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Alpha cluster motion and decay
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Alpha cluster decay in chart of nuclides
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Superheavy elements and nuclides
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Alpha cluster formation in 1%4Te
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PHYSICAL REVIEW C 74, 037302 (2006)

Half lives of «-emitters approaching the N = Z line
Chang Xu' and Zhongzhou Ren'-??
| Department of Physics, Nanjing University, Nanjing 210008, People’s Republic of China
2Center of Theoretical Nuclear Physics, National Laboratory of Heavy-lon Accelerator, Lanzhou 730000, People’s Republic of China
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3| asymmetry along the isotopic chains [7]. To improve the
* Exp  ‘Te agreement between experiment and theory, we therefore use
© Extrapolated value the isospin-dependent preformation factor £, = ¢; + ca(N —
Z) instead of the constant one [19] for each kind of nuclei [e.g.,

102 164 165 163 11|0 112 @ linear dependence P;° =0.73-0.09 x (N — Z) for the
Mass number (A) even-even nuclei]. As expected, the corresponding theoretical



PHYSICAL REVIEW C 77, 034301 (2008) University of Tennessee

Toward 'Sn: Studies of excitation functions for the reaction between **Ni and **Fe ions

A. Korgul,'>*# K. P. Rykaczewski,” C. J. Gross,” R. K. Grzywacz.’ S. N. Liddick,*® C. Mazzocchi,*’ J. C. Batchelder,®
IC. R. Bingham,” I. G. Darby.” C. Goodin,* J. H. Hamilton,* J. K. Hwang,* S. V. Ilyushkin,” W. Krélas,"” and J. A. Winger™*""

105 0 beam energy around 240 MeV will maximize the production
r of the A = 108 isobar '®Xe in the **Ni4+>*Fe reaction. The
1071 101 cross section for the 4n evaporation channel can be expected
[ at the (sub)nanobam level, see Fig. 4. At ¢ =1 nb, the
(8 ! 3 €  implantation of about 20 198 % e jons can be achieved in 100 hr
o} 5 S with 50 pnA beam intensity and a 300 pg/cm” **Fe target.
% ] g The targets rotating with the speed corresponding to a linear
S 105 ] 109 £ vyelocity for the irradiated spot of about 0.3 m/s can withstand
] r % this high beam intensity, see, e.g., Ref. [32]. The predicted
g (0-7 r o7 > half-lives of '"Xe and '™Te are of the order of 50 us and
O F 10 ns, respectively [14,15]. Using digital pulse processing
] and recording decay signal waveforms, one should be able to
1079 4 10°9 identify the pileup of two « signals at the sum energy around

:[ 10 MeV [15].
L Re——— [14] C. Xu and Z. Ren, Phys. Rev. C 74, 037302 (2006).

Energy (MeV] [15] P. Mohr, Eur. Phys. J. A 31, 23 (2007).
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Superallowed a Decay to Doubly Magic "Sn
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The Fastest Alpha Emitter

“Tellurium-104 is now also the
fastest known alpha emitter—
though this finding is more fun
than fundamental. ”
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Synopsis: The Fastest Alpha Emitter

October 30,2018

The detection of unusually fast alpha emission from a heavy isotope could lead to
new ways of testing the nuclear shell model.

with iron. They then looked for two alpha particles: one from xenon-108 decaying to
tellurium-104, the other from tellurium-104 decaying to tin-100. So far, they have
detected two of these double-alpha events, and they have placed an upper limit of 18
ns on the tellurium-104 half-life. The measured lifetime limitis in line with shell-model
calculations, which predict that alpha preformation in tellurium-104 is several times
more likely than in the alpha emitter polonium-212, a benchmark for shell-model

calculations. Tellurium-104 is now also the fastest known alpha emitter—though this

finding is more fun than fundamental. 2018: 104Te <18ns (experiment)
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Superallowed a Decay to Doubly Magic 1%Sn

Chain Nuclide E, (keV) T/ b, (%)
N=1Z 108 4400(200) 5810 us 100"
N=1Z7 104Te 4900(200) <18 ns 100°
N—Z42 14g, 3480(20) [17] 3801170 ms [17] 0.9(3) [35]
N=Z+2 10X e 3720(20) [17] 9513 ms [17] 64(35) [35]
N=Z+2 106T¢ 4128(9) [36] 70520 us [17] 100 [35]
N =744 12ye 3216(7) [36] 2.7(8) s [37] 0.8y [36]
N—=2Z7+4 108 e 3314(4) [20] 2.1(1) s [37] 49(4) [36]
10

suddenly. The present data are in agreehient with this
linear trend, and therefore with the extrapolated values

S
of Q,(""Te) =5.053 MeV and Q,('"Xe) = 4440 MeV 2
[29]. Furthermore, the folding potential calculations G b\%
29] C. Xu and Z. Ren, Phys. Rev. C 74, 037302 (2006).

Po
Rn
Ra

N
¢ b Sie




New data on alpha decay of 1%4Te

PHYSICAL REVIEW C 100, 034315 (2019)

Search for « decay of '"Te with a novel recoil-decay scintillation detector

Y. Xiao.' S. Go,"? R. Grzywacz,'* R. Orlandi,* A. N. Andreyev,*> M. Asai,* M. A. Bentley,” G. de Angelis.® C. I. Gross.’
P. Hausladen.® K. Hirose,* S. Hofmann,” H. Tkezoe,* D. G. Jenkins,” B. Kindler,” R. Léguillon,* B. Lommel,” H. Makii,*
C. Mazzocchi,® K. Nishio,* P. Parkhurst,” S. V. Paulauskas,' C. M. Petrache,'” K. P. Rykaczewski,’ T. K. Sato,*

J. Smallcombe,* A. Toyoshima,* K. Tsukada,* K. Vaigneur,'' and R. Wadsworth’

' Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
2Department of Physics, Kyushu University, Fukuoka 819-0395, Japan
3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
*Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
>Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom
®Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali di Legnaro, Legnaro PD 35020, Italy
"GSI Helmholtz Centre for Heavy Ion Research, Darmstadt 64291, Germany
8 Faculty of Physics, University of Warsaw, Warszawa PL 02-093, Poland
"Proteus, Inc., Chagrin Falls, Ohio 44022, USA
0 Centre de Sciences Nucléaires et Sciences de la Matiére, CNRS/IN2P3, Université Faris-Saclay, 91405 Orsay, France
A gile Technologies, Knoxville, Tennessee 37932, USA
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Search for « decay of '™ Te with a novel recoil-decay scintillation detector

Y. Xiao,' S. Go."> R. Grzywacz,'? R. Orlandi,* A. N. Andreyev,*> M. Asai,* M. A. Bentley,” G. de Angelis,° C. J. Gross,’
P. Hausladen,” K. Hirose.* S. Hofmann,” H. Tkezoe,* D. G. Jenkins,” B. Kindler,” R. Léguillon,* B. Lommel,” H. Makii,*
C. Mazzocchi,® K. Nishio,* P. Parkhurst,” S. V. Paulauskas,! C. M. Petrache,!” K. P. Rykaczewski,” T. K. Sato,*

J. Smallcombe.* A. Toyoshima,* K. Tsukada.* K. Vaigneur,'" and R. Wadsworth’

I. INTRODUCTION

In the a-decay island northeast of '“’Sn. valence protons
and neutrons are expected to occupy the same single-particle
orbitals outside the N = Z = 50 doubly magic nucleus '"’Sn.
The additional interaction between protons and neutrons may
lead to the enhanced pre-formation of an o particle and
therefore to the enhancement of w«-decay probability, the
so-called superallowed o decay [1]. Extensive experimental
efforts have been made in this region, providing evidence
of such enhancement [2—6]. The ultimate evidence would be
the observation of accelerated « decay of '“Te (N =Z =
52) with two protons and two neutrons occupying the same
single-particle orbitals. When « clusterization is included, the
estimated half-life would be as short as 50 ns [7], which
makes the measurement of '™Te decay very difficult. The
indirect production of this isotope through the synthesis of
the longer-lived a-decay precursor '®®Xe, whose half-life is

estimated to be 0.15 ms [7] by the same model with enhanced
preformation, would enable the study of '“*Te using the in-
flight electromagnetic separation technique. Even in this case,
the short half-life of '™Te is a challenge for today’s detection
techniques and requires the use of a fast response detection
method to be able to separate the « decay of '“*Xe and the
fast o decay of '“*Te. Semiconductor detectors, e.g., double-
sided strip detectors (DSSDs), are widely used as implantation
detectors for such measurements of ions and charged particle
emission. One of the shortcoming of semiconductor detector
technology is its relatively slow response. The use of digital
signal processing techniques [8,9], overcame some of the
limitations related to the slow response of silicon, but crossing
the 100 ns limit to resolve two consecutive pulses remains a
challenge. In addition, the expensive DSSDs are susceptible
to radiation damage. A recent measurement [10] resulted
with the half-life estimate 7y, < 18 ns for '"*Te based on

[7] C. Xu and Z. Ren, Phys. Rev. C 74, 037302 (2006).



Alpha cluster formation and decay in ??Po
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Alpha cluster formation and decay
—Quartetting wave function approach

1. Quantum 5-body problem (2p+2n+core)

2. Subdivide the W.F into an intrinsic part and a c.0.m part

W(R,s;) = ¢ (s;,R) D(R) rnt = R+S/2+5/2
r,.. =R+8/2-5s/2
rps =R—S/2+5'/2
r,; =R—S/2-5§/2

equation for the c.m. motion

ﬁE
~ 54 Vi (R) - —fdsj@m“ (s; . R)[Vze™(s; R)|[ VR ®(R)]

2
_2Am

/ ds;j¢"™*(s;,R)[ Vo™ (s;,R)|®(R) + f dR' W(R,R)®R) = E ®(R)

equation for the intrinsic motion

I_’) 2
——fb*(R)IVRfD{RlII?R@I""{S;,RH —
Am 2A

|<D{R}|2?2 Iﬂtl(sij]

+de’ ds’; ®*(R){T[V,,]6(R —R)S(s; —s) + V(R,s,;:R" ") }@R)9™(s,R') = F(R)¢'"(s;,R)



Alpha cluster formation and decay
—Quartetting wave function approach

3. Intrinsic bound-state W. F. transforms at critical density into

an unbound 4 nucleon shell-model state

C_ — | 8) Ny
=82 N=126 _S /=82
--—o-| -0 | = |00
oo ||-0o| - [-o-e
-0—0- | |-0—- § ~O—O-

_ Inner Region Surface Region



Alpha cluster formation and decay
—Quartetting wave function approach
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Alpha cluster formation and decay
—Quartetting wave function approach

4. First-principle approach to nuclear many-body system:
several approximations performed to make the approach
practicable

R 92
_ W(R)| ®(R) = E«.®(R).
|:8m3R3+ (}:| (R) 1D(R),
with

W[R] — Eintj'(RJ — WEHIR] + Wintr[R]
= W™R) + EY + WHMI(R)

5. Alpha cluster preformation, pre-factor and penetration
probability simultaneously calculated

o U(r)

P, = f dg.?‘lq)(ng@[HE[mt — np(r)] V(’)

0 S

AR2a? 071 T

['=vxT =

.U«k |¢’{rsep1}fk[rsep1|h ’;E R
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Alpha decay in 1%4Te, 210Pb, 219Po, and 21%Po

Parent 2 N (Q, [MeV] P, Tl‘:ﬁ?“zlc‘ [s] Tlf;pt' [s]

0.055

0.3718
0.7235

04Te 52 52 4.900 1.479% 1078 <1.8 x 1078
210py 82 128 3792  0.0176 1.777 x 10'° 3.701 x 10!°
210ps 84 126 5408 [0.0137)1.060 x 107  1.196 x 107
22po 84 128 8954 10.1045)3.395 x 1077 2.997 x 1077
0.7 - 0.7
L (a) —_— 102G _y o+%Cd | (b) —_—210pp a+2°ng
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si 04} :
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decay to a doubly magic core in the quartetting wave function approach

This microscopic calculation for the a decay of heavy nuclei provides a

solution to what has long been an outstanding problem. In the authors’

model, the a particle exists only below about one-fifth of saturation
density, corresponding to a large radius, inside of which the « particle
transitions into an unbound four-nucleon shell-model state. The model
reproduces the half-life of 212Po (a classic test case) as well as some
neighboring nuclei, and calculations are also made for 1%Te.

Shuo Yang et al.
Phys. Rev. C 101, 024316 (2020)



Alpha cluster formation and decay in superheavy nuclei

Doubly Magic Nucleus %gHsm

J. Dvorak, W. Bruchle, M. Chelnokov, R. Dressler, Ch. E. Dullmann, K. Eberhardt, V. Gorshkov, E. Jager, R.
Krucken, A. Kuznetsov, Y. Nagame, F. Nebel, Z. Novackova, Z. Qin, M. Schéadel, B. Schausten, E. Schimpf, A.
Semchenkov, P. Thorle, A Turler, M. Wegrzecki, B. Wierczinski, A. Yakushev, and A. Yeremin
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Decay and Fusion: two sides of the same coin

Fusion reaction: nucleosynthesis in the early universe , energy
production in stars, superheavy elements...
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Unexpected Behavior of Heavy-Ion Fusion Cross Sections at Extreme Sub-Barrier Energies

C.L. Jiang, H. Esbensen, K. E. Rehm, B. B. Back, R. V. F. Janssens, J. A. Caggiano, P. Collon, J. Greene, A. M. Heinz,
D.J. Henderson, I. Nishinaka, T. O. Pennington, and D. Seweryniak
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The excitation function for fusion evaporation in the °*Ni + ®Y system was measured over a range in
cross section covering 6 orders of magnitude. The cross section exhibits an abrupt decrease at extreme
sub-barrier energies. This behavior, which is also present in a few other systems found in the literature,
cannot be reproduced with present models, including those based on a coupled-channels approach.
Possible causes are discussed, including a dependence on the intrinsic structure of the participants.
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FIG. 2. Experimental evaporation residue cross sections
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FIG. 3. Dependence of the fusion cross section (upper panel)
and the logarithmic slope (lower panel) on the surface diffuseness

Large difference in diffuseness
parameter of the WS potential
extracted from scattering and from
fusion analyses

A large surface diffuseness: reflects
the true nature of the potential or
simply mocks up other effects?

Neither the deep or shallow double-
folding potential nor the geometrical
corrections to the coupling potential
seem to resolve this problem
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Fusion cross section of alpha-particle-induced reactions
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A hybrid approach between sudden model and adiabatic one
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Notice that the microscopic origin of the repulsion inthe This yrend gt far sub-barrier energies (no hindrance
overlapping region is due to the Pauli principle, as pointed ohserved for 58Ni _|_64 Ni) suosests that, as was observed
outin Ref. [125] (see also Refs. [131,132]). In this model, the V0%V SUZEESLS Tdl, a5 WS ODSETY

N / ( . e N N .
authors introduced a new microscopic approach to heavy-ion  for a4+ 71, the availability of several states following
fusion and demonstrated. on the basis of density-constrained  yancfer with () > () effectively counterbalances the Pauli

frozen Hartree—Fock calculations, that the main effect of lsion that | i dicted d h l
Pauli repulsion is to reduce the tunneling probability inside repulsion that, in general, 18 predicied (o reduce te tunnel-

the Coulomb barrier, thus producing the hindrance. ing probability through the Coulomb barrier [125,153].
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Short summary
ER

Microscopic understanding of large amplitude motions
of quantum many-body systems with strong interaction

Alpha decay: an important problem with renewed
Interest

» Light island (doubly magic 19°Sn)
» doubly magic 2%8Pb
» Superheavy island (next doubly magic nucleus)

Fusion reactions and hindrance phenomenon: strong
Interplay between reaction and structure
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