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The study of nuclear instability, which played so far an important role in the foundation and development of
nuclear physics, is a very interesting topic from both theoretical and experimental points of views .
It can oﬀer information about nuclear structure, nuclear levels and properties of nuclei

Interest in > 100 yr old phenomenon of a decay is still large, both from theoretical and experimental side.
It can offer, e.g.:
ü information about both the nuclear structure and the fusion-fission reactions since the a decay
process involves sub-barrier penetration of particles through the barrier
ü accurate evaluation of expected T1/2 of a decays during the planning and the design of experiments,
especially when a decays of super-heavy elements or of nuclei very far from the stability line are
investigated (both processes very rare and difficult to observe). Recently the detection of naturally
long-lived a–decaying nuclides has become a hot subject.
Presently:
• more accurate atomic mass values à more exact definition of Qa of g.s.–g.s. transitions
• more precise definitions of the value of the angular momentum of the emitted a particle (related to
factual values of the g.s. spins) à more rigorous determination and description of a-decays T1/2.

ü α decay corresponds to a very asymmetric spontaneous fission:
nucleus (A, Z) à nucleus (A − 4, Z − 2) + 4He nucleus (α particle)
ü Most nuclei with A > 140 are potential α emitters.
The lightest α-emitter is 105Te (Qα = 5.1 MeV).
ü Among naturally occurring α emitting nuclides only those with either A > 208 or A ≈ 145 have T1/2
short enough to be detected; the lightest one is the 142Ce nuclide.
ü Considering all the α unstable nuclei, α T1/2 ranges from 10−8 s (217Ac) to 1019 yr (209Bi).
ü The α decay rate is an exponentially increasing function of Qα

the α decay is preferentially to

g.s. of daughter nucleus, since decays to excited states necessarily have smaller Qα

Several interesting observations of a decays _ previously unseen due to their long T1/2
(1015 –1020 yr) or/and very low branching ratios (10−3 – 10−8 ) _ have been achieved
during last years and/or limits have been improved thanks to very-low-bckg
experimental techniques and to underground sites

Process of a decay can be
accompanied by emission of
g when decay goes to
excited levels of daughter
nucleus or/and the daughter
is also unstable in g.s.
Thus, possible strategy to
detect rare a decay is to
look for the g rays following
the a decay.

A collection of T1/2’s (or
limits) on a decays of all
the naturally occurring
nuclides with Qa > 0

There are also shown the theoretical T1/2 values (g.s.-g.s.)
calculated with a cluster model and with semiempirical
formulae based on the liquid drop model and following the
description of a decay as a very asymmetric fission
process

Part 2
The 4 naturally occurring isotopes, 232Th, 234U,
235U, and 238U, are well known to
experimentalists working in the low bckg. field
since they are present at different levels in
many materials, and are the progenitors of long
radioactive decay chains, which supply the bulk
of the heat production in our planet
Part 3

209Bi

P. De Marcillac et al., Nature 422(2003)876

It is the only naturally abundant isotope of bismuth.
Its a decay to 205Tl was predicted on the basis of the 209Bi mass excess, but it was considered as
the heaviest stable isotope until 2003, when its a decay was detected:
46 g Bi4Ge3O12 scintillating bolometer @ 20 mK, @ Earth level x 5 days
d(

209

Bi )=100%

Discrimination of a and b/g events
by ratio of light/heat

128 observed events @ Qa = 3.137 MeV
T1/2 = (1.9 ± 0.2) × 1019 yr – the biggest T1/2 ever measured for a decays (g.s.-g.s.)

g.s.-g.s. decay 209Bi ® 205Tl
209Bi ® 205Tl* (E
exc=204 keV)

J.W. Beeman et al., PRL 108(2012)062501

889 g Bi4Ge3O12 scintillating bolometer @ few tens mK, 375 h @LNGS
209
d( Bi )=100%
+ Transition to the 1st excited level observed

discrimination of a and b/g events by light/heat ratio
® g.s.: a + recoil (3137 keV)
® 204 keV: a + recoil (2933 keV) + g (204 keV)
The same heat signals, but different light
signals because scintillation from a is quenched, while from g
not

T1/2 = (2.04±0.08) ´ 1019 y

-

T1/2* = (1.4±0.2) ´ 1021 y

-

confirmed
first observation

180

W - first observation

F.A. Danevich et al., Phys. Rev. C 67(2003)014310

330 g CdWO4 crystal scintillator @Solotvina (Uk- 1000 m w.e.) x 2975 h
Qa = 2.516 MeV, quenching of a scintillation signals (Eobserved of a’s ~ 0.14 of real E)
d(180W)= 0.12%)

PSD between a and b/g due to different evolution of scintillating
signal in time
(1) Peak belongs to a particles (PSD)
(2) Correct energy
(3) T1/2 in agreement with theoretical expectations
The effect is observed: T1/2 = (1.1+0.9-0.5) ´ 10

18

yr

Further observations:
ü CRESST, CaWO4 scintillating bolometer @ LNGS à T1/2 = (1.8±0.2)´1018 yr & measured Q = 2516.4 keV
PRC 70(2004)064606
ü Zdesenko et al., CaWO4 scintillator @ Solotvina à T1/2 = (1.0+0.7
ü DAMA-Kiev, ZnWO4 scintillator @ LNGS à (1.3+0.6-0.5) ´ 1018 yr
Now it is routine observation in several rare events’ experiments.

0.3)

´ 1018 yr

NIMA 538(2005)657
NIMA 626-627(2010)31

151

Eu

DAMA-Kiev, Nucl. Phys. A 789(2007)15

a decay 151Eu ® 147Pm; d = 47.81%, Qa = 1.964 MeV
theoretical estimations with few models: T1/2 = 3.0´1017 - 3.6´1018 yr
370 g CaF2(Eu) scintillator (with 0.4% Eu the effect observable)
@LNGS x 7426 h
statistical PSD between a and b/g
147Sm:

a/b ratio = 0.13
expected energy for 151Eu
Peak’s energy: 255±7 keV ® Ea=1.98±0.04 MeV
(expected Ea=1.912)
Number of

151

Eu nuclei (ICP-MS): (2.8±0.7)´10

21

S = 302±232 counts:

Experimental spectrum &
its fit by simulated components:

total and divided on a
and b components

T1/2 = (5+11-3) ´ 1018 y
Later calculations:
8.5´1018 y – O.A.P.
Tavares et al., Phys. Scr. 76(2007)C163
1.3 ´ 1018 y – Y.B.
Qian et al., Phys. Rev. C 84(2011)064307
19
1.0 ´ 10 y – Y.B.
Qian et al., Phys. Rev. C 85(2012)027306
8.0 ´ 1017 y – K.P. Santhosh et al., Int. J. Mod. Phys. E 22(2013)135008

Confirmation:

LUCIFER, J. Phys. G 41(2014)075101

6.15 g Li6Eu(BO3)3 scintillating bolometer @ LNGS x 462 h
Excellent discrimination of b/g
from a

151Eu

147Sm

S = 38±8,
T1/2 = (4.6±1.2)´1018 yr
Measured Qa = 1948.9±8.6 keV

Only improved limits measured:
a) for

151Eu

® 147Pm* (Eexc=91 keV)

F.A. Danevich et al., EPJA 48(2012)157

303 g Eu2O3 with HPGe 40 cm3 @ HADES (500 m w.e.) x 2233 h
T1/2 > 3.7´1018 yr ~ 1 order of magnitude better than previous exp. limits
Not far from theoretical estimates 1019-1020 yr
b)

204,206,207,208Pb

J.W. Beeman et al., Eur. Phys. J. A 49(2013)50

All naturally occuring Pb isotopes are potentially a decaying with Qa = 0.392 – 1.970 MeV and
theoretical expectations: T1/2 = 1035 - 10189 yr
LUCIFER: 454 g PbWO4 scintillating bolometer from ancient Roman lead (210Pb < 4 mBq/kg)
@ LNGS x 586 h
T1/2 > 1.4´1020 – 2.6´1021 yr
(for 204Pb the obtained expt. limit is 3 orders of magnitude better than previous one)
c) Er isotopes: 6 naturally occurring isotopes stable, but potentially α decaying.
E.g.: 162Er α decay to 158Dy.
Experimental data available only from [W. Porschen et al. Z. Naturforsch. A 11a (1956) 143] with Ilford
plates (element impregnated in emulsions or mixed in a gel form)
T1/2 > 1.4 × 1014 yr.
Now advanced expt techniques could strongly improve the sensitivity, but modelling estimates seem to
set T1/2 to very high values (1028 –1030 for 162Er and even 1039–1041 for 164Er)

d) Dy isotopes

5 of the 7 natural Dy isotopes potentially unstable to α decay and transitions to

ü Search for T1/2 α decay of

156Dy

Z. Naturforsch. A 13a (1958) 904 ]

to g.s. of

152Gd [W. Von Riezler et

al.,

Counts / keV

excited levels of daughter nuclei allowed.

Ilford C2 emulsion plates in contact with the Dy sample.
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Absence of α tracks à rough estimate: T1/2 > 1018 yr
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ü Search for α decay of Dy isotopes to excited levels of daughter Gd
isotopes [DAMA-Kiev, NPA 859 (2011) 126]
HPGe and purified 322 g Dy2O3 x 2512 h. No peculiarities
à only limits set

From theory: just detection of 156Dy decay to g.s. of 152Gd looks
possible (T1/2 = 6.8 × 1024 yr) if using crystal scintillators enriched in
156Dy + almost 100% detection efficiency to a particles
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Spectrum measured by HPGe with Dy2O3
sample x 2512 h. Expected γ peak from
α decay of 156Dy to 1st excited level of
152Gd corresponding to T
16
1/2 = 3.8 × 10
yr (excluded at 90% C.L.; solid line)

e) Gd isotopes
The 3 nat. abundant Gd isotopes are potentially unstable to a decay.
First evidence of 152Gd a decay in 1959 [W. Von Riezler et al., Z. Naturforsch.
nuclear emulsions : T1/2 =(1.08±0.08)×1014 yr.
No measure for the a decays in 154Gd and 155Gd are available

A 14a (1959) 196]

by using

f)

168Yb

7 naturally occurring isotopes stable, but potentially a decaying.
E.g.:168Yb (d = 0.123(3)%) α decay to 164Er.
Experimental data are available from ref. [W. Porschen et al. Z. Naturforsch. A 11a (1956) 143] giving
rise to the limit:
T1/2 > 1.3 × 1014 yr
Theoretical estimates for Yb isotopes a decays quote higher T1/2 values (1023–1025) yr.
g)

144Nd

and

146Nd

144Nd

à 140Ce a peak at E = 1.8 MeV measured in [Al-Bataina et al.,
Radiochim. Acta 42 (1987) 1599] is shown in fig. giving:
T1/2 = (2.65 ± 0.37) × 1015 yr
Instead, 146Nd is considered stable, but it has a positive Q-value respect
to the decay into the first excited 2+1 level [641.282(9) keV] of 142Ce:
theo.: 1031-36 yr, exp.: T1/2>1.6x1018 yr

h)

142Ce

142Ce->138Ba,

Qa=(1303.5±2.5) keV. The decay has not yet been observed and only experimental limits
have been set.
Recent one at LNGS using CeF3 scintillators: T1/2 ≥ 2.9 × 1018 yr, [DAMA-Kiev, Nucl. Instrum. Methods
A 498, 352 (2003)]

f)

168Yb

7 naturally occurring isotopes stable, but potentially a decaying.
E.g.:168Yb (d = 0.123(3)%) α decay to 164Er.
Experimental data are available from ref. [W. Porschen et al. Z. Naturforsch. A 11a (1956) 143] giving
rise to the limit:
T1/2 > 1.3 × 1014 yr
Theoretical estimates for Yb isotopes a decays quote higher T1/2 values (1023–1025) yr.
g)

144Nd

and
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144Nd

à 140Ce a peak at E = 1.8 MeV measured in [Al-Bataina et al.,
Radiochim. Acta 42 (1987) 1599] is shown in fig. giving:
T1/2 = (2.65 ± 0.37) × 1015 yr
Instead, 146Nd is considered stable, but it has a positive Q-value respect
to the decay into the first excited 2+1 level [641.282(9) keV] of 142Ce:
theo.: 1031-36 yr, exp.: T1/2>1.6x1018 yr

h)

Energy spectrum measured x
100 h by a cylindrical
proportional counter with a
cathode source containing 144Nd
enriched at 97.5%

142Ce

142Ce->138Ba,

Qa=(1303.5±2.5) keV. The decay has not yet been observed and only experimental limits
have been set.
Recent one at LNGS using CeF3 scintillators: T1/2 ≥ 2.9 × 1018 yr, [DAMA-Kiev, Nucl. Instrum. Methods
A 498, 352 (2003)]

190

Pt ®

186

*

Os (Eexc=137.2 keV)

g.s.-g.s. decay

190

Pt ®

186

DAMA-Kiev PRC 83(2011)034603

Os is known since 1921: Q=3251 keV, T1/2=(6.5±0.3)´1011 y;

Transition to the 1st excited level unobserved up to
this measurement: 42.5 g of

natPt

(190Pt: d=0.014%; new value (2011) d=0.012%)
@LNGS with HPGe (468 cm3) x 1815 h
Measured energy = 137.1 ± 0.1 keV
Peak =132±17 counts (8s effect)
The peak is absent in background
*

T1/2 = 2.6+0.4-0.3(stat) ± 0.6(syst) ´ 1014 yr

Old vs new schemes
190
of Pt decay

T1/2 limits for other Pt isotopes were
also set at the level of 1016 – 1020 y

147Sm

To precisely know 147Sm a T1/2 important because — due to its long T1/2— it is considered as a cosmochronometer for dating ores and meteorites (method based on the relative abundance of 143Nd - deriving
from α decay of 147Sm - to 144Nd
Since the pioneering studies in 1933 by Hevesy et al. and in 1934 by Curie and Joliot, many measurements of α
radioactivity of 147Sm (>30 measurements available)
2017: high-precision investigation of a decay into the g.s. and 1st excited states of 143Nd performed by using
α spectrometry (twin Frisch-grid ionization chamber) and γ spectroscopy [H. Wilsenach et al., PRC 95 (2017) 034618]
Measured 147Sm peak shows the expected maximum at 2.28 MeV. All events above 2.5 MeV from Th/U, the
majority > 5 MeV. Energy resolution of the peak: σE =16.76(88) keV
Combined T1/2 value on 4 measured samples: T1/2 = (1.0787 ± 0.0095(stat.) ± 0.0244(syst.)) × 1011 yr.

147Sm

To precisely know 147Sm a T1/2 important because — due to its long T1/2— it is considered as a cosmochronometer for dating ores and meteorites (method based
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u Finite probability of α decay to excited state of 143Nd à de-excitation through γ emission.
studied by using low bckg γ-spectroscopy, result for the 1st excited level E1 = 742.05(4) keV
In particular, samples of Sm2O3 measured in a ultra-low backg HPGe [M. Kohler et al., Appl. Radiat. Isot. 67, 736 (2009)]:
T1/2 > 3.1 × 1018 yr (90% C.L)
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is most likely from 212Bi decay from Th decay chain
studied by using low bckg γ-spectroscopy, result for the 1st excited level E1 = 742.05(4) keV [E. Browne, J. Tuli,
[H. Wilsenach et al., PRC 95 (2017) 034618]
Nucl. Data Sheets 113 (2012)] 715] (because of the lower Qα values and potential total angular momentum changes).
Samples of Sm2O3 measured in a ultra-low backg HPGe [M. Kohler et al., Appl. Radiat. Isot. 67, 736 (2009)].
Bckg fit gave in the ROI: 336(11) counts, while measured number was 352 counts à
Theor. prediction for this mode [B. Sahu, et al., PRC 93 (2016) 044301] gives expected value:
T1/2 > 3.1
× 10
yr24(90%
T1/2
~ 1810
yr C.L.)

148Sm

Past measurements on 148Sm a decay by 2 groups gave:
T1/2 = (8 ± 2) × 1015 yr [V.A. Korolev et al., Yad. Fiz. 8, 227 (1968); Sov. J. Nucl. Phys. 8 (1969) 131]
and T1/2 = (7±3) × 1015 yr [M.C. Gupta et al., J. Inorg. Nucl. Chem. 32 (1970) 3425]
2016 - T1/2 of 148Sm α decay measured at LNGS using a 22.014 g ZnWO4 scintillating bolometer doped with
Sm enriched in 148 Sm to 95.54% [N. Casali et al., J. Low Temp. Phys. 184 (2016) 952]
Comparing scintillation vs heat signals a are discriminated from b/g
For 147Sm the measured activity of (745.4 ± 0.5) mBq/kg was deduced from the peak at 2310.5 keV.
A smaller peak just below 2 MeV was identified as related to the 148Sm a decay and was found consistent
with expected decay energy.
To evaluate the 148Sm Q-value and its T1/2, a simultaneous likelihood fit to the a energy spectrum was done
by using the response function obtaining:
Q = (1987.3 ± 0.5) keV, in agreement with recommended value: (1986.8 ± 0.4) keV
Taking into account the ratio of the atomic concentration of 148Sm/147Sm and the number of events in the
two peaks, one obtains:
T1/2 = (6.4+1.2) × 1015 yr in agreement with previous values and theor. values (5.6 × 1015 yr - 8.0 × 1015 yr)
Potentially the sensitivity could be improved by 3 orders of magnitude, if the isotope mass would be
increased to few grams (it is less than 2 mg in this measurement)

2020 new results

Search for α decay of naturally occurring Hf-nuclides
using a Cs2HfCl6 scintillator
V. Caracciolo et al., NPA 1002 (2020) 121941
Potential a decay: Only naturally occurring Hf isotopes with d = nat. abundance and Qa > 0 g.s.-g.s. or g.s.lowest bound level (with spin/parity Jp) transitions listed
Ea = kinetic energy of the a
N = number of nuclei in used CHC crystal

T.P. Kohman, Phys. Rev. 121 (1961) 1758
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Passive shield:
archaeological Roman lead (5), high purity
copper (6), low radioactive lead (7) + whole
set-up (apart the cold finger of HP-Ge)
enclosed in plexiglas box (8) continuously
flushed with HP-N2
Energy Calibration
Preliminary q.f. estimate

Isotopic composition of
natHf measured in a
sample of the CHC
crystal by ICP-MS
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Schematic cross-sectional view
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background
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ring (4).
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time-amplitude analysis used to select events of sub-chain of the
232Th family:
PSD based on pulse mean-time

224Ra

(Qa = 5789 keV; T1/2 = 3.66 d) à 220Rn (Qa = 6405 keV; T1/2
= 55.6 s) à 216Po (Qa = 6906 keV; T1/2 = 0.145 s) à 212Pb.
Estimated average activity of 228Th in CHC: 100(50) µBq/kg
energies of the peaks of 224Ra, 220Rn and
216Po, selected by time-amplitude analysis, are 2260(200) keV, 2540(200)
keV, 2780(240) keV (g scale)

When adopting the previously claimed T1/2 = 2.0(4) x 1015 yr for the 174Hf decay, expected number of
events - within 2848 h of data taking with CHC crystal - is about 1100 counts.
Thus, considering that the measured events are 553(23) in total, even ascribing all of them to 174Hf
decay (despite the analysis shown above), one can safely rule out the result of 2.0(4) 1015 yr; in fact,
even in such an unlike hypothesis, the T1/2 value derived from the present experimental data would be
about 4.5 s far from that value. Thus, the T1/2 value 2.0(4) 1015 yr is safely rejected.
Let us now perform a more refined determination of the T1/2 value of the
data.

174Hf

decay supported by our

Results on the decay of naturally occurring Hf isotopes
Spectrum of α selected by PSD.
E scale in α energy having considered the Q.F.

P-value = 38.7%
Running-test,
tail probabilities:
Upper 94%
Lower 12%

P-value: 1.7%

On the left: fit by model built from 174Hf α
decays (red line) and of 147 Sm + degraded a
and exponential function (to describe residual
β/γ; blue line). Yellow band = bckg model
witouth the signal of 174Hf α decay.
On the right: fit by model similar the previous
one but considering just one peak in (2.2 – 2.6)
MeV.

in good agreement with theoretical
predictions

Also lower limits of T1/2 for decay of
174Hf to first excited state and for
decay of 176Hf, 177Hf, 178Hf, 179Hf
either to g.s or to 1st excited level of
daughter nuclides ( 1016-1020 yr)

Search for α decay of naturally occurring osmium
nuclides accompanied by γ quanta

PRC 102 (2020) 024605

• ultra-low-background broad-energy germanium γ
detector with a volume of 112 cm3
• ultrapure osmium sample with a mass of 118 g,
composed of thin osmium slices with an average
thickness of 0.88 mm
• osmium in the form of metal of at least 99.999%
purity grade
• low-background measurements were carried out
at the STELLA facility @ LNGS

isotopic composition of osmium sample measured
with high precision using negative thermal
ionization mass spectrometry

After 15851 h of data taking with the
γ detector, no effect detected à
lower limits on the α decays were set
at level of lim T1/2 ≈ 1015–1019 yr

Examples of transitions searched for

• Blue: energy spectra in 15851 h with
the Os sample
• Red: background energy spectrum

• The limits for the α decays of 184Os and 186Os to the first excited
levels of daughter nuclei, T1/2(184Os) > 6.8 × 1015 yr and T1/2(186Os) >
3.3 × 1017 yr (at 90% C.L.) exceed the present theoretical estimates
of the decays’ T1/2

Details of analysis for 184Os and
186Os transitions

• Also for 189Os and 192Os decays to the g.s. of daughter nuclei
searched for due to the instability of the daughter nuclides relative
to β decay

• A new stage of the experiment is
in progress to increase the
detection efficiency
• Higher experimental sensitivity
can be achieved by using enriched
samples in 184Os, 186Os, and 187Os.
• Observation of other Os isotopes
α instability looks practically
problematic due to the very long
theoretically predicted half-lives.

Conclusions
The most important requirements for detectors used to investigate rare α decays are: 1)
high detection efficiency; 2) particle discrimination ability; 3) low background; 4) high
energy resolution; 5) large amount of the isotope of interest
Bckg caused by other α emitters should be minimized
Development and use of scintillators containing an isotope of interest looks promising thanks
to their high detection efficiency, PSD ability and to their reasonable energy resolution.
Low temperature scintillating bolometers look also promising thanks to their very good
energy resolution (typically several keV), good particle discrimination ability; they are
suitable to investigate g.s.-g.s. α decays
HPGe γ spectrometry is a favorable technique to study the α decays to excited levels owing
to their very good energy resolution, radiopurity and the possibility of long time operation
Looking to the future:
ü Use of enriched materials since in most cases the isotopes of interest have very low isotopic abundances
ü Production of crystals scintillators or samples for HPGe γ spectrometry from enriched materials when
aiming at the discovery of α-decay with T1/2 ∼ 1019–1026 yr.
ü Study of the α-decay rates as a function of the temperature
In conclusion, in recent past many interesting observations of rare α decays [previously unseen due to their
long T1/2 (1015–1020 yr) or small branching ratios (10−3–10−8)] have been achieved thanks to improvements in
experimental techniques, use of underground location and bckg suppression techniques

