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Cluster radioactivity of nuclei, nuclear transitions to the 
superdense state, searches for superheavy elements in nature

– all of them are other examples of rare processes which could 
be observed or searched for in low-background experiments (as 
by-products or purposefully).
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Cluster radioactivity of nuclei
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Cluster decays: emission of nuclides heavier than  particle

Predicted in 1980: A.Sandulescu, D.N.Poenaru, W.Greiner, 
"New type of decay of heavy nuclei intermediate between 
fission and alpha-decay“, Sov. J. Part. Nucl. 11 (1980) 52

Or even earlier?: H.G. de Carvalho et al., “Emissao espontanea de 
ions pesados pelo uranio”, An. Acad. Brasil. Cienc. 47 (1975) 567; 

D.N. Poenaru
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ions pesados pelo uranio”, An. Acad. Brasil. Cienc. 47 (1975) 567; 
“Spontaneous emission of heavy-ions from uranium”, ibid. 48 
(1976) 205

Observed at the first time in 1984: H.J. Rose, G.A. Jones, “A new 
type of natural radioactivity”, Nature 307 (1984) 245
223Ra → 209Pb + 14C 223Ra: T1/2 = 11.4 d, Q() ~ 6 MeV
Q(14C) ~ 32 MeV Pc/P = 8.52.51010



For to-date: ~40 mothers from 221Fr to 242Cm
Residue close to double magic 208Pb – “lead radioactivity”

T1/2 = 103  1020 y Experimental methods:

- solid state nuclear track
detectors (not sensitive to 
 particles)

- magnetic spectrometers
(’s are deflected by strong
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https://www.theory.nipne.ro/~poenaru/Cluster_Act/Figure5.jpg

(’s are deflected by strong
magnetic field)

- Ge detectors looking for
specific  rays emitted by 
daughter nuclides

- search for initial energy
release and subsequent 
sequence of decays of 
daughters (with mother
embedded in detector)



Theoretical approaches:

- Fragmentation theory
- Superasymmetric fission model – analytical (ASAF) and
numerical (NuSAF)

- Quantum tunneling (similar to  decay)
- etc.

See: D. Poenaru, W. Greiner (ed.), “Handbook of Nuclear 
Properties”, Clarendon Press (1996)
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Experimentally 
known cluster 
decays:

D.N. Poenaru et al.,
Rom. Rep. in Phys.
68 (2016) 151
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Semiempirical formulae for T1/2 (some of them are valid also for 
decay. Many formulas are suggested. Few of them:

D.N. Poenaru et al., Phys. Rev. C 65 (2002) 054308

Q values – from 
atomic mass tables:
Q = M  (M + M )
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M. Balasubramaniam et al., Phys. Rev. C 70 (2004) 017301

Q = Mm  (Md1 + Md2)



Z. Ren et al., Phys. Rev. C 70 (2004) 034304

O.A.P. Tavares et al., Eur. Phys. J. A 49 (2013) 6

1010

C. Qi et al., Phys. Rev. Lett.  103 (2009) 072501



In all up to-date observed cluster decays – bigger daughter is 
close to double magic 208Pb  (“lead radioactivity”)

D.N. Poenaru et al., Phys. Rev. C 47 (1993) 2030: new island near 
double magic 100-Sn

P. Belli et al., Eur. Phys. J. A 24 (2005) 51: Search for spontaneous 
emission of heavy clusters in the 127I nuclide.
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127I – nat. abundance 100%, embedded in DAMA NaI(Tl) ~100 
kg scintillating detector (efficiency close to 1), LNGS (3600 m 
w.e.), 33834 kg d statistics 

Search for initial energy release and subsequent sequence of 
decays of daughters



Decays with Q values up to ~30 MeV
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The highest T1/2 limits 
to-date (but not very 
well cited)



Good last reviews on cluster decays:

R. Bonetti, A. Guglielmetti, “Cluster radioactivity: An overview 
after twenty years”, Rom. Rep. in Phys. 59 (2007) 301

D.N. Poenaru, W. Greiner, “Cluster radioactivity”, Lecture Notes 
in Physics 818 (2010) 1

S.N. Kuklin et al., “Description of alpha decay and cluster 
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S.N. Kuklin et al., “Description of alpha decay and cluster 
radioacivity in the dinuclear system model”, Phys. Part. Nucl. 47 
(2016) 206



Nuclear transitions to superdense state
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A.B. Migdal, “Fermions and Bosons in Strong 
Fields”, 1978 (in Russian)

A.B. Migdal, “Pion fields in nuclear matter”,
Rev. Mod. Phys. 50 (1978) 107

In strong nuclear field pion condensate could
appear that possibly leads to higher binding energy
and spontaneous transition of nucleus to superdense state.
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and spontaneous transition of nucleus to superdense state.
Superdense states could be produced also in collisions between 
heavy ions, in cosmic rays, in superheavy nuclei.

Experimental searches for spontaneous transition of nucleus to 
superdense state – not so many articles. The last two:
E. Bukhner et al., Sov. J. Nucl. Phys. 52 (1990) 193
R. Bernabei et al., Eur. Phys. J. A 23 (2005) 7



Density of superdense nuclei, binding energie, energy releases 
and mechanisms of this releases (which and how many particles 
are emitted) – are not very well known theoretically

R. Bernabei et al., Eur. Phys. J. A 23 (2005) 7: DAMA NaI(Tl) 
~100 kg, LNGS (3600 m w.e.), search for transitions to 
superdense state in I and Na; emission of gamma quanta with E 
> 10 MeV is supposed (as in some previous exp. works).
The obtained limits are ~11023 y, ~3 orders of magnitude higher 
that the best previous
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that the best previous



Searches for superheavy elements in nature
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Review of Particle Physics 2016
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The heaviest isotope in natural mixture of elements –
238U (T1/2 ~ 4.7109 y)



Starting from 1950s: SuperHeavy Elements (SHE), A > 250, Z > 104 
possibly exist [1]

Liquid drop model (LDM), fissility parameter Z2/A – after some value all 
nuclei are unstable

However, shell model corrections to LDM – Myers, Swiatecki, Sobiczewski, 
Gareev, Kalinkin, Meldner, Strutinsky, Nilsson, Fiset, Nix, 1966-1972 –
“island of stability” at Z = 114 or 126, N = 184
T1/2(294

184110) = 1e8 y [2] and 2.5e9 y [3]

Modern theories: magic numbers N = 184, Z = 114, 120 or 126
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Artificial synthesis with accelerators: 
>100 new isotopes with Z = 104-118, 
unstable with T1/2 from ms to h 
(268Db – 29+9

6 h).
Not enough neutrons to be really stable.

[1] G. Schaff-Goldhaber, Nucleonics 15 (1957) 122
[2] S.G. Nilsson et al., Nucl. Phys. A 131 (1969) 1
[3] E.O. Fiset, J.R. Nix, Nucl. Phys. A 193 (1972) 647
[4] G.N. Flerov, Phys. Scripta 10A (1974) 1

G.N. Flerov – 1974 [4]



But maybe SHEs were produced in explosive stellar events and are already 
present in nature? – not excluded [5] (complicated models of stars’ evolution 
and nucleosynthesis during explosion, many parameters)

1970s, 1980s – extensive searches for SHEs in nature. Hundreds of samples 
from the ocean floor to lunar surface, sensitivity 1011 – 1014 g/g. 

Some indications [6,7]:
1. Fission in meteorites and in hot spring waters from the Cheleken

peninsula (Caspian sea)
2. Long tracks in olivine crystals from meteorites (Z ~ 110)
3. Giant radioactive halos in minerals - ’s with E = 10 – 15 MeV (Z ~ 120)
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3. Giant radioactive halos in minerals - ’s with E = 10 – 15 MeV (Z ~ 120)
4. Emission of few (>2-3) n in SF 

[5] D.N. Schramm, W.A. Fowler, Nature 231 (1971) 103 [7] G.N. Flerov et al., Rep. Prog. Phys. 46 (1983) 817
[6] G. Herrmann, Nature 280 (1979) 543; [8] R.V. Gentry, Annu. Rev. Nucl. Part. Sci. 23 (1973) 347

Large halos in 
monazite:
U, Th, U and ?
(scale is the same) [8]

360 and 192 m tracks 
In olivine crystals from 
the Marjalahti meteorite
U, Th: 180 – 230 m [7]



Recent investigations:

(1) Marinov’s works – observation of SHEs with atomic mass-spectrometry:
- eka-Au (Rg)? with A = 261, 265 in Au with  = (1-10)1010 atoms/atom
- eka-Th? with A = 292 in Th with  ~ 1012 atoms/atom.
Not confirmed by Vienna and Garching groups with limits  < 1015 – 1016. 
Also  < 1013 – 1016 for searches in Pt, Pb, Bi, Os, PbF2 (see refs in our 
Phys. Scripta 90 (2015) 085301)

(2) OLYMPIA experiment – search for long tracks in olivine crystals from 
meteorites [9]. 170 crystals, 6000 tracks; 3 tracks found with Z = 105 – 130

(3) SHIN experiment (SuperHeavy In Nature) [10]: search for eka-Os (Hs, Z = 

2121

(3) SHIN experiment (SuperHeavy In Nature) [10]: search for eka-Os (Hs, Z = 
108) deep underground in Modane laboratory (4800 m w.e., France). Initial 
Hs or its daughter decays by SF with emission of neutrons ( = 4.5 for Z = 
104,  = 6 for Z = 108; in SF of 238U  = 2).
Os sample 550 g, 60 3He counters,
measurements during 3 y,
 < 1014 g/g.
Change to Xe sample (140 g), 
 < 1013 g/g.
[9] A.V. Bagulya et al., JETP Lett. 97 (2013) 708

[10] A. Svirikhin et al., AIP Conf. Proc. 1175 (2009) 297



We use alternative approach (P. Belli et al., Phys. Scripta 90 (2015) 085301): 
to search not for SF, but for  particles with E > 8 MeV in chain of decays of 
initial long-lived eka-W (Sg, Z = 106) which is possibly present in our ZnWO4

crystal scintillating detector (because chemical properties of Sg are similar to 
those of W [11]).

In the “source = detector” approach, we can use massive samples (~kg), and  
efficiency to register  particles is ~100%.

Our measurements (2009-2011) [12]:
ZnWO4 crystal 699 g; DAMA R&D set-up
LNGS (Italy, 3600 m w.e.), 2130 h
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LNGS (Italy, 3600 m w.e.), 2130 h
Reanalysis of old data collected in search 
for 2 decays of Zn and W isotopes

[11] M. Schadel et al., Nature 388 (1997) 55; V. Pershina et al., J. Chem. Phys. 138 (2013) 174301; J. Even et al., Science 345 
(2014) 1491
[12] P. Belli et al., Nucl. Phys. A 826 (2009) 256; J. Phys. G 38 (2011) 115107; Nucl. Instrum. Meth. A 626-627 (2011) 31



Data acquisition system: amplitude and arrival time of events and time profile 
of the signals with 20 Ms/s. 

Calibration with 22Na, 133Ba, 137Cs, 228Th, 241Am

Quenching of light yield for alpha particles: Evisible = Ereal  QF
QF = 0.074(16)+0.0164(40) × E (E in MeV)

FWHM (keV) = [13.96(47) × E (keV)]1/2

FWHM (keV) = 33 + 0.247 × E


Scintillations signals are different for / and  particles, so they can be quite 
effectively discriminated.
Shape indicator: SI = Σ f(t ) × P(t ) / Σ f(t )
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Shape indicator: SI = Σ f(tk) × P(tk) / Σ f(tk)
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We have 7  events with E = 8 – 15 MeV (in Th/U chains all daughters 
have Q < 8 MeV except of 212Po with Qα = 8.954 MeV)

S < 11.77 at 90% C.L. (with conservative assumption of 0 background) [13]

S = ln2·ε·NSg·t / T1/2

With standard (in this field) assumption of T1/2 = 109 y, NSg < 7.41010.
NW = 1.341024, so NSg/NW < 5.51014 atoms/atom at 90% C.L.

[13] O. Helene, Nucl. Instrum. Meth. 212 (1980) 319



Similar approach for Bi4Ge3O12 (BGO) scintillating bolometer from [14]

BGO 891 g, LNGS, 455 h: 3  events with E = 9.5 – 10 MeV
S < 6.68 
Neka-Bi < 1.91011

NBi = 1.71024

Neka-Bi/NBi < 1.11013 atoms/atom at 90% C.L.

2525
[14] L. Cardani et al., JINST 7 (2012) P10022



Conclusions

1. Current status of investigations of cluster radioactivity is given. Approach 
“source = detector” gives the highest T1/2 limits (however, applicable for 
very rare decays)

2. Nuclear transitions to the superdense state is still interesting subject for 
investigations (while not intensive today)

3. We used the method alternative to search for SHEs with spontaneous 
fission, looking for high energy alpha particles (E > 8 MeV) in unique 
radiopure high quality ZnWO4 crystal scintillator (mass of 699 g). After 
2130 h of measurements in the DAMA R&D set-up at LNGS, we set the 
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2130 h of measurements in the DAMA R&D set-up at LNGS, we set the 
limit: NSg/NW < 5.51014 atoms/atom at 90% C.L. for presence of long-
lived eka-W (Sg, Z = 106) in our crystal. This is comparable with the limit 
< 10−14 atoms/atom obtained for concentration of eka-Os in Os in the 
recent SHIN experiment.

4. Detection of spontaneous fission, as in SHIN, and the detection of high 
energy α particles, as here, are complementary approaches in the 
searches for SHE in nature.

5. The limit Neka-Bi/NBi < 1.11013 atoms/atom at 90% C.L. was also 
obtained from measurements (by other group) with 891 g BGO detector, 
comparable with that obtained recently with AMS.



Thank you for attention!
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