of
211 Th available in the AMEDEE database [44].
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FIG. 6. Level energy systematics of the 13/>* (vig/lz) isomeric
state in Po, Rn, Ra, and Th nuclei. The inset provides the re-
duced transition strength of the M2 transition depopulating the
state, if known. The data in this plot were obtained from this work
and Refs. [13-15,17,19,33,40,51,52,54-60]. The neutron number
of 2''Th is 121. Some of the I” assignments in the literature are
tentative.

being again in good agreement with those obtained from the
literature, further supporting the proposed vi;/l2 configuration

for the 13/27" state in 2! Th.

V. SUMMARY

An isomeric state with a half-life of 83(8) us has been
identified in 2!'Th. This metastable state is dominantly de-
populated via a hindered M2 transition with a strength of
0.0025(5) W.u., but also a weak «-decay branch of 4(3)% was
observed. The o-decay hindrance factor implements favored
decay, which in turn suggests a spin and parity of 13/2% for
the state. A vi;/l2 configuration was proposed for the state
based on the systematics. The present observations are in good
agreement with the systematics of the same state in nearby
nuclei.
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APPENDIX: PILE-UP CORRECTION

As evident from Fig. 4(d), more than half of the internal-
conversion events of interest take place in the decay-time
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FIG. 7. (a) Decay time versus the measured energy of the
internal-conversion electrons arising from the 238.4-keV M2 transi-
tion depopulating the known 13/2% (vi; /12) isomeric state in >’Ra [16].
Panels (b) and (c) are unshifted and shifted, respectively, example
cuts of the data in panel (a) as indicated with the dotted lines. Dashed
lines in panels (b) and (c) are the centroids of the K and L + M + - - -
peaks extracted via a least-squares fit to the data. See text for further
details.

regime of #(d1) < 100 us. The signal of these events is
likely to pile up with that of the preceding recoil implantation
in a way that might impact the registered electron energy.
Therefore, additional correction is needed. This correction
was obtained via the conversion electrons associated with
the 238.4-keV M2 transition depopulating the known 13/2%
(vi g/‘z) isomeric state in 2?Ra [16], which are available in large
quantities in our data. These events were selected in similar
manner as those in Fig. 4(c), but with the time conditions
of t(dl) < 1 ms and #(d2) < 16 s and by setting a gate on
E(d2) that reflects the a-particle energy of 2*’Ra. Obtained
data were then sorted in a matrix containing the measured
energy and decay time as displayed in Fig. 7(a). Each row of
the matrix contains the energy spectrum of the events that ap-
peared on a certain time interval. Two examples are provided

60— —————————————————
58| B .
56| - -
541 . -
E 52| - -
S50 - i
S sl T -
46 . : J
44l e .
a2r %H T
-15 -10 -5 0 5 10 15
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FIG. 8. Moving window correction C; for a given time interval
i to account for a shift in measured decay energy arising from the
piling up of the implantation event and the subsequent fast decay
event signals.

in Figs. 7(b) and 7(c), as indicated with the dotted arrows.
The centroid of each K and L + M + - - - peak on each time
interval was then obtained by fitting a Gaussian shape into the
peaks. The dashed lines in Figs. 7(b) and 7(c) demonstrate an
apparent shift between the centroids of the “slow” and “fast”
events. The long-living (unshifted) time intervals were then
used to form a reference value. The average shift C; between
the reference and the measured energy was calculated as
C; = I2[AE;(K) 4+ AE;(L + M + - - -)] for each time interval
i. Finally, a correction C; for a given time interval was obtained
as a moving window average

Ci = 1/4[Cioy +2Ci + Ciral, (AD

which is displayed in Fig. 8, and it was applied on event-
by-event basis in order to obtain the spectrum displayed in
Fig. 4(c).
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