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Abstract

Alpha particle radioactivity is one of the most striking evidence for the existence of cluster structures in atomic
nuclei. During the decay process, a preexisting « particle tunnels through the potential barrier formed by the
residual nucleus [1, 2|. The degree of preformation of the e particle, a strongly bound system of two protons and
two neutrons, is extracted from the data by dividing the a-decay probability by the barrier penetrability for a
given particle energy. The preformation probability changes rapidly near nuclear shell closures, which is direct
evidence that clustering is connected to nuclear structure [3|. Enhanced preformation was observed in the lightest
a-particle emitters, spherical tellurium and xenon isotopes decaying to magic isotopes of tin. Here, we show the
most extreme case of a-particle preformation from the measurement of the decay of tellurium-104. With a half-life
of 721’%? nanoseconds, tellurium-104 is the fastest ground state a-emitting nucleus known to date. The deduced
preformation demonstrates that the enhancement is greater for tellurium-104 than for any other nucleus. One
nuclear model that can explain our observation postulates that the a particle can exist only in the low nuclear
matter density regions on the surface of the nucleus. The uniquely high preformation for tellurium-104 is attributed
to its relation to doubly-magic tin-100, creating conditions conducive to form an a particle.
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1 Introduction

Alpha (a) particle emission is the oldest known type of
radioactivity [4] and is the dominant decay mode for
hundreds of nuclei including most known super-heavy
elements. Consisting of two protons and two neutrons
(*He nucleus), the a particle has a binding energy of
7.074 MeV /nucleon and is the most bound system before
12C [5]. Due to its strong binding, a “He nucleus exhibits
the properties of an elementary charged particle. This
allows for the formation of well-known a-cluster struc-
tures in excited states of light nuclei, such as the Hoyle
state in '2C which is crucial for the formation of ele-
ments beyond carbon [6]. The tightly bound nature of «
particles leads to « radioactivity in heavier nuclei (mass
A > 100), which are unbound against a-particle emis-
sion due to a positive decay energy (Q, > 0). The
formation of the « particle prior to decay provides com-
pelling evidence for cluster formation in heavy nuclei,
but there is no consensus on the nature of this process.
In fact, more than one and a quarter of a century after
the discovery of a-radioactivity, the exact mechanism
of a-particle appearance in the nucleus before emission
remains unknown. Unlike light a-cluster systems, the a-
decaying nuclei are known to have relatively uniform
distribution of protons and neutrons inside the nucleus
with a near constant nuclear density of 0.6 nucl/fm?. Lit-
tle is known about « clustering in heavier nuclei, with
only a recent observation of « clustering using proton
induced a-knockout reactions [7]. In addition, clustering
has not been observed as a prevalent self-organization
mode for known precursors. In the formative days of
quantum mechanics, Gamow and, independently, Gur-
ney and Condon explained the emission process as an
example of the tunneling of a charged particle through
a potential barrier [1, 2]. Charged particle emission from
nuclei is well understood, and the tunneling model can
successfully describe the 31 order-of-magnitude varia-
tions in the nuclear lifetimes observed for known «
emitters. However, the validity of this model relies on
the postulate of the « particle before it is emitted. Leav-
ing the question, how is the a particle formed within the
relatively homogeneous nucleus? In attempts to address
this question, two emitters are of particular importance,
because they can be pictured as elementary systems of
a doubly-magic nucleus and an « particle; these are the
classic case of 212Po (2°Pb-+a) and the almost unknown
104Te (109Gn+q). While a number of studies have cen-
tered on describing o clustering in 2'2Po, there are
strong indications in experimental data and theoretical
predictions that a-particle preformation in °4Te is the
strongest among all nuclei, hence it is uniquely suited to
understand the nature of a-particle emission.
Historically, the success of the Geiger-Nuttall law,
which related the half-life to the « energy [§8], is due
to potential barrier tunneling acting as the dominant
mechanism driving « radioactivity. Preformation effects
are only quantified when the energy dependence for
the potential barrier penetration is removed. Rasmussen
introduced a method to measure the preformation of the
a particle using the reduced width, %2 = h\/P, where

h is Planck’s constant, A is the partial a-decay constant
and P is the barrier penetrability [3]. Using the Gamow
model, the barrier penetrability can be quantified for a
given shape of the potential barrier and decay energy,
Q- The resulting reduced widths revealed strong varia-
tions when plotted as a function of the neutron, N, and
proton, Z, numbers. Curiously, nuclear shells proposed
by Mayer [9] and independently by Haxel [10] were found
to impact the reduced width. An increase in « preforma-
tion after the N = 126 shell closure was noted already
by Rasmussen [3]|. This provided clear evidence that the
nuclear shell structure not only influences a decay by
affecting @, but also by impacting the preformation.
Shortly after, Mang made the first attempt to calculate
the preformation using a newly developed shell-model for
the series of even-even Po (Z = 84) nuclei (A = 202—218)
in the vicinity of the doubly-magic 2°®Pb. The calcula-
tions reproduced a variation in the reduced widths as a
function of neutron number with a stronger preformation
for 212=218pg [11]. While providing the first theoretical
explanation for the variations of a preformation, Mang’s
values under-predicted the reduced widths.

Later, the island of lighter c-emitters was discovered
in N & Z isotopes of xenon (Z = 54) and tellurium
(Z = 52), with much stronger preformation than in the
208Ph region [12]. Macfarlane coined the term “super-
allowed a-decay,” postulating the enhanced a-particle
preformation for self-conjugate (N = Z) nuclei. This
increase was attributed to the shell structure of these
nuclei, where protons and neutrons occupy the same
orbitals, allowing pairing forces to create « particles from
overlapping proton and neutron wavefunctions. The same
authors made a radical prediction that °4Te will be a
unique example of such superallowed decay, being a sys-
tem that consists of an « particle and the doubly-magic
100Gy [12]. Since then, a large body of experimental and
theoretical work has been committed to study nuclei near
1008y [12-19]. Experiments found more cases with mod-
erate increase of preformation, while theoretical models
have evolved to a very high level of sophistication in an
attempt to reproduce the experimental results [20-32].
104Te is considered to be unique and the most important
system to investigate the nature of « cluster formation
before it’s emission. This manuscript presents a definite
measurement, of the lifetime of this nuclide and demon-
strates that it is not only the shortest-lived « particle
emitter, but also the nucleus with the highest proba-
bility of a-particle preformation. With a substantially
enhanced reduced width, the “superallowed” nature of
104Te o decay is verified.

2 Production and Identification of
RI Beams

The synthesis of 1%*Te in nuclear reactions is extremely
challenging and became possible only recently using
advanced technologies. Early systematic predictions of
~50 ns for the '°4Te lifetime eliminated the option of
direct observation of this isotope using electromagnetic
separators because it is too short-lived. Therefore the
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Fig. 1 (a) Primary decay modes for proton-rich nuclei with 50 < Z < 54, produced via the fragmentation of 124Xe (highlighted by
the pink box). This work focuses on the production and implantation of 1°8Xe (red box) to study the o decay chain through 194Te to
1008n, shown by the red arrows. (b) Particle identification of fragments traveling through the BigRIPS separator, gated on implants in the
LYSO detector. Events corresponding to the desired 1°8Xe nucleus are within the red circle. (c) shows the cross-section predictions for the
fragmentation of 124Xe to produce isotopes of Xe. Highlighted in red are the results from this work for 198:109Xe, which are significantly

lower than predictions.

prior attempts focused on producing the longer lived
108X e, which is the a-decay precursor for 1%4Te. As the
heaviest known N = Z nucleus, '°Xe is also extremely
difficult to create. Previous efforts to synthesize nuclei
in the '°Sn island of « radioactivity used fusion-
evaporation reactions, such as *®Ni+?*Fe, but reached
the limit of the method’s capabilities [18]. Instead, this
work chose fragmentation of relativistic 124Xe to produce
108X e. While the fragmentation reaction cross section is
much lower than the ~1 nb observed in the tradition-
ally used fusion-evaporation reactions, fragmentation of
124Xe enables the use of a thick target, providing an
improvement of the total luminosity of the reaction. This
experiment was performed at the Radioactive Ion Beam
Factory (RIBF) at RIKEN. A primary beam of ?*Xe,
highlighted by the pink box in Figure la, was acceler-
ated by four coupled cyclotrons to a final beam energy of
345 MeV /nucleon and an average intensity of 120 particle
nanoampere (pnA). Proton-rich fragments were created
after the xenon beam impinged on a 6 mm thick °Be
production target, before purification by the BigRIPS
fragment separator [33]. Products were identified on an
event-by-event basis using the AF — Bp—time of flight
(ToF) method and transported to the implantation and
spectroscopy station. The resulting particle identification

plot is shown in Figure 1b. It shows a group of 12 counts
unambiguously identified as '°®Xe fragments measured
over the course of 124 hours. In this reaction, 16 neutrons
were removed from '?*Xe. Using the estimated transmis-
sion of 39% from LISE++ [34], a production cross section
of 1.89(0.5)stat (0.38)sys femtobarns (fb) was extracted for
108X e and 273(6)stat (55)sys b for 19Xe resulting from a
transmission of 34%. These results are shown in Figure 1c
and are consistently lower than model predictions from
EPAX and FRACS [35-38]. The cross section of 19%8Xe
is one of the lowest production cross-sections since the
identifications of 3*Na and %°Ca at 0.5 and 0.21(0.15) fb,
respectively [39, 40]. More details on the production can
be found in the Methods.

3 Observation of the a-decay chain

Due to its short lifetime, the detection of '94Te relies
on the observation of the '8Xe — 104Te — 1005y
decay chain, utilizing the pileup method demonstrated
by the discovery of the 199Xe — '05Te — 191Sn decay
chain [17, 42]. Namely, the electronic signal induced by
two consecutive interactions in the detector is captured
using a digital data acquisition system. In this experi-
ment, a detection system similar to that implemented by
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Fig. 2 Half-life measurements for 1°8Xe (black) and '%4Te (red),
extracted using the likelihood method described by Schmidt et
al. [41]. The resulting half-life of '94Te marks the fastest ground-
state o emission.

Ref. [19] was used, employing fast-response scintillator
detectors in anticipation of the short nanosecond scale
half-life of 1%4Te. Radioactive ions were implanted into a
0.6 mm thick LYSO (Lu; §Y(.2SiO5:Ce) inorganic scintil-
lator coupled to a Hamamatsu H12700B-10 multi-anode
photomultiplier tube (MAPMT) [19, 43, 44]. Surround-
ing the implant detector were sixteen 2-inch LaBrg based
~-ray detectors [45] arranged in a barrel configuration for
isomer identification, a — v coincidence measurements,
and background rejection. Signals from the LaBrsz and
LYSO detectors were digitized using XIA Pixie-16 14-
bit 500 MHz digitizers [46]. Digitized signals were stored
and analyzed using C++ and the ROOT analysis frame-
work [47]. See the Methods for more information on the
implant and decay measurements.

Nine '9Xe decays were correlated with the 12 ion
implantations, leading to a correlation efficiency of 75%,
consistent with other xenon and tellurium isotopes in
the beam setting. See Table 2 in the Methods for more
information. None of the '°®Xe events were measured in
coincidence with a «-ray in the surrounding LaBrj array,
and their time distribution relative to the identified ion
implantation is shown in Figure 2 by the black points.
The half-life of 1°*Xe was determined to be 75773 ps with
a confidence of 68% using the likelihood method [41],
which is in agreement with the previous measurement of
581390 us from Auranen et al. [18]. In the same measure-
ment, the '%4Te lifetime was estimated to be less than 18
ns [18]. 1%Te is populated in the decay of °*Xe, where
the first and second «’s are measured in a short time win-
dow. With a fast lifetime, the signal from the second «
is “piled-up” on the first « signal, creating a sum of the
two decays. Details on the pileup deconvolution method
are described in the Detector Response Methods section.
From the '98Xe events, the time difference between the
two pileup decays shown by the red points in Figure 2.
The half-life of **Te was determined to be 7.2773 ns
using the same likelihood method as for 1°8Xe [41]. This
value is nearly a factor of 8 faster than 21°Pa [48], making
104Te the fastest ground state a-decaying nucleus known.

The amount of light produced for each decay was
obtained from the signal amplitude. Calibrations were
performed internally using known a-emitters 10°~107Te,
109,110 e and a standard 2'°Po source. More details on
the detector calibration can be found in the Methods.
The o energies were measured to be 4.64(9) MeV for
108Xe and 5.03(9) MeV for 194Te. These values are in
agreement with the previously reported 4.4(2) MeV and

4.9(2) MeV for 198Xe and 19Te, respectively [18]. Corre-
spondingly, the @, values are determined to be 4.82(9)
MeV for 18Xe and 5.23(9) MeV for %4 Te.

4 Experimental evidence for
super-allowed o decay

With the measured half-life and a-decay energy, the
reduced widths were extracted for each decay using
the WKB approach. For '%4Te, the reduced width is
0.82759% MeV. The uncertainty of this value is domi-
nated by the energy uncertainty resulting from the choice
of experimental method, which was optimized for half-
life measurement. Figure 3a shows this value compared
to all other known even-even ground-state a-emitters. A
large amount of the nuclei decay with a reduced width
between 0.1 and 0.3 MeV, with °*Te towering above
the rest. This serves as the first indication of the unique
nature of the '°4Te decay. Also in the N =~ Z region,
the decay of '*Ba produces a large reduced width, yet
with conflicting decay energies between two measure-
ments [49, 50] and large uncertainly on the a branching
ratio, the reduced width may be inflated. The reduced
width of 1%Xe was found to be 0.027003, which is in
agreement with the previous value of 0.27725, [18]. The
enhancement of 194Te relative to its N = Z counterpart
illuminates that the superallowed nature of 1%4Te is not
solely due to self-conjugate nature of the nucleus.

The difference in a-particle preformation in the 1°°Sn
and 2°8Pb regions can be observed by investigating the
reduced width when approaching the neutron shell clo-
sure, as shown in Figure 3b with Nyagie = 50,126
for the tin and lead regions, respectively. Approaching
the N — Npagic = 0 line, the reduced widths of tel-
lurium isotopes steadily increase. This behavior differs
from the polonium decays, which have a relatively con-
stant reduced width when decreasing in neutron number
to 2'2Po. The change in systematics indicates that, while
the two systems are qualitatively similar, the o formation
mechanism differs significantly between the two regions.

Historically, reduced widths are compared to 2'2Po
due to its simplicity, yielding the preformation factor,
Ws = m. This provides direct comparison to the
only other a-emitter decaying to a doubly-magic nucleus.
Auranen et al. claimed a lower limit of 13.1 on the prefor-
mation factor of 1%4Te due to the relatively small Q, =
4.9(2) MeV and t1/, < 18 ns [18]. The present result
of W, = 11.77%%% is smaller than previously reported
lower limit due to a higher central value for the decay
energy. However, because the decays of '°®Xe and %4Te
could not be disentangled in the previous measurement, a
broad range of solutions were possible for W, (}°®*Xe) and
W (194Te), see Fig. 5 in [18]. The only definitive claim
is that one of the nuclei in the decay chain is more than
5 times enhanced relative to 2'?Po [18|. Thus, this work
provides the first proof of the “superallowed” nature of
the '%4Te decay, with a reduced width which is at least
one order of magnitude larger than 2*2Po.

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303



304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

104Te !

N 80 100
eutron NUmber N

120

2
proton Nurmee

Fig. 3 (a) The reduced width centroid values, §2, for known even-even a-emitters [5] calculated using the WKB formalism described
in [3]. 194Te is seen as the most preformed o decay with the largest reduced width across the chart of nuclei. (b) Decays from tellurium
(orange) to tin isotopes and polonium (light blue) to lead isotopes approaching neutron shell closures at Nyagic = 50, 126, respectively.
The unique nature of tellurium isotopes is seen as the reduced width increases up to the decay into the doubly-magic 99Sn. Alternatively,
the polonium isotopes have a relatively flat reduced width above the shell closure.

5 Discussion

The measurement of the 1Xe — 104Te — 1008 decay
chain provides evidence not only for the shortest ever
measured a-decay lifetime, but also for the strongest «
preformation. This confirms the singular nature of its
decay, which in that sense is indeed “superallowed” as
postulated by MacFarlane and Siivola. In order to fully
understand the depth of this discovery, we must consult
theoretical models, which for several decades have tried
to predict the properties of this particular nucleus and
explain the origin of the expected enhancement of the
decay using state-of-the-art nuclear models. The location
of 194Te close to 1°°Sn, which is a confirmed doubly-magic
nucleus [51-53], eliminates the enhancement scenario of
this decay due to changes in the nuclear potential caused
by deformation and allows for the simple picture of 1°4Te
as a %98n core with an « particle. Figure 4 shows the
experimental comparison to several theoretical models,
shown as a blue histogram [20-24, 26-28, 30-32, 54|
compared to the result of this work in orange. Many
models report calculated preformation factors relative
to 212Po, in this case the value from the reference was
used [22, 24, 26, 30]. Otherwise, the preformation fac-
tor was calculated using the WKB formalism from the
reported half-life and decay energy in each respective
published research [20, 21, 23, 27, 28, 31, 32, 54].

It is clear that nearly all models underpredict the pre-
formation. The large body of models using implicit clus-
ters require such empirical parameterizations of existing
experimental data and thus do not include more funda-
mental physics considerations. But even fully microscopic
models, which generally emerge the a-particle from the
parent nucleus configuration, are too conservative, per-
haps for similar reasons.

Microscopic models aim to describe the a-particle
preformation as an emergence from nuclear configu-
rations. In the pioneering calculations performed for
polonium nuclei by Mang [11], the preformation was
generated from the « cluster overlap with shell-model
configurations of valence protons and neutrons. While
the calculations were able to reproduce trends across
shell closures and showed a direct link between nuclear

structure and « particle formation, the absolute a-
decay widths were under predicted. Similar calculations
were later utilized for '%4Te, employing the complex-
energy shell model (CESM) [23] and the multistep shell
model (MSM) [24]. Both CESM and MSM produced life-
times which are more than 100x larger than the value
determined by this work, with the CESM discrepancy
expected due to proton continuum effects and the lack
of proton-neutron (pn) correlations [23]. The MSM pro-
duced a relative a preformation of '°4Te 4.85x larger
than that of 2!2Po attributed to pn correlations, but
the model is incomplete with an insufficiency in cluster
components yielding an absolute formation amplitudes
at least two orders of magnitude too small [24]. Baran
and Delion reached the conclusion that pn correlations
are not sufficient to explain the large under prediction
of the reduced width for N = Z nuclei [25]. While
the effect of pn correlations remains unsolved, several
authors concluded that the « particle must form on the
edge of the nucleus. The key insight of the quartetting
wave function approach (QWFA) was the introduction
of four-body correlations, called quartetting [55, 56]. In
the approach, a-particles can only form on the surface of
the nucleus where the nuclear density was less than the
saturation density and the cluster correlation does not
survive in the interior of the nucleus [57]. The QWFA
was implemented to describe clusterization in the clas-
sic low-mass cases [58, 59| and was later employed to
describe a-radioactivity in the 20%Pb region [57, 60].
The effects of cluster formation on the nuclear equation
of state were studied by Typel [61], and more recently
were used to interpret experimental results using pro-
ton induced a-knockout reactions on stable tin isotopes,
which inferred a-clustering in heavy nuclei [7]. The
QWFA was improved with the addition of structure
information for the core nucleus from nucleon-nucleon
interactions and calculations extended to 4Te [26].
These changes naturally incorporated the shell structure
and predicted a roughly 6 times increase in the preforma-
tion in '°4Te compared with 2'2Po, as well as predicted
a short half-life of 14.8 ns [26]. As the only theoretical
prediction with a preformation greater than 5, as seen in
Figure 4, the QWFA model is the only model in agree-
ment with the experimental results of this work. The
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Fig. 4 Comparison of theoretical predictions (blue) [20-24, 26—
28, 30-32, 54] for the preformation factor, W, of 194Te with
experimental results from this work (orange). Nearly all models
underpredict the preformation factor of 194Te, with the exception
being the Quartetting Wave Function Approach [26].

QWFA is the most successful in predicting the large pre-
formation, but also in providing a direct connection to
nuclear structure. The same authors have shown how
the difference between valence proton and neutron con-
figurations generates differences between predictions for
the « preformations and decays 2'2Po and %4 Te [29]. In
this model, the contribution of the nuclear wavefunctions
on the surface of the nucleus is critical to the forma-
tion of the alpha particle. With the inclusion of nuclear
wavefunctions, sensitivity to the density of nuclear mat-
ter, and availability of protons and neutrons, the QWFA
model can reproduce 2'2Po properties using the same set
of parameters as for 1%4Te. This further indicates that the
QWFA captures correctly the sensitivity of the a-particle
preformation to the shell-model prediction of the density
of the nuclear matter on the surface of the nucleus.

6 Conclusion

This work presents the first measurement of the half-life
and an increase in precision for the decay energy of %4 Te,
produced via the decay of the heaviest known N = Z
nucleus, 198Xe. 1%4Te was found to be the fastest ground-
state a-emitting nucleus, and its “super-allowed” nature
has been confirmed with the largest reduced width for
any known « decay. The preformation factor was found
to be 11.7 times stronger than that of 2!?Po and compar-
isons with its N = Z counterpart, '98Xe, indicate that
the observed effect is linked to its proximity to °°Sn and
not solely its self-conjugate nature. Among many model
predictions, the closest to the experiment is from the
QWFA model, which postulates that the « particle forms
on the surface of the nucleus in the region of low-matter
density. The sensitivity of the a-particle formation to the
proton/neutron ratio and the relation to °°Sn explains
the exceptional character of '%4Te and the agreement
with theory is compelling. The improvement of radioac-
tive ion beam facilities may allow further studies using
the (p,p’a) reaction in inverse kinematics to investigate

the properties of a-radioactive nuclei. The small produc-
tion cross-section of 1“8Xe and short-half life of %4Te
made this measurement exceptionally challenging. The
experiment focused on lifetime-measurement, sacrificing
the energy resolution and introducing a large uncertainty
in extracting of the preformation factor. Future measure-
ments will have to address these challenges to provide
more accurate experimental value of the preformation
factor, which will be needed to better constrain and guide
nuclear models.
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7 Methods

7.1 Production of 1%8Xe

108X e was produced via the fragmentation of 1?*Xe on a
9Be target. Products were identified on an event-by-event
basis between the F3 and F7 focal planes of BigRIPS
using the AE — Bp—time of flight (ToF) method and
transported to the F11 focal plane for implantation into a
spectroscopy station [33]. Generally, this type of reaction
is used to produce Z < 50 nuclei, such as %°Sn, and
consequently the experimental data for the production
of xenon (Z = 54) nuclei is sparse. Up to this point, the
cross section was only measured out to '5Xe at GSI [62],
using a higher beam energy of 1 GeV/u. Accordingly,
estimations for the production of '%8Xe from '?*Xe relied
on fragmentation models. Predictions from EPAX [35-
37] and FRACS [38] placed the expected cross section
between 20 and 100 fb. However, the uncertainty of the
reaction cross-section predictions prior to this experiment
was considerable and reached a factor of 100 based on a
study of 50 < Z < 52 nuclei at RIBF [63].

The experimental cross section was extracted using
a comparison to LISE++ predictions for the transmis-
sion of nuclei after fragmentation. To accurately estimate
the transmission through the BigRIPS separator, the
D1 dipole magnet was adjusted in LISE4++ such that
the calculated momentum distribution for 1%9Xe matched
the experimental distribution at the F5, momentum-
dispersive, focal plane. The resulting predicted transmis-
sion through the BigRIPS separator was 39% for 1%%Xe
and 34% for '°°Xe. A standard 20% uncertainty was
applied to account for the error in transmission from
LISE-++. Subsequently, the 198Xe cross-section up to the
F7 focal plane was found to be 1.89(0.5)gtat(0.6)sys fb,
and is significantly lower than the model predictions, as
shown by Figure lc. Additionally, for '°Xe, the cross
section was measured to be 273(6)stat(90)sys tb. This was
also lower than the predictions by EPAX.

7.2 Detector Setup

The decay system hinged on the LYSO scintillator-based
implantation detector. Figure 5 shows the experimental
setup, with the LYSO shown in orange coupled to a seg-
mented light guide and the MAPMT. Directly in front
of the LYSO is a plastic detector used to track incom-
ing ions and reject decay particles which leave the LYSO.
Additionally, behind the MAPMT is a second plastic
veto detector which rejects light ions that do not implant
into the LYSO. Surrounding the central detectors are
16 LaBrs detectors, where the 2" cylindrical scintilla-
tors are shown as gray in Figure 5. These detectors were
packed as close to the LYSO as possible to maximize the
geometrical efficiency.

The MAPMT consisted of an 8 x 8 array of anodes,
resulting in 64 anode signals and 1 additional dynode
signal. Using the Vertilon SIB064B-1902 [64], a resistive
readout array, these 64 anodes were reduced to 4 corner
signals [43]. From these 4 signals, the position of an event
can be reconstructed using Equation 1 with millimeter

Fig. 5 The implantation setup used to stop the energetic ion beam
and measure the subsequent decays. For illustrative purposes, some
of the outside LaBrs detectors are transparent glass in order to
view the implantation configuration. In the figure, the radioactive
ion beam comes from the bottom left to implant into the LYSO,
depicted as the orange square.

precision.
(v1 +v2) — (v3 + v4)
U1 + Vg + U3 + Vg
(1)
(v +vg) — (v3 +v2)
Ypos = V1 + Vg + v3 4+ v4

In this setup, the LYSO detector measures a large ion
implantation signal with a total kinetic energy exceed-
ing 1 GeV and a small signal induced by an « particle in
quick succession. The was accomplished by operating two
electronic gains, with the dynode (anode) decay signal(s)
amplified by 20x (10x) before entering the digital data
acquisition. Furthermore, within the data acquisition the
implant signals were attenuated by an additional factor
of 4. This 80x difference between implants and decays
allows for the data acquisition to not be saturated dur-
ing implant events, while also being able to measure the
decays.

Large signals were deduced to be ion implantations
when in coincidence with incoming particle identification
from BigRIPS and no signal in a rear plastic detector.
Subsequent « decays were measured by the same LYSO
detector and correlated with ions of interest in space
and time. Decay events are characteristically lower in
energy, < 10 MeV, and not in coincidence with any other
beam-line detector from BigRIPS or the front and rear
plastic detectors. This strict selection was used to isolate
a decays that do not exit the LYSO.

Tpos =

7.3 Detector Response

The MAPMT dynode output is known to have an under-
shoot and ring for a short time after an implant or decay.
Therefore to extract the energy from the pulse, a func-
tion, F'(t), determined by the convolution of a normal
scintillator pulse, P, and a ring-like term, H, is used to fit
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each individual trace. The result is defined in Equation 2.

F(t)=(P+=H)()
P(z) = A(z > ¢)e”@=9/P2(1 — ¢~ (@=0)/ps)

( (2)
H(

x) = (x > p4) cos(pex +p7)e(*m*p4)/p5

A wide range of decay signals were fit with all parameters
free, with the resulting average values for parameters are
shown in Table 1. These values were kept constant for
the analysis, while only amplitude, A, and the phase, ¢,
remained free parameters. A sample fit result is shown in
Figure 6(a). In the case of two decays occurring close in
time, the sum of the two signals is produced in the dyn-
ode signal, leading to a “pileup” event. Two examples are
shown from the decay chain of 1°8Xe in Figure 6(b,c),
where the blue curve is the fit for the first decay in
the chain, corresponding to 1°8Xe, the green curve corre-
sponds to '°4Te, and the sum of the fit is shown as the
pink curve. The 18 ns pileup, Figure 6(c), is clear with the
decay time from the initial pulse being seen, but for faster
pileup events, such as the 8 ns case shown in Figure 6(b),
the indications of pileup are less clear. Visually, the rise-
time between the single event and the fast pileup can be
compared, where there are nearly twice as many points
on the risetime for the 8 ns pileup compared to the sin-
gle event. This allows for a confident assignment of the
event to a pileup signal.

After the individual trace is fit, its amplitude is used
to determine the amount of light produced by the inter-
action. This light yield is calibrated to the 662 keV ~
transition in '37Cs standard source, with a resolution of
o = 23 keV electron equivalent (keVee) at 314 keVee for «
decays. For the decay chain of 198Xe, the resulting light
yield measurements are shown in Figure 7 and fit using
a binned likelihood method. Points greater than 50 from
the mean were excluded from the fits. The light yields for
108X e and '4Te were found to be 366 & 11 and 452 =+ 20
keVee, respectively. Due to the error in amplitude result-
ing from the deconvolution, additional systematic errors
were incorporated at 8.08 and 8.57 keVee for 1"8Xe and
104Te, respectively.

7.4 Energy Calibration

Due to the fragmentation of '24Xe, multiple less proton-
rich a-emitting nuclei above 1°°Sn were produced in high
quantities, shown in Table 2. The number of implants
and subsequent decays yields a correlation efficiency con-
sistently above 70%, except in the case of 1°9Xe, where
correlations were restricted to events which could identify
both the 1%9Xe and '°Te decays in the same trace. Due
to a limited trace length of 1.8 s after the initial signal,
only 3 half-lives of 19°Te are able to be correlated to the
initial 199Xe decay, corresponding to 88% of the poten-
tial events. From this, a correlation efficiency of 68% was
found for measuring both events, or 83% for a single cor-
relation. Isotopes marked with a * represent decays to
the first excited state in the respective daughter nucleus
and are measured in coincidence with the corresponding

v ray.

1500—
C (a) No Pileup
1000

500

-500—

1500 (b) 8ns Pileup

1000

500F

Pulse Height (ADC)

-500F
1500F

1000F
500}
of
-500 - | | | | | |
100 150 200 250 300 350
Time (ns)

Fig. 6 Fits of a single peak (a), a pileup event with 8 ns time
difference (b), and a pileup event with a 18 ns time difference (c).
The pink curve is the total fit of the black experimental points,
while the blue and green lines represent the decomposition in terms
of the first and second decays, respectively.

L.("®Xe) = 36611 keVee  L,('*Te) = 452+20 keVee
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Fig. 7 Light yield measurements for the decay chain of 108Xe
(black) through 194 Te (red). Each point is marked with error from
the resolution of the detector plus the error resulting from the trace
deconvolution. Variations according to these errors are incorporated
as the systematic errors.

In columns 5 and 6, the half-lives measured from this
work are compared to literature values, where there is
excellent agreement overall. In many cases, this work
yields more precise measurements. The half-life of 1% Te
is shorter in this work due to the event window length
allowing for a maximum pileup time difference of 1.8us.
After this, some data is lost before the next event can
occur. Additionally, the previous measurement was lim-
ited in its ability to measure fast pileups, < 300 ns,
leading to a bias towards a longer lifetime. A weighted
average of the two measurements yields ¢1/5(*%Te) =
516477 ns. Additionally, this measurement of the half-life
of 197Te is higher than the literature, but earlier results
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Table 1 Parameters used with the template function, Equation 2, to fit individual pulses.

A ¢ P2 P Da

Ds Ps pr

Free Free 2.65856 4 -54.65

70.1454 -0.00747514 -1.49996

Table 2 List of implanted a-decaying nuclei, with their measured halflives. More details are in the text.

Isotope  # Imp. # Decay Corr. (%)  Half-life (sec)  Ref. Half-life (sec) La (keVee) E, 1 (MeV)
108Xe 12 9 75 75775 x 10°° 587000 x 1070
109%e 1659 996 83 16.0(6) x 1073 13(2) x 1073 297(2) 4.063(4)
10x%e 29095 20757 71 94(1) x 1073 93(3) x 1073 274(1) 3.717(19)
104e 9 72723 107 <18x107?
105me 996 83 493(33) x 1072 620(70) x 107° 421(4) 4.880(20)
105e* X 620(70) x 1077 362(2) 4.711(3)
106Te 766308 602650 79 67.9(1) x 107° 70729 % 1076 314(1) 4.128(9)
107Te 5024458 4185966 83 3.532(3) x 1073 3.1(1) x 1073 282(1) 3.853(13)
107pe* 5144 3.5(2) x 1073 3.1(1) x 1073 265(2) 3.691(5)
5500: potential and energy using the equations from Ref. [3].
r . - This formalism provides a consistent method to bench-
50001~ e mark the reduced widths across the chart of nuclei, and
- = also provides comparison against theories which use dif-
% 45001~ ferent @), values to predict a decay half-lives. Figure 9
1:’ E A ¢ Data shows the comparison of the reduced widths of Po iso-
£ 40001~ v Fit topes calculated in this work (black circles) compared
] E oo 1 1%8%e to the values originally reported by Rasmussen (red dia-
S 3500 1 1%7e monds). The agreement is clear, indicating that these
L calculations are valid for reporting preformation factors.
3000~ To model the error for the reduced width, distribu-
F tions for the half-life and @, were randomly probed as an
2500 2‘50 360 3‘50 460 4‘50 560 550 input to calculate the reduced width. Figure 10 demon-

Measured Light (keVee)

Fig. 8 Calibration from light yield to o decay energy using neigh-
boring a emitters near '°°Sn and a 2'2Po check source. The
measured light yields for 198Xe and 194Te are shown by the blue
and red points, respectively. The green band represents the error in
the fit, which is propagated into the error in the a energy.

from Schardt [13] place the centroid of the half-life higher
at 3.6f8:2 ms

Lastly, columns 7 and 8 report the measured light
yield of the « particles, Ly, in keVee and the literature
value for the emitted a energy. Using the light output
and known « energies, the detector is able to be cali-
brated to report a energies. Utilizing these points, along
with data from a 2'°Po check source, the LYSO detector
is calibrated from light yield, L, to a-energy, F,, using
a third order polynomial, shown in Figure 8. The non-
linearity in the light produced by the LYSO is especially
apparent for higher « energies, above 4.5 MeV. The «
energy values for 194Te (1%8Xe) is show by the red (blue)
point in Figure 8. The error in the « energy was calcu-
lated as a quadrature sum of the error in the fit, e, and

the propagation from the light yield, ¢; = ‘glg“

ELa-

7.5 Extraction of Reduced Width

The formalism for the reduced width, 62, was introduced
by Rasmussen in 1959 [3]. Using the WKB approxima-
tion, the penetrability, P, can be calculated for a given

strates this, where the @, distribution is shown in (a),
the half-life distribution is shown in (d), and the com-
bined input distribution for the reduced width is shown in
(c). Lastly, (b) shows the resulting values for the reduced
width. The +1¢ errors were found using the 16" and
84" percentiles in the calculated distribution.

7.6 Theoretical Predictions

Multiple predictions of °4Te properties originate from
the Geiger-Nuttall law [8] and use the preformation of an

0.12— é F)
~ { This Work Q‘) o
0.1—
s L
2 C ¢ Rasmussen 1959
% 0.08[—
= L
B L «
= L
el
g 0.06—
S L
o
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o«
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A

C_ 1 \ \ i m \ \ \ \
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Neutron Number, N

Fig. 9 Comparison of reported reduced widths from Ras-
mussen(red diamonds) [3] with those calculated for this work (black
circles).
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Fig. 10 Utilizing the decay energy (a) and half-life (d) distribu-
tions, an input distribution (c) is propagated into the reduced width
calculations. The resulting error distribution for the reduced width
is shown in (b).

« cluster as an empirically adjusted parameter to predict
its decay probability. A few of these predictions are shown
as the yellow circles [32, 54] in Figure 11. The predicted
half-lives are significantly longer than the experimental
result, leading to small preformations that contribute to
the low-preformation bump in Figure 4.

The Density Dependent Cluster Model (DDCM),
shown in orange in Figure 11, was developed assuming
a symmetric a-core system with the preformation fac-
tor tuned as a free parameter [21]. More modern DDCM
calculations have increased the complexity for prefor-
mation [30] or added a deformation dependence in the
model [31], but neither of these progressions have been
able to reproduce the decay of '94Te, with the origi-
nal model performing best. Other models have predicted
the lifetime using a mean field analysis [20] or a double
folding potential [22] and are shown in purple. Both pre-
dictions use large @, values, but still do not reproduce
the a preformation. Clark et al., devised a model with
a parametrized pairing gap, dependent on the proton
to neutron asymmetry, which yields increased preforma-
tion factors for N ~ Z nuclei compared to decays near
208Ph [27]. Even with the increased preformation, the
model underpredicts the preformation factor, as shown
by the pink circle in Figure 11. A recent attempt to
describe the decay of '°“Te using an energy density
functional method also over-predicted the lifetime [28],
resulting in a lower preformation, shown in blue in
Figure 11. As mentioned in the text, microscopic mod-
els from Id Betan and Patial, shown in blue, over-predict
the half-life of 194Te [23, 24].

The QWFA, represented by the light blue circle [26]
in Figure 11, begins by introducing the center-of-mass
motion of the quartet and the relative motion of the quar-
tet with respect to the core of the nucleus. This led to the
introduction of an effective local pocket potential, which
enabled preformation calculations for an a-priori nonlo-
cal interaction between the quartet and the core. This
pocket potential occurs at the edge of the nucleus, in the
region where the nucleon density drops below the Mott-
density [57]. Using this formalism, the clustering for 194 Te
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Fig. 11 Comparison of experimental (red) half-life, ¢, /5, (top), Qa
(middle), and preformation factor, W, (bottom), with theoretical
predictions for the decay of 194Te. Using theories [20-24, 26-28, 30—
32, 54]. Most models underpredict the preformation factor, with the
exception of Ref. [26]. The previous work by Auranen [18] is shown
by the black points using the reported lower limit of 13.1, without
error analysis.

was found to be ~ 6x larger than that for 2'2Po, calcu-
lated using the same framework. As a result, QWFA is
the only theoretical model within 1o of the experimental
results presented in this work.
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