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The detection of  rare α decays is very challenging: 

-  Extremely long half  lives

-  Low energy of  the emitted α particles

-  High background: electrons, μ’s, γ’s ...

 “Standard” detectors (semiconductors, gas counters..) can not 

achieve the sufficient sensitivity

 New detectors: scintillating bolometers

Working principle1:

simultaneous read-out of  the heat + light of  an event.

composite device: “main bolometer” + light detector

Main bolometer:

Crystal that contains the isotope of  interest 

for the decay (source = detector).

It works as a calorimeter at ~ 10 mK:
Sensor

Heat Bath

Particle Interaction

Sensor

Light

Sensor

Light detector

We use thin Ge slabs operated as bolometers.

The light detectors used for these measurements were 

developed for the LUCIFER project.

Why a scintillating bolometer?

- Excellent energy resolution (~ 0.1 %)

- Large source mass 

- Background rejection thanks to the light read-out

- Radio-pure                 low intrinsic background

Study of  the lead isotopes decays: 204Pb, 206Pb, 206Pb and 208Pb

The decay of  these isotopes is possible but it has never been observed.

We studied a ~ 448 g PbWO4 scintillating bolometer at Laboratori Nazionali 

del Gran Sasso (L’Aquila, Italy)

Study of  the 209Bi decay

Light vs Heat scatter plot: 
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Emission of  alpha particles of:

- 391.5 keV (207Pb)

- 518.8 keV (208Pb) 

No peak was detected at the energy of  the α decays

-> lower limits on  T1/2  of  the lead isotopes (paper in preparation): 

Isotope Exposure Sensitivity on α decay

[nuclei x years] [years]
204Pb 5.3 x1020 ~ 1020 
206Pb 9.97 x1021 ~ 1021 
208Pb 2.1 x1022 ~ 1020 
207Pb 8.3 x1021 ~ 1019 

209Bi: the heaviest stable isotope until P. De Marcillac observed its α decay2 

on the ground state of  205Tl.

 We detected also the excited state decay of  209Bi by 

operating a 889 g  BGO scintillating bolometer3
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FIG. 2. Light vs.heat scatter plot corresponding to
374.6 hours of background (no external sources) measure-
ment. The heat axis is calibrated with gamma lines, as de-
scribed in the text; the subscript β/γ on the heat ‘keV’ units
indicates that the calibration gives the correct energy only for
β/γ particles. Colors are used to highlight the α band. Pure
α-decays lie on a curve that is here fitted with a degree two
polynomial. Mixed α+γ events lie above this curve, they are
highlight in a lighter color. In the inset 209Bi decay events.

FIG. 3. Heat (top) and light (bottom) spectra of events be-
longing to the β/γ band (black histrogram) and α band (col-
ored filled histograms). Numbers are used to identify the main
lines: (1) is for γ lines of 207Bi, (2) for those of 40K and (3)
for 232Th, (4) indicates the α lines of 209Bi, (5) those of 210Bi,
(6) that of 210Po.

indicates that LYγ is not corrected for the light collection
efficiency.

B. Alpha region

The structure of the α region appears slightly more
complicated than the β/γ one. Here we can identify two
different kind of events.
Pure α-decays (no γ emission) are aligned along the

same curve in the scatter plot (see Fig. 2). These events
are produced by α particles impinging on the crystal from
an external source, or by α-decays in crystal bulk. The
former have generally a continuous energy distribution
(see for example Ref. [10]) the latter are monochromatic
with an energy corresponding to the Q-value of the decay
(since both the energies of the emitted alpha and of the
recoiling nucleus are detected). Two such lines are clearly
evident in our scatter plot and are identified as due to
209Bi→205Tl decay (Q=3137.2±0.8 keV, Ref. [6]), and to
210Po→206Pb decay (Q=5407 keV) which is present in
the crystal, probably as a result of 209Bi activation (see
Ref. [11]). Since α particles have a LY that is lower with
respect to the β/γ one, the two lines appear in the heat
spectrum with energies higher than the nominal ones.
We recall that this effect is simply due to the procedure
adopted for the heat axis calibration. The LYα and the
corresponding quenching factors (QF=LYα/LYγ) are:

209Bi

{

LY α = 2.482± 0.002 keV/MeV
QFα = 0.1494± 0.0002

210Po

{

LY α = 3.011± 0.003 keV/MeV
QFα = 0.1813± 0.0002

The increase with energy of the LY α is responsible of
the curvature of the α band, an effect already observed
by Ref. [1, 12]. In Fig. 2 we show the result obtained
fitting the α band with a degree 2 polynomial.
We note that 209Bi and 210Po are internal contamina-

tions of the crystal. In principle their LY could differ
from that of a pure α particle because a fraction of the
total energy (about 2% ) is carried by the nuclear recoil
(R). However, the difference in the LY of α and α+R
events is far below our sensitivity. For this reason, here
and in the following, we will assume α and α+R events
as having the same LY.
α-decays on the excited state of the daughter nucleus

give rise to mixed α+γ events. In this case, the light sig-
nal is higher than what expected for a pure α emission,
producing therefore events that lie in between the α and
the β/γ band. An example is the 210mBi decay, a contam-
inant responsible of the events appearing in the mixed
α+γ band, just at the left of the 210Po (pure-α) line.
210mBi is produced in bismuth by thermal neutron inter-
action and it accumulates in the material due to its long
half-life (see Ref. [11]). The isotope α-decays (Q=5036.4
keV) to different excited levels of the daughter isotope
(206Tl) with the contemporary emission of one or more γ
ray. The two spots (visible in Fig. 2) are ascribed to the
decays to the two lowest levels (with a sum BR of 94.5%
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FIG. 4. Zoom of the light vs. heat scatter plot in corre-
spondence of 209Bi events. The projections of the two spots
corresponding to processes I and II along the heat axis (top
panel) and the light axis (lateral panel) are shown. The hor-
izontal axis reported on the top of the plot is obtained with
a linear calibration based on the 209Bi 3137 keV pure-α line.
The circle indicates the position that should correspond to
the α+recoil emitted in process II (2933 keV). Colors follows
the convention used for figure 2.

and energies of 265.6 or 304.9 keV) and to two higher ones
(with a BR of 1.4% and 3.9% and energies of 634.5 keV
and 649.6 keV). The probability of full containment of
the emitted gammas is high, ranging from (84.2±0.4)%
for the lowest energy γ to (54.5±0.3)% for the highest one
(the efficiencies were evaluated with a GEANT-4 simu-
lation in which the disexcitation cascades for the four
considered levels were reproduced). The measured inten-
sities agree with the tabulated branching ratios within
one standard deviation.

C. 209Bi decay

Similar to 210mBi is the case of our interest: 209Bi de-
cay. It follows two different paths to the 205Tl ground
state labeled I and II in Fig. 1. Process I produces an α
particle plus a recoil (Q=3137 keV); being a monochro-
matic pure α-decay it should produce a line in the α-
band (the probability of fully contain both the α par-
ticle and the recoiling nucleus inside the crystal, εα, is
obviously ∼1). Process II produces an α particle plus
recoil (Q=2933 keV) and a prompt γ ray (Eγ=204 keV).
In εγ+α=(92.1±0.5)% of cases the γ photon is fully ab-
sorbed in the BGO crystal (toghether with the α parti-
cle and the recoiling nucleus). In such cases we have a
monochromatic α+γ event that should produce a line in
the mixed α+γ band.

This is exactly what we observe in our data: two
spots corresponding to roughly the same heat position
(3350 keV on the β/γ calibration scale), but a different
light emission, are clearly visible (see Fig. 2). Zooming
the scatter plot in the 209Bi region (Fig. 4) we can ob-
serve that not only the light position of the two spots
is different, but also the heat one. Indeed, although the
emitted particles carry the same total energy, in process
II a larger fraction of it is spent in the production of
scintillation light. The difference in the light position is:

(LightII − LightI) = LY γ ·Eγ −∆Lightα

where ∆Lightα is the difference between the light signal
of the 3137 keV α+R of process I and that of the 2933 keV
α+R of process II. This relationship can be used to esti-
mate the energy of the emitted photon, further proving
that we are observing 209Bi decay.
Indeed, since the non-linearity of the heat axis is very

small, we can linearly calibrate it in the proximity of
the 209Bi peak (in Fig. 4 the heat axis calibrated in this
way is drawn on the top). Using this calibration, we can
obtain the heat position expected for an α+R event of
2933 keV. This results (3133.8±0.3) keV (the position is
indicated with a circle in Fig. 4). Then, using the fit of
the pure α band, we compute the value of ∆Lightα. Fi-
nally, we obtain for Eγ a value of (192±8) keV, validating
our hypothesis.
The branching ratio for the two 209Bi decays are ob-
tained fitting the light spectrum with the sum of two
gaussians having the same width and intensities: [(1-
BR)·εγ+α] for the intensity of the GS-ES transition and
[BR·εα] for the intensity of the GS-GS transition. The
result is a BR of (98.8±0.3)% for the GS-GS transition.
The total number of events corresponding to the decay is
2199±66, with a detection efficiency of (87±2)% (which
accounts for both the trigger efficiency and the pulse-
shape cuts efficiency) this yields a half-life for 209Bi nu-
cleus of τ1/2=(2.01±0.08)·1019 years. Finally the GS-GS
transition partial width is τI

1/2=(2.04±0.08)·1019 years
in good agreement with the previously reported one,
Ref. [1].

IV. CONCLUSION

This work provides a compelling evidence of the obser-
vation of 209Bi decay through the contemporary obser-
vation of the ground state and excited state transitions.
While confirming the half-life of the isotope already mea-
sured by Ref. [1], we were also able to add a new experi-
mental information on 209Bi, namely the Branching Ratio
between the ground state and the excited state transi-
tion. This study covers a seldom explored field, namely
that of hindered α-decays providing experimental inputs
for a better development of the theoretical framework
of nuclear models, Ref. [13]. In the mean time, these re-
sults proves once more the potentialities of the bolometric
technique in the study of rare nuclear processes.

The 209Bi decay on the ground and on the first excited state were 

simultaneously observed for the first time:

- T1/2(209Bi) = (2.01 ± 0.08) x 1019 years

- Branching ground/excited level transitions = (98.8 ± 0.3) %

Excited state

Ground state

- 1136.6 keV (206Pb) 

- 1971.8 keV (204Pb)

EXPECTED SIGNALS

ΔT = ΔE / C
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Energy 
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capacitance

Previous limits: T1/2 

(204Pb) ~1017 years
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