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Employing the recoil ion transport unit (RITU) and a fusion-evaporation reaction, the o decay of *''Pa
has been identified via the implantation-decay correlation technique through observation of chains up to four
consecutive decays. An «-particle energy and half-life of 8320(40) keV and 3.8f‘,‘:2 ms, respectively, were
measured, corresponding to favored « decay. In addition, more precise a-decay properties of >'*Pa and *'*Pa
were obtained due to accumulated statistics. The present data were compared to those predicted by selected
atomic mass models and it was used to estimate the possibility of observing proton emission from these isotopes.
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I. INTRODUCTION

At the end of the calendar year 2019, a total of 3308
nuclides had been identified [1]. Out of these 284 stable [2]
(or essentially stable') nuclei form a valley of stability at
the center of the nuclear landscape. Any deviation from this
valley leads to territory associated with radioactive decay.
Most commonly, these nuclei morph via « or g particle
emission, or they disintegrate in the process of nuclear fission,
but more exotic decay modes are also known. The stability of
the nucleus is primarily determined by the energy needed to
remove a nucleon, and once this quantity becomes negative a
dripline has been reached. In other words, beyond the dripline
the binding energy of the nucleus is not sufficient to keep the
outermost nucleons in the proximity of the nuclear core, but
instead a swift particle emission might occur. On the proton-
rich side of the nuclear chart a proton(s) might tunnel through
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the Coulomb barrier, leading to a one (two) proton emission,
and thus, a proton dripline (two-proton dripline) is formed. In
contrast, on the opposite extreme of the Segré chart, a neutron
dripline exist beyond which neutron(s) are promptly emitted
as those are transparent to the Coulomb force. Nuclear density
functional theory [3] anticipates that altogether 6900(500)
nuclei with Z < 120 are sandwiched between these driplines.
The nuclei in the proximity of the driplines provide funda-
mental information on the properties of the nuclear matter
with extreme proton-neutron ratios. Additionally, elements
heavier than iron are forged in fierce stellar processes such as
the rapid proton capture (rp process [4—6]) in binary systems
involving a neutron star, and the rapid neutron capture process
(r process [7]) taking place in core-collapse supernovae and
neutron star mergers [8]. The rp process (r process) is thought
to proceed in the proximity of the proton (neutron) dripline,
hence, understanding the properties of the most exotic nuclei
is crucial in order to characterize the path of these stellar
explosions, and the abundance of the elements in the universe.

Perhaps the longest standing issue in experimental low-
energy nuclear physics is to map the boundaries of the nuclear
chart. These experiments, however, are exceptionally chal-
lenging owing to the minuscule production yields and short
half-lives of nuclei near the dripline. While the proton-rich
boundary has been experimentally reached up to neptunium
(element 93) [9], the neutron dripline has been characterized
only up to neon (element 10) [10]. The next generation
radioactive ion beam facilities, like FAIR [11], FRIB [12],
and RIBF [13], are expected to significantly infiltrate into the
neutron-rich “Terra Incognita”, yet these facilities are still at
least a few years away from full operation. Therefore, the only
dripline nuclei reachable over a significant mass range with
the techniques available to date are those on the proton-rich
side. The heaviest proton-dripline nuclei typically disintegrate
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via emission of an « particle. Observing the characteristic o
radiation provides a clean and precise way to identify the most
neutron-deficient isotopes (see, for example, Refs. [14—16])
and the heaviest elements (Refs. [17,18]). The cleanliness
of the decay signal can be further enhanced by correlating
the o decay of the mother nucleus to those of the daughter
species. This method allows studies where the number of
events is exceptionally low. Even with low statistics one can
still probe the fundamental properties of nuclei, for instance
their mass. By measuring the energy released in the decay
process Q,, combined with a knowledge of the mass of the
daughter nucleus and the « particle, the mass of the decaying
isotope can be deduced. Masses extracted this way are rough
compared to the state-of-the-art precise mass studies, like the
Penning trap or the multireflection time-of-flight experiments,
but nevertheless those allow us to address important questions,
such as (i) testing of advanced atomic mass formulae and
their predictive power, (ii) characterization of the one and two
proton driplines, and prediction of new cases of one and two
proton disintegration, (iii) testing the existence of Thomas-
Ehrman shift [19,20] in heavy nuclei, and (iv) testing the
strength of the known and predicted shell closures on nuclei
far from B stability. Furthermore, the «-decay rate provides
insight on the preformation of the « particle inside the mother
nucleus, but also on the underlying nuclear structure, i.e., on
the overlap of the initial and final state wave functions.

The element 91, initially referred as UrX,, was discovered
in 1913 by Fajans and Géhring via observation of 34Pa [21],
followed by the independent discovery of >*'Pa by Soddy and
Cranston? [23] and Hahn and Meitner [24] in 1918, of which
the latter initiated the name protactinium [25]. To date, 28
protactinium isotopes, with a mass number ranging from 212
to 239, have been rigorously identified [2,25]. Many attempts
have been taken to expand the nuclear horizon beyond these
isotopes. In Ref. [26] Yang et al. tried to produce and identify
211pa via a fusion-evaporation reaction and a recoil separator,
but no candidate events were recorded. Nearly a decade ear-
lier, a different approach employing a fragmentation reaction
was chosen by Kurcewicz et al. [27]. A few candidate events
for 2''Pa were observed, but as the authors of Ref. [27] put it
“the statistics and the resolution of the ion identification pro-
cedure at this setting were not sufficient to claim unambiguous
observation of these [2°Th and 2! Pa] isotopes”. Furthermore,
the decay properties of 2!' Pa were not addressed in Ref. [27].

In this article we provide the first rigorous evidence of
the existence of the beyond-proton dripline nucleus >'!Pa.
This was achieved by correlating a recoil-implantation event
with up to four generations of subsequent a-decay events
occurring in the same pixel of the implantation detector.
Searching for such recoil-decay correlations is known to be an
extremely selective method, and therefore suitable for studies
involving the weakest production channels, like the one for
211pa for which we measured a notably low cross section
of approximately 20 pb. In addition, we report the a-decay

2 Allegedly, Cranston discovered **!'Pa already in 1915, but he was
recruited to service at World War I, and had to delay the publication
accordingly [22].
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FIG. 1. (a) MWPC vetoed a-particle energy spectrum obtained
during a calibration run. Activities marked with an asterisk were
used to gainmatch the individual strips of the DSSD. (b) Energy
spectrum of the recoil-correlated « particles recorded during phase 5
(see Table I) of the experiment.

properties of 2!'Pa together with a discussion addressing, but
not limited to, the fundamental questions (i)—(iii) summarized
above. As *''Pa is far from known Z =82 and N = 126
shell closures we do not address question (iv) here, although
some relativistic mean-field calculations [28,29] anticipated a
nearby proton-shell closure at Z = 92. In contrast, large-scale
shell-model calculations [30] and density-dependent Hartree
Fock theory with p-tensor coupling [31] together with multi-
ple experimental work [9,32,33] have shown that there is no
proton-shell closure at Z = 92.

II. EXPERIMENT

The '¥'Ta(*®Ar, 6n) >''Pa fusion-evaporation reaction was
chosen to produce the nuclei of interest, but also events
arising from the 51 (*'*Pa) and 4n (*'*Pa) evaporation chan-
nels were observed. An alternate attempt using the reaction
159Tb(56Fe, xn)?13~*Pa was made, but no a-decay chains as-
sociated with the protactinium isotopes were recorded with
this reaction mainly due to lower primary beam intensities.
Furthermore, a separate calibration data set, displayed in
Fig. 1(a), was collected with a **Ar + '®*Tm reaction in order
to gainmatch the individual strips of the implantation detec-
tor, which is described later in this section. The ion beams
were delivered by the K-130 cyclotron of the University of
Jyviskyld with the beam energies and intensities listed on
Table I. The recoil ion transport unit (RITU) gas-filled recoil
separator [34,35] was used to filter the fusion-evaporation
residues, referred to as recoils hereafter, from the flux of the
primary beam and other unwanted target and beam-like par-
ticles. At the focal plane of RITU the recoils were identified
based on their energy loss in a multiwire proportional counter
(MWPC) and on the time-of-flight between the MWPC and
the subsequent implantation detector of the GREAT spec-
trometer [36]. A high granularity double-sided silicon strip
detector (DSSD), with a 1 mm? pixel size and a thickness
of 300 um, was used to stop the recoils, and correlate them
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TABLE 1. The beam energies (E}™), average beam intensities
(Ip), exposure times (z), and the thicknesses of the target (dr) and
the downstream carbon degrader foil (d¢) used at different phases of
this study.

Eéab I, t dr, dc
Phase Reaction MeV)  (pnA)  (h)  (#8/em?)  (M8/em?)
1 B Ar+'31Ta 178 141 8.2 1000 70
2 S Ar+'31Ta 184 138 144 450 70
3 B Ar4'81Ta 190 190 153 1000 70
4 B Ar+'31Ta 196 196 209 1000 70
5 BOAr+%1Ta 202 199 423 1000 70
6 BAr+%1Ta 208 210  68.8 1000 70
7 BAr+8Ta 214 158 162 1000 70
8 SFe+Tb 274 76  19.0 1000 70
9 SFe+¥Tb 280 60 17.0 1000 70
10 BAr+%1Ta 210 180 80.6 1000 70

spatially with the subsequent characteristic o-decay events.
An event without the MWPC signal was considered as a
decay. Decay chains including up to four consecutive «-decay
generations were searched for in the same pixel in the DSSD
as that of the recoil implantation. Selection of such events is
crucial in order to achieve a reliable identification as there are
many overlapping «-particle energies in the region, see the o-
particle energy spectrum displayed in Fig. 1(b). Furthermore,
the detection efficiency of « particles was enhanced with an
array of 28 silicon PIN diodes, assembled in a tunnel geometry
upstream of the DSSD, to detect « particles escaping from the
implantation detector. Data from all detector channels were
timestamped with a 100 MHz clock, recorded independently,
and analyzed using the GRAIN software package [37].

III. RESULTS AND DISCUSSION

During this experiment, a total of 13 correlated «-decay
chains starting from protactinium isotopes were identified
based on the previously known «-decay properties of the
daughter species. From these events, three represent the first
rigorous observation of the new isotope 2'!'Pa. From the
remaining ten, seven were attributed to 2!>Pa and three to
213pa. Previously, a total of only four decay events were
assigned to 212p, in Refs. [26,38], hence, the present exper-
iment improved the published data. The isotope >'°Pa was
identified via five correlated «-decay events in the Ref. [39],
and that work, to our knowledge, remains the only published
decay spectroscopy study of >!*Pa. Therefore the present work
provides important independent confirmation of the decay
properties of 2!*Pa. It was estimated that less than 0.001 decay
chains were recorded via random correlations over the full
course of the experiment that has the a-particle energy and
decay time of the first and second decay matching to a real
decay chain starting from any of the >'21223Pa isotopes.
This number is further reduced if the third and fourth decay
generation are considered.

The measured «-particle energy and the decay-time dis-
tributions are displayed in Fig. 2, while the corresponding

numerical data are provided in the Appendix. The a-particle
energies and half-lives obtained from these decay chains
are summarized in Table II together with a comparison to
previously reported values, if available. Good agreement was
found between the present results, and those of Refs. [26,38—
40]. The half-lives were extracted with the exact maximum
likelihood method described in Ref. [41] and the a-particle
energies were obtained as the arithmetic mean of the measured
individual events. The extracted «-decay energies are com-
pared to those of AME2016 mass evaluation [42] in Fig. 3.

With the present data we extract the reduced «-decay
widths 8% via the method described by Rasmussen [43] as-
suming « emission with / =0 and an «-decay branch of
100%3. Respective hindrance factors (HF) were obtained by
normalizing the 8% values to those of the ground-state to
ground-state decays of nearby even-even thorium isotopes;
these results are given in Table II. As the hindrance factors
are close to unity, the wave functions of the initial and final
states of the o decay are likely to overlap heavily. The «
decays of 2!1:212:213p3 correlate with the ground-state o decay
of the daughter nuclei 27282 A¢c, whose ground states are
proposed to have a spin and parity of (%27), (3™), and (%9/27)
[2], respectively. Therefore, we propose an identical spin and
parity pattern of (9/27), (3T), and (927) for the a-decaying
ground states in 2!1212213Pa isotopes, respectively. These
states are likely to involve a contribution from an odd valence
proton in the hs, orbital.

The present «-decay energies can be used to probe the
masses of the most exotic protactinium isotopes. This was
done by adding the decay energy and the mass of the o
particle to that of the daughter nucleus (AME2016, [42]).
Mass excesses A obtained via this method are given in
Table II together with the evaluated (AME2016) reference
values. These mass excesses can then be used to extract the
one- (S,) and two-proton separation energies (S,), which
are again listed in Table II, and compared to those of other
nuclei in the region in Fig. 4. It is evident from Fig. 4, that
the one-proton dripline has been reached for the protactinium
and actinium isotopes, while the two-proton dripline for the
more tightly bound even-Z thorium isotopes is far beyond the
lightest known isotope. Figure 4 also provides the predictions
of selected mass models, namely KTUYO0S5 [45], Liran-Zeldes
[46], FRDM2012 [47], and the average of six energy-density
functional based models (EDF [3], see Fig. 4 caption for
further details). The EDF appear to reproduce reasonably
well the experimental values of weakly bound (0 < S, < 500
keV) actinium and protactinium isotopes. It is also evident
from Fig. 4 that all named mass models have a tendency to
overpredict the S, values of proton unbound actinium and
protactinium isotopes. Good agreement is found for the S,
of thorium isotopes through Liran-Zeldes shell-model calcu-
lations, but for the four cases shown, the finite-range droplet

3The quasiparticle random-phase approximation [44] predicts a -
decay half-life of ~1.8 s for 2! Pa, hence, 8 decay does not compete
with the a-particle emission. Possible proton emission is discussed
later in this article.
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FIG. 2. The «-particle energy and the decay-time distributions of the correlated «-decay chains starting from the protactinium isotopes
observed in the present study. The dashed lines on the left-hand side denote the literature values for the a-particle energy of the given isotope,
while the solid lines on the right-hand side are the decay-time probability density distributions corresponding to the extracted half-life (Decay
1) or to those given in the literature (Decays 2—4). a-particle energies obtained from an escape event observed in the PIN diodes via an add-back
procedure are indicated with hollow symbols. On the chain marked with an asterisk, a 8% decay or electron capture has occurred between the
o decays number 3 and 4, hence, the decay energy should be compared to that of 2’Po, which is indicated with another dashed line. See also

the Appendix for the numerical data of the individual decay events.

model (FRDM2012) of Mdller et al. fits the data best. It pre-
dicts 2°*Th to be the first two-proton unbound isotope, most
likely beyond the capabilities of the experimental techniques
available to date.

As the §), values of the 211.212.213p, jsotopes are negative,
it is energetically plausible for them to spontaneously emit
protons with 2!'Pa being the best candidate as it has the
highest proton-decay energy. A thorough search through our
data was conducted in order to identify the proton-decay

events of 2!'Pa, but no candidate events were found. This is
not a surprise if we consider the situation via a simple WKB
integral (Wentzel-Kramers-Brillouin). Assuming the present
S,(*'"Pa) value together with / = 5 proton emission from the
(9/27) why), ground state of *''Pa, the WKB method predicts
a partial proton-decay half-life of ~10'® s, far too slow to
compete with the o-particle disintegration. A robust extrapo-
lation of S, = a + bA~"* + cA™!, arising from the liquid-drop
model [48], to the S, values of the few nearest even more

TABLE II. The properties of the protactinium isotopes obtained in this study, and those reported in the literature. Here, # indicates an
extrapolated value, see the text for the definitions of the different quantities.

211p, 212p, 213p,
Quantity Present Literature Present Literature Present Literature
Ty, (ms) 3.871% - 4.5M%7 51794 [38] 4974 5.3%10 [40]
5.1777 [26)°
E, (keV) 8320(40) — 8240(20) 8270(30) [38] 8210(20) 8236(15) [40]
8250(20) [26]*
0Oy (keV) 8480(40) - 8400(20) 8430(30) 8370(20) 8394(15)
82 (keV) 35 48 51
HF 1.6 1.2 1.1
A (keV) 22050(60) 22080(100)# [42] 21570(70) 21590(70) [42] 19630(60) 19660(70) [42]
S, (keV) —700(70) —730(100)# [42] —370(100) —390(100) [42] —230(60) —260(70) [42]
Sy (keV) 1370(80) 1340(110)# [42] 1800(90) 1770(90) [42] 2150(80) 2120(90) [42]

2 Authors of Ref. [26] obtained this value by combining their data with that of Ref. [38].
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FIG. 3. a-decay Q values obtained in this study (hollow sym-
bols) compared to the systematics of the nearby isotopes (solid
symbols, AME2016 [42]).

neutron-deficient protactinium isotopes reveals that in none
of those the proton decay is able to compete with the «
decay, further widening the “Littoral shallow” of the nuclear
instability.

The present S, data allows us to address another intriguing
question, the existence of the Thomas-Ehrman shift in heavy
nuclei. This effect has been explained as a reduction of the
repulsive Coulomb energy, arising from the fact that the wave
functions of the valence protons span outside the nuclear
interior in proton-unbound nuclei. In practice, one of the
experimental signatures to look for is the difference between
the measured and calculated charge-conjugate mass [56] of
nuclei stable against proton emission, and compare to that
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FIG. 4. One- [(a) actinium, (b) protactinium] and two-proton
separation energies [(c) thorium] near the one-proton dripline. The
experimental data points extracted from the mass-excesses of this
study are indicated with the hollow symbols, while those of the
atomic mass evaluation (AME2016, [42]) are given with solid
symbols. Predictions of selected nuclear-mass models (Liran-Zeldes
[46], FRDM2012 [47], and KTUYO05 [45]) are plotted with solid
lines. The line labeled EDF represents the average of six models [3]
based on different energy-density functionals (SkM* [49], SkP [50],
SLy4 [51], SV-min [52], UNEDFO [53], and UNEDF]1 [54]). The
EDF values were obtained using the Mass explorer interface [55].
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FIG. 5. One-proton separation energies of the protactinium iso-
topes obtained in this study, or in the AME2016 mass evaluation [42].
The solid line is a liquid-drop model fit to the proton bound data
points (solid symbols), extrapolated over the region of the known
isotopes beyond the proton dripline (hollow symbols). The shaded
area indicates the uncertainties of the fitted function.

of proton-unstable nuclei. In Ref. [57], the Thomas-Ehrman
shift was characterized for 11 beyond proton-dripline nuclei
between “Li and *Sc, for which an average deviation between
the experimental and the calculated masses of —576.5 keV
was obtained, in contrast to 3.4 keV of proton stable nuclei.
Furthermore, in Ref. [58] Nazarewicz et al. showed that a
significant Thomas-Ehrman shift is present in medium mass
nuclei near the proton dripline. To address the effect in heavy
nuclei we adopt the fitting procedure described in Ref. [48],
i.e., we fit the liquid-drop model function quoted earlier to
the proton bound S, data, and look for an offset between
the proton bound and the unbound nuclei. In Ref. [57] it
was shown that the Thomas-Ehrman effect increases as a
function of decreasing §,, and therefore, it is worthy to
repeat the analysis for the newly obtained data. The afore-
mentioned least-squares fit is displayed in Fig. 5 and it shows
a satisfactory agreement between the extrapolated fit and the
measured S, values of proton-unbound nuclei. An average
deviation of 40(70) keV was found between the two, which
does not provide statistically meaningful evidence on the
Thomas-Ehrman shift in protactinium isotopes. As discussed
in detail in Ref. [59], the effect is significant for unbound
nuclei with low angular momentum. The ground states of the
proton unbound protactinium isotopes are likely to involve a
hsy, valence proton, which does not favor the Thomas-Ehrman
effect. From the point of view of low angular momentum,
the 1/2% ground or isomeric state of 7, spherical parentage
observed in nearby bismuth (see, for example, Ref. [60] and
references therein), astatine (Refs. [61-64]), and francium
(Refs. [65-68]) nuclei might provide a better laboratory to
identify the shift in heavy nuclei.

IV. SUMMARY

Using a fusion-evaporation reaction and a gas-filled recoil
separator we have produced and, for the first time, identified
rigorously the new isotope 2!!'Pa. It was found to o decay
with a half-life and «-particle energy of 3.81“‘]‘:2 ms and
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TABLE III. Correlated «-decay chains starting from the protactinium isotopes observed in this study. On the first column the events
are numbered as they appear in the data, while the second one points to the experimental conditions of Table I. E,,, and ¢, are the measured
a-particle energy and decay time of the nth event on the decay chain, respectively. For comparison, the known «-particle energies and half-lives
of protactinium isotopes, and their subsequent decay products, are provided on the line labeled “Lit.” Decay energies reconstructed from an
escape event caught by the PIN diodes are given in parentheses, while italics indicate a complete escape (no PIN signal present). On the chain
number 7 a BT or electron capture decay has occurred between the o decays number 3 and 4, hence, the E,4 and 4, (marked with an asterisk)
should be compared to those of 20py, i.e., 5861.9(18) keV and 11.5(1) min [2], respectively.

Chain Parent E. h E,» 123 E; 13 E.4 Iy
# Phase isotope (keV) (ms) (keV) (ms) (keV) (s) (keV) (s)
Lit. 23pa 8236(15) [40] 5.3%49140] 7577(10) [40] 98%3 [40] 6915(1) [2] 3.92(4) [2] 6342(1) [2] 83(2) [2]
1 1 213pg 8209 431 407 184 6923 28.6 - -
2 1 213py 8227 452 (7663) 33.4 6917 6.60 6341 128.7
5 3 23pa 8205 12.5 355 313 2098 5.10 242 68.7
Lit. 22py  8270(30) [38] 5.17%5[38] 7572(15)[69] 95734 [69] 7031(5)[21 1.9(5)[2]1 6464.6(13)[2] 43(1)[2]
3 3 22py 8245 8.90 2413 78.0 742 2.60 6425 21.9
4 3 22py 8224 1.49 (7499) 74.3 7032 0.18 6470 126.8
6 4 212py 8254 4.44 1532 359 7030 3.19 6452 9.78
7 4 212pg 8213 1.44 (7599) 302 624 1.21 5862* 64.4*
8 4 212pg 8254 241 (7230) 112 7025 2.14 1742 74.6
9 4 212py 8281 12.2 7593 175 7047 15.5 6487 26.2
10 4 212pg 8228 14.3 298 445 7015 2.31 — —
Lit. 211py - - 7693(25) [70] 27711 [70] 7131(5)[2] 0.549(15)[2]  6643(3)[2]  6.92(13) [2]
11 5 211py 8279 5.20 7667 103 (7227) 0.22 6637 27.1
12 5 2lpg 8373 9.72 — — 7185 0.22 6678 7.06
13 6 2lpy 8314 1.46 (7626) 26.4 7114 0.23 6639 10.2

8320(40) keV, respectively, suggesting a favored o decay. We
also obtained more precise decay properties for the neigh-
boring isotopes 2'?Pa and 2'3Pa. With these a-decay data
we improved the mass information of these three isotopes,
and compared to the predictions of selected nuclear mass
models via one-proton separation energies. Proton emission
from these beyond-dripline nuclei was found unlikely. We also
studied the Thomas-Ehrman shift in the light of the new one-
proton separation energies, but no evidence of its presence in
this mass region was found.
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APPENDIX: ¢-DECAY DATA

The a-particle energies and decay times measured for the
decay chains starting from the protactinium isotopes are listed
in Table III.
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