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Discovery of the a-emitting isotope *°Pa
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Synthesizing isotopes located far away from the line of S-stability is the core
research topic in nuclear physics. However, it remains a challenge due to their
tiny production cross sections and short half-lives. Here, we report on the
observation of a very neutron-deficient isotope #°Pa produced via the fusion-
evaporation reaction *Lu(*°Ca, 5n)*°Pa at a newly constructed China Accel-
erator Facility for Superheavy Elements. The measured a-particle energy of E,
= 8284(15) keV and half-life of T, ;, = 6.0 ]7 ms of 2°Pa allow us to extend the a-
decay systematics and test the predictive power of theoretical models for
heavy nuclei near the proton drip line. Based on its unhindered a-decay
character, the spin and parity of #°Pa is proposed to be (3*), supported by the
large-scale shell model and cranked shell model calculations. This isotope is
discovered with substantial statics within ~ 3 days using intensive 2 puA beam,
demonstrating the tremendous capability of the facility for the study of heavy
and superheavy nuclei.

Atomic nuclei are quantum many-body systems with a finite
number of protons and neutrons. There are approximately
288 stable or long-lived nuclides on Earth forming a valley of
stability at the center of nuclear landscape'. However, when one
moves away from this valley, nuclei become unstable and short-
lived radioactive, i.e., disintegrating by emitting charged particles
(e.g., proton, a and p-particles) or splitting into smaller parts
through spontaneous fission. Nuclear density functional theory
predicts that there are about 7000 nuclides with proton numbers
between Z = 2 and 120 while approximately 3365 nuclides have
been identified so far'?. Although important progress on the
expanding the nuclei landscape has been made in the last decades

reaching Z = 118°, the long-standing question of the limits for the
existence of nuclei still remains.

At present most of our knowledge of the structure of atomic
nucleus is based on the properties of nuclei close to the line of g-
stability, where the theoretical calculations reproduce the experi-
mental data well. However, nuclei far from the line of S-stability do not
always follow the textbook behavior of known stable isotopes. For
instance the vanishing of traditional shell closures and the emergence
of new magic numbers, a central concept of nuclear structure*, were
observed when going to extremes in the proton-to-neutron ratio>”’.
Therefore, studying the decay properties of nuclei far from the line of
B-stability is crucial for our understanding the nature of nuclei®.
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In the region ‘north-west’ of 2%Pb (Z = 82, N = 126), the heaviest
doubly magic nucleus, there is a vast territory of a-emitters. Alpha
decay, although one of the oldest decay modes, remains an intriguing
subject and has been proved as a powerful tool to identify heavy iso-
topes and to investigate the nuclear structure and masses of nuclei’™.
The obtained spectroscopic data from a decay can be used to test and
modify the theoretical models for the nuclei with large Q-values and
short half-lives, which is especially important for the synthesis and
study of superheavy elements™. While several interesting nuclear-
structure phenomena, e.g., shape coexistence and the sudden changes
in deformation between neighboring nuclei are observed around the
neutron-deficient lead region”™, information about the nuclear
structure towards higher Z nuclei close to the proton drip line is rather
scarce, although some of them have been identified for a long time'.
For the protactinium there are 29 known isotopes to date and the
proton drip line has been already reached, with #*Pa being the first
proton-unbound isotope'®, albeit no proton decay has yet been
observed. Prior to the present study the lightest protactinium isotope
was 2'Pa, which was produced in the complete-fusion reaction
BITa(%Ar, 6n)*'Pa at the gas-filled recoil separator RITUY. Based on
only three correlated a-decay chains, the a-decay properties were
determined to be £, = 8320(40) keV and T;,,=3.8"}7 ms and the
production cross section was measured as low as 20 pb.

Mapping the boundaries of nuclear chart in this region is excep-
tionally challenging owing to the tiny production cross sections and
short half-lives of nuclei. Presently the heavy-ion induced fusion-
evaporation reactions are used as one of the most effective methods
for the production of neutron-deficient heavy nuclei in this region***.,
However, as the fission barriers of compound nuclei decrease rapidly
with the increasing proton number, the production cross sections are
often reduced to picobarn levels or even less, resulting in that nuclei
are produced at a rate of only one nuclide every tens of days”*. To
meet the challenge connected with such low cross sections, powerful
accelerators that deliver intense heavy-ion beams as well as efficient in-
flight separators are needed. Recently the China Accelerator Facility
for Superheavy Elements (CAFE2) that provides very intense heavy-ion
beams for the production of heavy and superheavy nuclei has been
constructed at the Institute of Modern Physics, Chinese Academy of
Sciences?***. The schematic view of CAFE2 is shown in Fig. 1. A new gas-
filled recoil separator SHANS2 (Spectrometer for Heavy Atoms and

Nuclear Structure-2) was also built at the end of the beam line**. Their
application allowed us to produce and identify heavy isotopes even
with tiny production cross sections*%.

In our previous work®, the excitation functions of the fusion-
evaporation reaction *°Ca+7Lu have been reported. Here, we report
on the observation of a previously unknown isotope *°Pa, which was
synthesized in the >Lu(*°Ca, 5n)*°Pa reaction at CAFE2. The measured
a-decay properties of ?°Pa extend the a-decay systematics in this
region, and allow us to test the predictive power of theoretical models
for the heavy nuclei at and beyond the proton drip line. The successful
discovery of the isotope with a very low production cross section was
achieved at CAFE2 using a typical beam intensity of 2 puA within only
76 h experimental run, which illustrates the high sensitivity of CAFE2
for the production of heavy and superheavy nuclei.

Results

Primary beam of *°Ca®** with E,,;, = 212 MeV was generated by a chain of
machines (see Fig. 1), including an Electron Cyclotron Resonance lon
Source (ECRIS), a Radio-Frequency Quadrupole (RFQ) accelerator, and
a Superconducting Continuous Wave Linear Accelerator (SC-CW-
Linac). Evaporation residues (ERs) were collected and separated from
the primary beam and other unwanted reaction products by a newly
commissioned gas-filled recoil separator SHANS2. After passing
through a gas-counter system, the ERs were finally implanted into a
double-sided silicon strip detector (DSSD) surrounded by six single-
sided strip detectors (SSDs) at the focal plane of the separator, where
their implantation and subsequent a decays were measured.

The identification of #°Pa was performed by searching for the
position-time correlated a-decay chains with the help of known a-
decay properties of its descendants. Figure 2a presents the energy
spectrum for a particles following implanted residues in the same
DSSD pixel within a time window of 30 ms. The a activities from Ac and
Th isotopes, which were produced in the pxn and axn evaporation
channels, are clearly identified based on their known a-decay proper-
ties. Here, it should be noted that the presence of 2*Rn and *Fr nuclei
can be explained as transfer reaction products due to the small con-
tamination of 2°°Bi material (~0.08%) in our targets. In Fig. 2b, a two-
dimensional scatter plot showing the correlation between the parent
and child a particles is presented. The searching time windows were
30 ms for the ER-a1 pair and 150 ms for al-a2 pair. In the region where
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Fig. 1| Schematic view of CAFE2. It includes an Electron Cyclotron Resonance lon Source (ECRIS), a Radio-Frequency Quadrupole (RFQ) accelerator, a Superconducting
Continuous Wave Linear Accelerator (SC-CW-Linac), and a gas-filled recoil separator SHANS2.
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Table 1| Ground-state a-decay properties of 2°Pa and its
descendants 2°°Ac, 2°%Fr, and 8 At compared with the litera-
ture data
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Fig. 2 | Energy spectrum measured in the *°Ca+Lu reaction. a a particles fol-
lowing the implanted residues within a time window of 30 ms. Note that the iso-
topes of 2°Rn and 2*Fr were transfer products due to the small contamination of
209Bi material in our targets. b Two-dimensional scatter plot of parent and child a-
particle energies for correlated ER-al — a2 events detected in the DSSD. The
searching time windows were 30 ms for the ER-a1 pair and 150 ms for the al-a2 pair.
The decay events from 2°Pa are indicated with red arrow.

the parent a-particle energy is around 8.3 MeV and the child a-particle
energy is around 7.8 MeV, the correlations are assigned to the decay of
20pa, which was produced via the 5n evaporation channel.

Furthermore, a search for decay chains with four consecutive a
decays (ER-al-a2-a3-a4) was performed so as to identify 2°Pa more
reliably. Finally, 23 correlated a-decay chains were established for °Pa
and the measured a-particle energies and decay-time distributions for
each chain member are displayed in Fig. 3. The a-particle energies
detected by the DSSD only are marked in red in the left panel while the
reconstructed events (DSSD+SSD) are marked in blue and not used to
deduce the a-particle energy due to their relatively poor energy
resolution. The half-lives were extracted using the maximum like-
lihood method described in ref. 27. In Table 1, the derived a-particle
energies and half-lives for the descendants of °Pa are compared with
the literature values, which indicates a good agreement with the
known ground-state decay properties. Therefore, we assign all the
observed a-decay chains as originating from #°Pa. The a-particle
energy and half-life of 2°Pa were determined to be E, = 8284(15) keV
and Ty, = 6.0} ms, respectively.

A thorough search for the proton-decay events of ?°Pa was also
conducted, but no candidate events were found.

Using a transmission efficiency of 47% of SHANS2*, the produc-
tion cross section for #°Pa at the center-of-target energy of 209 MeV
was determined to be 7*3 pb, in which the errors only represent the
statistical ones estimated by the method in ref. 27.

Discussion

Based on the obtained results, the observed a decay of #°Pa can be
assigned as the ground-state to ground-state transition. The a-particle
energy and half-life allow us to extend the a-decay systematics and
provide a rigorous test of nuclear models for the nuclei in this region.

Nuclide E, (keV) T2 Reference

20pg 8284(15) 6.015 ms This work

206p¢ 7787(15) 248 ms This work
7790(30) 228 ms 39

202py 7234(15) 445*124 mg This work
7238(5) 372(12) ms 47
7241(8) 300(50) ms 48
7243(6) 230780 ms 49
7237(8) 340(40) ms 50

8L 6751(15) 40*2s This work
6747(5) 3.0(1) s 47
6748(6) 3.8(4)s 48
6753(4) 46185 49
6755(4) 42(3)s 50

Figure 4 shows the systematics of experimental a-decay Q, values,
partial a-decay half-lives T‘l"/z, and proton separation energies S, for
the ground-states of neutron-deficient Fr, Ac, and Pa isotopes. The
measured 2°Pa values from this work are marked by solid triangles and
the values of 2®?%*Ac from our recent works*? are also indicated. For
2%p3, a 100% a-decay branching ratio was assumed for the calculation
of T{),. The mass excess of *°Pa was determined to be 24355(67) keV
by adding the a-decay energy and the known mass of the a particle to
that of the daughter nucleus 2°°Ac’®, and it was used to extract the S,
value of °Pa. One can see that the measured Qq, T7),, and S, values of
20pg fit well with the systematic trends.

The experimental data are also compared with the selected the-
oretical model calculations, which are shown by the dotted lines in
Fig. 4. The theoretically predicted Q, and S, values were obtained by
the WS4 global mass model with corrections of surface diffuseness
effect and radial basis function®. For this macroscopic-microscopic
model, the systematic improvements for the masses of unstable nuclei
were achieved with the best accuracy ever found within the mean-filed
approximation®. As one can see in Fig. 4a, c, the accurate description
for known nuclei and predictions for 2°Pa were obtained. In the pre-
sent work, the measured a-decay energy Q, = 8.445(15) MeV of #°Pa
was reproduced well by the predicted Q, = 8.525 MeV.

The partial a-decay half-lives T‘f/z of Fr-Pa isotopes were calcu-
lated from the experimental Q, values according to a new Geiger-
Nuttall law proposed by Ren et al.*°, see Fig. 4b. In this calculation, the
effects of the quantum numbers of a-core relative motion were taken
into account in the Geiger-Nuttall law, which makes it valid for the
ground-state a decay of heavy nuclei around N = 126 without any
change of parameters. As compared in Fig. 4b, we can find a good
agreement between the predicted and experimental values even if the
half-lives vary up to 10 orders of magnitude along the isotopic chains.

For the proton separation energy S, while a good agreement
between the calculations of WS4 mass model and existing experi-
mental data can be found, the predicted value of S, = =395 keV was
slightly higher than the measured S, =-670(123) keV of *°Pa. Another
two mass models, finite-range droplet model (FRDM)* and Hartree-
Fock-BCS method (HFBCS)™, were also selected to reproduce the S, of
%P3, Values of S,=-481 and -700 keV were predicted by the FRDM
and HFBCS, respectively. It appears that HFBCS reproduced reason-
ably well the S, value of 2°Pa. As the S, value of ?°Pa is negative, it is
energetically plausible for the proton emission. However, as we men-
tioned earlier, no proton-decay events of ?°Pa were observed in the
present work. To investigate further of this, we have calculated the
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Fig. 3| a-particle energies and decay-time distributions of *°Pa and descendant
nuclei. The a-particle energies detected by the DSSD only are marked in red in the
left panel while the reconstructed events (DSSD+SSD) are marked in blue. The solid
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Fig. 4 | Systematics of a-decay properties. a a-decay Q, values, b partial a-
decay half-lives Tf/z of the ground-state to ground-state transitions, and (c)
proton separation energies S, for neutron-deficient Fr, Ac, and Pa isotopes as
a function of neutron number. Open symbols refer to the literature values
taken from refs. 18,19,22,25. The #°Pa values from this work are marked by
solid triangles and the values of 2°>?°*Ac from our recent works®>* are also
indicated. The dotted lines represented the theoretical predictions taken
from refs. 28,30.

proton-decay half-life of ?°Pa using the semiempirical universal decay
law®. Assuming the present Sy(*°Pa) value together with [/ = 5 proton
emission from the mhy,, ® vfs;, ground state of °Pa (see the text
below), the proton-decay half-life of #°Pa was calculated to be ~ 10%s,
which is far too slow to compete with its a decay.

The obtained S, value of *°Pa also allows us to investigate the
Thomas-Ehrman effect in heavy nuclei***, which was explained as a
reduction of Coulomb energy for proton-unbound states where the
single particle wave function is pushed out of the nuclear interior. In
ref. 36, the manifestation of the Thomas-Ehrman effect for 11 beyond
proton drip-line nuclei between “Li and >°Sc were claimed. For these
nuclei, an average deviation between the experimental and calculated
masses was found to be -576.5 keV, significantly larger than 3.4 keV for
proton-bound nuclei. According to ref. 37, we adopt the liquid-drop
model function of S, = a + bA™ + cA™ to fit the S, data of proton-
bound protactinium isotopes and then check the deviations between
the extrapolated fit and the measured S, values of proton-unbound
protactinium isotopes. A satisfactory agreement between the two was
found and an average deviation of 48 keV was deduced, which indi-
cates that there is no Thomas-Ehrman shift in proton-unbound pro-
tactinium isotopes up to ?°Pa.

In order to gain further information on the structure of the ground
state of #°Pa, the a-decay reduced width & was calculated from the
experimental Q, and T7j), data using the method of Rasmussen™.
Assuming a A L = 0 transition a value of §*(*°Pa) = 28/ keV was deduced,
which is comparable to that of the neighboring even-even nucleus °Th
[(56(13)keV)]. This indicates an unhindered « decay of 2°Pa, which hap-
pens almost exclusively between members of the same proton-neutron
configuration in parent and child nuclei. Since the spin and parity of (3")
was proposed for the ground state of *°Ac in ref. 39, the same spin and
parity of (3") is tentatively assigned for the ground state of #°Pa.

To further justify these conclusions we have performed calcula-
tions using two theoretical approaches, namely, large-scale shell
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model and cranked shell model with monopole and quadrupole pair-
ing treated by a particle-number-conserving method (PNC-CSM). In
the large-scale shell model calculations, taken '**Pb as a core, six pro-
ton orbitals Ohos, 1f7/2, Oi1zs, 2p3s, 1fsp, and 2py; and six neutron
orbitals Ohop, 1f7/2, Oi132, 2P3/2, Ifs2, and 2py, are taken into account.
The p - p, n-n, and p — n parts of two-body interactions are taken from
the Kuo-Herling particle interaction*®, Kuo-Herling hole interaction®,
and monopole based universal interaction** plus M3Y spin-orbit
interaction®, respectively. The calculation results show that in both
206Ac and #°Pa the states have a rather pure shell-model character and
there are four lowest states with spin and parity of 3%, 5%, 6*, and 7*
within only 50 keV. For both 3* states of 2°Ac and *°Pa, the proton-
neutron configuration is very similar with the dominant contribution
from T[hg/z ® st/z.

In the PNC-CSM method, the ground state and low-lying pair-
broken excited states are obtained by diagonalizing the cranked shell
model Hamiltonian in a truncated many-particle configuration (MPC)
space, which is constructed in the proton and neutron N =4, 5, 6 major
shells. The particle number is conserved and the Pauli blocking effect
can be taken into account simultaneously in the PNC-CSM calculations,
by which the properties of odd-odd nucleus can be treated
appropriately***. The results show that the ground-state spin and
parity is assigned as 3* for #°Pa, 2°°Ac, 2°%Fr, and *®At. The dominant
contribution from proton and neutron configuration is who/; ® Vfs/»
for the first three nuclei and is mhye/, ® vp;, for the last one. The first
and second excited states for 2°Pa are 5* and 4, with about 77 and
260 keV, respectively. One can see that both results of the two theo-
retical approaches are consistent with the observed unhindered nature
of the a decay of *°Pa.

In conclusion, for the first time, we have produced and identified
the a-emitting isotope %°Pa, which represents the most neutron-
deficient protactinium isotope known so far. Good agreement
between the measured ground-state decay properties and the theo-
retical predictions was obtained. The Thomas-Ehrman effect was
investigated in the proton-unbound protactinium isotopes, but no
evidence of its presence was found. Based on the analysis of a-decay
width, a spin and parity of (3*) was proposed for the ground state of
20pa, supported by the large-scale shell model and PNC-CSM
calculations.

The discovery of the isotope with a rather low production cross
section of 73 pb was achieved at CAFE2 using a typical beam intensity
of 2puA within only 76 h experimental run. This corresponds to
~30 fb observation limit for 1 event with the same beam intensity in
one-month beam time, demonstrating the high sensitivity of CAFE2.
The unique capabilities of CAFE2, including very intense heavy-ion
beams and high transmission efficiency of SHANS2, make it an ideal
facility for the study of heavy and superheavy nuclei. Future studies at
CAFE2 include, e.g., synthesis of new elements, variety of nuclear and
laser spectroscopy, mass measurements, and chemistry studies of the
heaviest elements, which would contribute to advancements in
nuclear physics and our understanding of the fundamental properties
of matter.

Methods

The ions of *°Ca®" were produced by an Electron Cyclotron Resonance
lon Source and accelerated by a Radio-Frequency Quadrupole accel-
erator and a Superconducting Continuous Wave Linear accelerator to
an energy of 212 MeV. The typical beam intensity of “°Ca* was about
2 p u A and the total irradiation time was 76 h. Twenty arc-shaped “Lu
targets with a thickness of 0.45 mg/cm? were mounted on a rotating
wheel of 50 cm diameter and the wheel was rotated at 2000 rpm
during the irradiation. The target thickness was monitored by a plastic
scintillator with Si-PM (Silicon PhotoMultiplier) mounted 45 degrees
with respect to the incident beam direction, which counted elastically
scattered projectiles. The beam energy at the center of the target was

estimated to be 209 MeV, which corresponds to the expected max-
imum cross section for the 5n evaporation channel according to the
calculation with the HIVAP code*’.

The ERs recoiled out of the target and were separated from the
primary beam and other unwanted reaction products by the gas-
filled recoil separator SHANS2?*. The separator was filled with helium
gas at a pressure of 100 Pa and the magnetic rigidity of the magnets
were set to be 1.596 Tm to guide the evaporation residues to the
center of the focal plane with an efficiency of 47%. The ERs surviving
during the flight were implanted into a 300 um-thick double-sided
silicon strip detector (DSSD) with 128 vertical and 48 horizontal
1 mm-wide strips. To detect the a particles escaped from the DSSD,
six single-sided strip detectors (SSDs) with sensitive areas of
120 x 63 mm? were mounted perpendicular to the surface of the
DSSD. Each SSD has a thickness of 500 um and is divided into eight
15x 63 mm? strips. The total detection efficiency of the detector
array was measured to be 86(8)%. Two multiwire proportional
counters were installed in front of the DSSD allowing us to distin-
guish the decay events from the implantation ones. Behind the DSSD,
three punch-through silicon detectors were mounted for the rejec-
tion of signals produced by energetic light particles. All the silicon
detectors were cooled down to -30 °C to gain a better energy
resolution using an alcohol cooling system. Waveform digitizers
V1724 with 100 MHz sampling from CAEN S.p.A. were used for the
data acquisition.

Energy calibrations of the DSSD and SSDs were performed using a
three-peak (***Cm, ?*Am, and *Pu) «a source and the known peaks
from 29520Rn, 208209Fr and 2°72%Ra produced in the present reaction.
The typical energy resolution for the DSSD was 40 keV (full width at
half maximum, FWHM) for 6-9 MeV «a particles. The total energy of an
escaped a particle was reconstructed by adding the deposited energies
in the DSSD and SSDs and had an energy resolution of 80-120 keV.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper. The data that generated in this study have been
deposited in the Figshare repository https://doi.org/10.6084/m9.
figshare.28882703.

Code availability
The analysis codes used for the experimental data analysis are avail-
able from the corresponding author upon request.
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