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Rare events physics

Studies of specific radioactive sources:

- Rare alpha decays (Nuclear structure)

- Double beta decays (DBD2ν)

- Decays on nuclear excited states

Open questions in fundamental physics:

- Dark Matter

- Neutrino mass (Neutrinoless ββ Decay - DBD0ν)

- Matter/Antimatter asymmetry (Proton decay)
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measure the kinetic energy 
of the decay products/
secondary particles/... 
(keV-MeV energy scale)

General idea:

Scint./Track

* Large mass source
* Particle identification

Liquid scintillator/TPC

Detection principle

DM signal

DBD signal

β/γ signal

* Excellent energy resolution
* High efficiency
* Large mass source

Calorimetry
Bolometers
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Sensitivity for DBD0ν
S0v: half-life 

corresponding to the 
minimum number of 
detectable signals 
above background at 

a given C.L.

ββ candidate:Te-130
Q_value: 2528 keV
Material: TeO2
Natural a.i.: 34% 
Source Mass: 206 kgTe-130
Projected Bkg: 0.01 c/keV/kg/y
Resolution: ~ 5 keV @ROI
Sensitivity T1/2: 1.6x1026 y in 5 y

S0⌫ � a.i.

r
M · t
B ·�E

a.i.: isotopic 
abundance

M: detector 
mass

t: measuring 
time

B: background ΔE:  energy 
resolution

high natural 
i.a. among 0νββ 

candidates
or enrichment

Large mass array Stable over long time (~y)

Bolometric 
approach

- Deep underground location
- Material selection (radio-pure)
- High granularity

F.Alessandria et al., arXiv:1109.0494
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Experimental location:
• Average depth ~ 3650 m w.e.
• Muon flux ~ 2.6×10-8 µ/s/cm2 
• Neutrons ~10-7 n/s/cm2 

The underground facility

NE

A24

Hall A Hall C

Laboratori Nazionali del Gran Sasso INFN, Italy
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Hall B
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The bolometric technique
Energy deposited in the 

absorber produces a 
measurable temperature rise.

Heat-sink:
Copper

Thermal 
conductance (G):
PTFE & gold wires

TeO2

Absorber

Thermometer:
Ge-NTD

The heat capacity of the 
crystal must be very small
(-> low Temperature ~10 mK)

Absorber
- M ~ 0.75 kg
- C ~ 10-9 J/K
- ΔT/ΔE ~ 100µK/MeV

Thermometer
- R = R0 exp[(T0/T)1/2]
- R ~ 100 MΩ
- ΔR/ΔE ~ 3 MΩ/MeV

Output Signal
- ΔV/ΔE ~ 100µV/MeV
- Bandwidth ~ 10 Hz
- Decay time ~ 1-5 s
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α-region

calibration

background

CUORICINO experiment
• first large array (62 bolometers = ~41 kg) for DBD
• high statistics (exposure: 19.75 kg(Te130)×y )
• energy resolution @ DBD0ν: 6.3±2.5 keV

Cuoricino:

background @ DBD0ν:
  0.17 c/keV/kg/y

8

QDBD0ν

E. Andreotti et al., Astropart. Phys. 34, 822 (2011)

calibration

background

Degraded α struggling 
from TeO2 and Cu 

surface 
contaminations

(232Th & 238U)

65%

External
high energy γ
(232Th)

35%

γ-region

CUORICINO final spectrum
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Scintillating bolometers
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When a bolometer is an efficient scintillator at low temperature, a 
small but significant fraction of the deposited energy is converted 
into scintillation photons while the remaining dominant part is 
detected through the heat channel.

Heat: NTD-thermistor
Light: PM? or bolometer?

Ge - LD Heater NTD PTFE

PTFE Heater

ZnMoO4

NTD Reflecting
Foil

Figure 4. Setup of the detector.

the central axis of the growth. The composite device (bolometer + light detector) is schematized in
Fig. 4. The crystal is held by means of two L-shaped Teflon (PTFE) pieces fixed to two cylindrical
Cu frames; the PTFE forces the crystal to the base consisting of a Cu plate covered with an Al
foil. The crystal is surrounded by a 25.1 mm diameter cylindrical reflecting foil (3M VM2002). At
cryogenic temperatures (10÷100 mK) for which a detector can work as bolometer, no “standard”
light detectors can work properly. The best way to overcome this problem is to use a second -very
sensitive- “dark” bolometer that absorbs the scintillation light giving rise to a measurable increase
of its temperature. Our Light Detector (LD) [34] consists of a 36 mm diameter, 1 mm thick pure
Ge crystal absorber.

The temperature sensor of the ZnMoO4 crystal is a 3x3x1 mm3 neutron transmutation doped
Germanium thermistor, identical to the ones used in the CUORICINO experiment [35]. The tem-
perature sensor of the LD has a smaller volume (3x1.5x0.4 mm3) in order to decrease its heat
capacity, increasing therefore its thermal signal. A resistor of ⇠300 kW, realized with a heavily
doped meander on a 3.5 mm3 silicon chip, is attached to each absorber and acts as a heater to
stabilize the gain of the bolometer [36, 37]. The detectors were operated deep underground in the
Gran Sasso National Laboratories in the CUORE R&D test cryostat. The details of the electronics
and the cryogenic facility can be found elsewhere [38, 39, 40].

The heat and light pulses, produced by a particle interacting in the ZnMoO4 crystal and trans-
duced in a voltage pulse by the NTD thermistors, are amplified and fed into a 16 bit NI 6225 USB
ADC unit. The entire waveform (raw pulse) of each triggered voltage pulse is sampled and ac-

– 5 –

A. Alessandrello et al., Nucl. Phys. B 28 (1992) 233-235 

Signal detection:

=> few keV 1
/
F
H
W
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PM
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radio-purity
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Tuesday, February 12, 13



10

α/β discrimination
The simultaneous read-out 
o f l i g h t a n d t h e r m a l 
s i g n a l s a l l o w s t o 
d i s c r i m i n a t e t h e α 
background thanks to the 
s c i n t i l l a t i o n y i e l d 
different from β particles.

=> The background is strongly reduced 
α and β regions are clearly separeted

Example of light and thermal pulses

Tuesday, February 12, 13
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LUCIFER
Low-background Underground Cryogenics 

Installation For Elusive Rates

- First prototype array of enriched 
scintillating bolometers
- LUCIFER will search DBD0ν in Zn82Se 
crystals (@ 95%)
- Total isotope mass: 15 kg, ~36 
detectors
- Light Detectors: HPGe bolometers
- Expected bkg: 10-3 counts/keV/kg/y• Operation of a tower of 32-40 Zn82Se crystals at LNGS.

‣ Option1: use the Cuoricino cryostat in hallA (presently hosting 
CUORE-0), if CUORE-0 stops in 2015.

‣ Option2: use the cryostat in hallC (presently running the CUORE-0 
and LUCIFER R&Ds). 
Needs cryostat update. Cuoricino cryostat:

• Inner shield:

- 1cm Roman Pb
A (210Pb) < 4 mBq/Kg

• External shield:

- 20 cm Pb

- 10 cm Borated 
polyethylene

• Nitrogen flushing to 
avoid Rn contamination.

10

LU
C

IF
ER4 crystals 

per floor

European Research Council  Advanced Investigators Grant 
ERC-2009-AdG  LUCIFER 
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crystallization process itself (a factor of about 100, observed for CUORE crystals, and rather independent from 
crystal type).  The hard part of the work will be then in perfecting the crystal growth. There are several steps to 
be performed at the beginning of the research program to get to the point where one confidently can order to a 
vendor ZnSe crystals matching the experimental requirements. 

A preliminary work will be dedicated to the study of the optical properties of the material and their low 
temperature dependence, taking into account the effect of impurities and local defects. The growth conditions 
and the post-growth treatment of the crystals will be also examined. A full characterization of the material is 
foreseen as well, in terms of a systematic measurement of electrical characteristics, photoluminescence, 
radioluminescence and thermo-stimulated luminescence.  These introductive activities will help to define the 
precise nature of scintillation in undoped ZnSe crystals, including the origin of atypical value of the quenching 
factor. Other aspects that will be examined will be the thermal dependence of scintillation yield, the possible 
doping, and the technological limits for the purification of the raw material.  

A second phase will be dedicated to test the limits of possible improvement of the scintillator performance, and 
the specifications to be asked to potential producers will be defined. The possibility of growing crystals of large 
dimensions (typically 500 g to 1 kg) and of high purity will be studied with selected crystal producers. At the 
moment, the company Alkor Technologies looks in the best position to be a commercial scientific partner in this 
enterprise, but other solutions will be considered. 

At the end we will have a reproducible, reliable crystal growth technology developed in strict cooperation with 
the producer.  For the certification of scintillation characteristics, dedicated procedures should be set up for the 
measurements of the optical transmission and the light yield of crystals at room and very low temperatures. 
Similar protocols will be dedicated to the radio-purity certification.  

Single module structure 

As every large mass bolometric detector, LUCIFER will consist of an array of tens of individual bolometers 
arranged in a close-packed configuration and housed by the same cryogenic infrastructure. This approach allows 
to achieve large masses (~ 50 kg) keeping the single-crystal mass reasonable (~ 0.5 kg) and providing a rough 
granularity, very helpful for background identification and rejection. The array will be composed by a set of 
identical elementary modules (EM), which will be described in this section. 

The proposed structure of each EM exploits years’ experience gathered during the development of past and 
present DBD TeO2 experiments. The configuration here devised resembles closely the one selected and 
extensively tested for CUORE (and its demonstrator CUORE-0), with an additional light detector, designed 
according to the receipts developed during the scintillating-bolometer R&D. This choice minimizes the amount 
of work necessary to set up the detector structure, and allows to take advantage of a number of existing elements, 
such as the technical drawings for the holders, the realization procedures of the mechanical pieces, the optimised 
assembly environment and sequences, the read-out scheme including the cryostat wiring, and the related quality-
control protocols. 

 

 

 

 

 

 

 

 

 

 

 

The EM structure is shown in Fig. B2-6.  Four ZnSe cubic crystals will be arranged in each EM. As in CUORE, 

Fig. B2-6 – Elementary module of 
LUCIFER, with four ZnSe scintillating 
crystals read out by a single light 
detector. The ZnSe crystal is a cube (5 
cm side), and the light detector a Si disk 
(9.5 cm diameter). 
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Light Detectors
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- HPGe disk (5 cm diameter, 0.1-1 mm thick)
- Calibration with 55Fe X-ray @ 5.9 keV and 6.5 keV

- ΔE @ 55Fe ~ 100 eV

3

three di!erent load resistances: 2, 6 and 11.66 G". We
restricted our analysis to the events due to 55Fe decay.
An example of the Fe double peak, as it appears in the
detector energy spectrum, is shown in Fig. 3. We per-
formed a fit with a double Gaussian function, fixing the
ratio of the peak positions and amplitudes to the known
values from nuclear data.

Entries  940

 / ndf 2χ  38.34 / 31

Mean [mV]     0.04± 58.55 

FWHM [keV]   0.059± 2.266 

BR Ratio   0.503 (fixed)

Position Ratio  0.9981 (fixed)

BR Ratio2  0.1769 (fixed)

PosRatio2    1.1 (fixed)

Signal amplitude [mV]
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Figure 3. Fit of the 55Fe X-ray double peak. The relevant
parameters of the fit are shown in the legend.

From the prominent 55Fe peak, we computed the sig-
nal yield, expressed in mV/keV. We also calculated the
resolution of our detector as the FWHM of the 55Fe peak.
Results are shown in Fig. 4.

Si
gn

al
 [m

V
/k

eV
]

5
10
15
20

 [pA]bolI
100 1000 10000

FW
H

M
 [e

V
]  

   

0

200

400

600

800

Figure 4. Light detector performances resulting from the vari-
ation of the current in the bias circuit. Both the signal yield
(on the top) and the FWHM resolution (on the bottom) were
computed on the 5.9 keV 55Fe peak. The amplification given
by the electronic chain is included.

As we can see from the picture, the maximum of the
signal yield does not coincide to the best energy resolu-
tion. This is mainly due to the non-linear behavior of
the thermistor. Indeed, increasing the signal yield also
enlarges the noise in a way which does not obey to a

scaling law and is not easily predictable. The FWHM
resolution is the true expression of the signal to noise ra-
tio and the optimal working point of the LD should be
chosen as the one corresponding to the minimum of this
curve. For our detector the value of the resolution at the
optimal working point (that is not a single point but a
large plateau between 2000 and 7000 pA) is ! 250 eV.
In both the plots of Fig. 4 we do not observe deviations

from the common trends corresponding to variations of
the load resistance, so we conclude that the value of the
load resistance does not a!ect the signal amplitude and
the energy resolution at the present level of accuracy.
This is consistent with the a priori estimation of the load
resistance Johnson noise (! 100 eV rms) discussed in
sec. II.
Figures 5 and 6 show the noise power spectrum and

the average detector response for low (240 pA) and high
(15000 pA) bias current. The noise power spectrum was
computer averaging randomly triggered windows includ-
ing no pulses. The average pulse was calculated as a
mean of a large number of pulses belonging to the 55Fe
lines.

Frequency index
1 10 210 310

Po
w

er
 [A

.U
.]

-510

-410

-310

-210

-110

1

Figure 5. Light detector noise power spectra for low (240
pA) and high (15000 pA) current, respectively in gray dotted
line and in black solid line. Both the spectra were obtained
averaging randomly triggered events including no pulses.

When comparing the noise power spectra we should
keep in mind that the relevant part is the low frequency
region (0"100 Hz) where the power spectrum of the sig-
nal is confined. In this region, the increase of the bias
current reflects into a reduction of the noise power spec-
trum of about one order of magnitude. This is consistent
with the energy resolution trend commented above.
For what concerns the average detector response, the

faster signal development in the case of high bias is clear
by looking at Fig. 6 and will be better quantified in the
following section. It is important to underline here that
having fast signals reduces the probability of pile-ups that
could spoil the detection e#ciency.
Therefore, large bias currents improve light detector

performances in terms of both signal to noise ratio and

5.9 keV

6.5 keV

Cu holder

PTFE clampsNTD

HeaterAu wires
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BGO
Bi4G3O12 : -> Large LY (~ 10,000 ph/MeV @ 300K)

-> Intrinsic radiopurity (low 238U and 232Th internal 
contaminations, but high 207Bi)
-> can be grown with large size
-> used for DM search with bolometers(e.g. ROSEBUD 
experiment), but also HEP

WHY : -> 209Bi was considered to be the heaviest stable 
isotope -> “now it decays” P. de Marcillac et al., Nature 422 876 (2003)

-> very very good particle discrimination (-> large LY)
-> good for analysis of surface contaminations

Tuesday, February 12, 13
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BGO measurement
Study of  Rare Alpha Decays with Scintillating Bolometers

We used the same technological approach to study the rare decay of  209Bi

209Bi was considered as the heaviest stable isotope, until its α decay on 

the ground state of  205Tl was observed.

We operated a 889 g BGO scintillating crystal in a cryostat in the 

Laboratori Nazionali del Gran Sasso (L’Aquila, Italy) in order to detect 

the decay on the first excited state. 3

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 !/" on the heat ‘keV’ units
indicates that the calibration gives the correct energy only for
!/" particles. Colors are used to highlight the # band. Pure
#-decays lie on a curve that is here fitted with a degree two
polynomial. Mixed #+" 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 !/" band (black histrogram) and # band (col-
ored filled histograms). Numbers are used to identify the main
lines: (1) is for " lines of 207Bi, (2) for those of 40K and (3)
for 232Th, (4) indicates the # lines of 209Bi, (5) those of 210Bi,
(6) that of 210Po.

indicates that LY! is not corrected for the light collection
e!ciency.

B. Alpha region

The structure of the ! region appears slightly more
complicated than the "/# one. Here we can identify two
di"erent kind of events.
Pure !-decays (no # emission) are aligned along the

same curve in the scatter plot (see Fig. 2). These events
are produced by ! particles impinging on the crystal from
an external source, or by !-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 ! particles have a LY that is lower with
respect to the "/# one, the two lines appear in the heat
spectrum with energies higher than the nominal ones.
We recall that this e"ect is simply due to the procedure
adopted for the heat axis calibration. The LY" and the
corresponding quenching factors (QF=LY"/LY!) are:

209Bi

!

LY " = 2.482± 0.002 keV/MeV
QF" = 0.1494± 0.0002

210Po

!

LY " = 3.011± 0.003 keV/MeV
QF" = 0.1813± 0.0002

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

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

give rise to mixed !+# events. In this case, the light sig-
nal is higher than what expected for a pure ! emission,
producing therefore events that lie in between the ! and
the "/# band. An example is the 210mBi decay, a contam-
inant responsible of the events appearing in the mixed
!+# band, just at the left of the 210Po (pure-!) 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 !-decays (Q=5036.4
keV) to di"erent excited levels of the daughter isotope
(206Tl) with the contemporary emission of one or more #
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%

4

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-! line.
The circle indicates the position that should correspond to
the !+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 ! to (54.5±0.3)% for the highest one
(the e!ciencies 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 di"erent paths to the 205Tl ground
state labeled I and II in Fig. 1. Process I produces an "
particle plus a recoil (Q=3137 keV); being a monochro-
matic pure "-decay it should produce a line in the "-
band (the probability of fully contain both the " par-
ticle and the recoiling nucleus inside the crystal, #!, is
obviously !1). Process II produces an " particle plus
recoil (Q=2933 keV) and a prompt ! ray (E"=204 keV).
In #"+!=(92.1±0.5)% of cases the ! photon is fully ab-
sorbed in the BGO crystal (toghether with the " parti-
cle and the recoiling nucleus). In such cases we have a
monochromatic "+! event that should produce a line in
the mixed "+! band.

This is exactly what we observe in our data: two
spots corresponding to roughly the same heat position
(3350 keV on the $/! calibration scale), but a di"erent
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 di"erent, 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 di"erence in the light position is:

(LightII " LightI) = LY " ·E" "#Light!

where #Light! is the di"erence between the light signal
of the 3137 keV "+R of process I and that of the 2933 keV
"+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 "+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 " band, we compute the value of #Light!. Fi-
nally, we obtain for E" 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)·#"+!] for the intensity of the GS-ES transition and
[BR·#!] 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 e!ciency of (87±2)% (which
accounts for both the trigger e!ciency and the pulse-
shape cuts e!ciency) this yields a half-life for 209Bi nu-
cleus of %1/2=(2.01±0.08)·1019 years. Finally the GS-GS
transition partial width is %I

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 "-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.

First evidence of  the excited state decay 

of  209Bi:

- the background due to electrons (β/γ 

band) is fully disentangled thanks to the 

read-out of  the light

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

- Branching ground/excited level 

transitions = (98.8 ± 0.3) %

Laura Cardani
Sapienza, University of  Roma and INFN Roma

Phys. Rev. Lett. 108 (2012) 062501
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BGO crystal

Study of  Rare Alpha Decays with Scintillating Bolometers

We used the same technological approach to study the rare decay of  209Bi

209Bi was considered as the heaviest stable isotope, until its α decay on 

the ground state of  205Tl was observed.

We operated a 889 g BGO scintillating crystal in a cryostat in the 

Laboratori Nazionali del Gran Sasso (L’Aquila, Italy) in order to detect 

the decay on the first excited state. 3

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 !/" on the heat ‘keV’ units
indicates that the calibration gives the correct energy only for
!/" particles. Colors are used to highlight the # band. Pure
#-decays lie on a curve that is here fitted with a degree two
polynomial. Mixed #+" 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 !/" band (black histrogram) and # band (col-
ored filled histograms). Numbers are used to identify the main
lines: (1) is for " lines of 207Bi, (2) for those of 40K and (3)
for 232Th, (4) indicates the # lines of 209Bi, (5) those of 210Bi,
(6) that of 210Po.

indicates that LY! is not corrected for the light collection
e!ciency.

B. Alpha region

The structure of the ! region appears slightly more
complicated than the "/# one. Here we can identify two
di"erent kind of events.
Pure !-decays (no # emission) are aligned along the

same curve in the scatter plot (see Fig. 2). These events
are produced by ! particles impinging on the crystal from
an external source, or by !-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 ! particles have a LY that is lower with
respect to the "/# one, the two lines appear in the heat
spectrum with energies higher than the nominal ones.
We recall that this e"ect is simply due to the procedure
adopted for the heat axis calibration. The LY" and the
corresponding quenching factors (QF=LY"/LY!) are:

209Bi

!

LY " = 2.482± 0.002 keV/MeV
QF" = 0.1494± 0.0002

210Po

!

LY " = 3.011± 0.003 keV/MeV
QF" = 0.1813± 0.0002

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

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

give rise to mixed !+# events. In this case, the light sig-
nal is higher than what expected for a pure ! emission,
producing therefore events that lie in between the ! and
the "/# band. An example is the 210mBi decay, a contam-
inant responsible of the events appearing in the mixed
!+# band, just at the left of the 210Po (pure-!) 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 !-decays (Q=5036.4
keV) to di"erent excited levels of the daughter isotope
(206Tl) with the contemporary emission of one or more #
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%

4

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-! line.
The circle indicates the position that should correspond to
the !+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 ! to (54.5±0.3)% for the highest one
(the e!ciencies 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 di"erent paths to the 205Tl ground
state labeled I and II in Fig. 1. Process I produces an "
particle plus a recoil (Q=3137 keV); being a monochro-
matic pure "-decay it should produce a line in the "-
band (the probability of fully contain both the " par-
ticle and the recoiling nucleus inside the crystal, #!, is
obviously !1). Process II produces an " particle plus
recoil (Q=2933 keV) and a prompt ! ray (E"=204 keV).
In #"+!=(92.1±0.5)% of cases the ! photon is fully ab-
sorbed in the BGO crystal (toghether with the " parti-
cle and the recoiling nucleus). In such cases we have a
monochromatic "+! event that should produce a line in
the mixed "+! band.

This is exactly what we observe in our data: two
spots corresponding to roughly the same heat position
(3350 keV on the $/! calibration scale), but a di"erent
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 di"erent, 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 di"erence in the light position is:

(LightII " LightI) = LY " ·E" "#Light!

where #Light! is the di"erence between the light signal
of the 3137 keV "+R of process I and that of the 2933 keV
"+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 "+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 " band, we compute the value of #Light!. Fi-
nally, we obtain for E" 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)·#"+!] for the intensity of the GS-ES transition and
[BR·#!] 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 e!ciency of (87±2)% (which
accounts for both the trigger e!ciency and the pulse-
shape cuts e!ciency) this yields a half-life for 209Bi nu-
cleus of %1/2=(2.01±0.08)·1019 years. Finally the GS-GS
transition partial width is %I

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 "-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.
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HPGe LD

Cooled down at ~30 mK:
- a 5x5x5 cm3 BGO crystal (m= 889 g)
- a 36 cm x 0.3 mm3 HPGe light detector
- BGO surrounded on 5 faces by 
reflecting foil (VM2002) 

Live Time : 374 h

crystal (with a mass of 889.09 g) purchased from SICCAS
(China) with optical grade surfaces. The crystal is secured
inside a copper holder and is surrounded on 5 faces by a
light reflector (3M VM2002). Attached to the crystal is an
NTD Ge thermistor (Ref. [5]) that acts as a thermometer:
the temporary temperature increase of the crystal—follow-
ing particle interaction—produces a voltage pulse with an
amplitude proportional to the deposited energy. The LD is
a bolometer built with the same technique and optimized in
order to be able to detect the small energy carried by the
scintillation photons. The LD consists in a high purity Ge
wafer, 36 mm diameter and 0.3 mm in thickness. On the
side facing the scintillating crystal the surface of the wafer
is ‘‘darkened’’ with a deposition of a 600 Å layer of SiO2 to
improve light absorption. An NTD Ge thermistor for the
temperature signal readout is glued on the other side of the
LD, to which a 55Fe source for energy calibration is faced.

The BGO and the LD bolometers (namely, the heat and
light channels) are provided with two completely indepen-
dent readout chains. The voltage signal produced on the
NTD thermistors are amplified and filtered by the front-end
electronics and fed into the analog-to-digital converter.
When the trigger fires, the entire signal waveform is
sampled, digitized, and saved to a disk. Pulse-height and
pulse-shape parameters are computed by the off-line analy-
sis for each acquired event. Signals deformed by excess
noise or by pileup are rejected by the analysis since they
can produce a broadening or a deformation of the peaks,
spoiling the energy resolution. The true rate is then recon-
structed measuring the trigger efficiency and the probabil-
ity that a pulse-shape cut rejects a true particle event. The
former is measured on pulser generated events, the latter is
obtained by comparing the event rate in a background peak
before and after pulse-shape cuts (the ratio between the two
rates is the pulse-shape cut efficiency).

B. Energy calibration: The energy content of the heat
and light signals are evaluated using calibration data.

The light signal is calibrated using 55Fe x rays, assuming
a linear dependence of the pulse height on energy. This is
an approximation since in general the relationship between
energy and pulse height is not linear (the exponential
dependence of the thermistor resistance on temperature
being the main source of nonlinearity). The calibration
returns the energy content of the recorded scintillation
signal. It should be noted that the energy is not corrected
for the light collection efficiency; therefore, it does not
provide an absolute determination of the amount of scin-
tillation light produced by the BGO crystal.

The heat signal is calibrated using the more intense !
lines visible in the BGO heat spectrum. They cover a range
from 0.5 to 2.6 MeV and are produced by radioactive
contamination of the crystal or of the cryogenic setup.
Above and below the calibration is obtained by extrapola-
tion. It is important to remark that in calibrating the heat
signal the nominal ! line energy is assumed for each full

energy peak observed in the heat spectrum. This means that
the calibration—for "=! events—returns the total amount
of energy released by the interacting particle in the crystal
(although this energy is only partially converted into heat).
On the contrary for # events it overestimates the true total
energy, since the LY of # particles (LY#) is different
(lower) than for "=! (LY!) (for a detailed discussion of
this issue see [3]). To emphasize this fact, the heat axis
units are indicated as keV"=!.
III. Results.—The detector was operated in the cryogenic

facility installed in Hall C of Laboratori Nazionali del Gran
Sasso (L’Aquila, Italy). The BGO crystal cooled very
slowly (while the cryostat—as usual—reached the base
temperature in few days), a behavior that can be ascribed
to some excess heat capacity that decouples at low
temperatures.
We collected 374.6 hr of background measurement in

semistable conditions: the crystal was at 30 mK, still
cooling during the measurement period improving its sig-
nal height by!30%. Off-line corrections—using the tech-
nique described in Ref. [6]—were applied to account for
the thermal drift observed during the measurement.
The light versus heat scatter plot corresponding to this

statistics is shown in Fig. 2. The # and ! regions appear to
be clearly separated, their light and heat spectra are re-
ported in Fig. 3.
A. Gamma region: Several very intense lines are visible

in the ! spectra (and were used—as discussed above—for
the heat spectra energy calibration). They are due to the
internal contamination of the crystal in 207Bi and the

FIG. 2 (color online). Light versus heat scatter plot corre-
sponding to 374.6 hr of background (no external sources) mea-
surement. The heat axis is calibrated with gamma lines, as
described in the text; the subscript "=! on the heat ‘‘keV’’ units
indicates that the calibration gives the correct energy only for
"=! particles. Colors are used to highlight the # band. Pure #
decays lie on a curve that is fitted with a degree two polynomial.
Mixed #" ! events lie above this curve; they are highlight in a
lighter color. The inset shows 209Bi decay events.
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crystal (with a mass of 889.09 g) purchased from SICCAS
(China) with optical grade surfaces. The crystal is secured
inside a copper holder and is surrounded on 5 faces by a
light reflector (3M VM2002). Attached to the crystal is an
NTD Ge thermistor (Ref. [5]) that acts as a thermometer:
the temporary temperature increase of the crystal—follow-
ing particle interaction—produces a voltage pulse with an
amplitude proportional to the deposited energy. The LD is
a bolometer built with the same technique and optimized in
order to be able to detect the small energy carried by the
scintillation photons. The LD consists in a high purity Ge
wafer, 36 mm diameter and 0.3 mm in thickness. On the
side facing the scintillating crystal the surface of the wafer
is ‘‘darkened’’ with a deposition of a 600 Å layer of SiO2 to
improve light absorption. An NTD Ge thermistor for the
temperature signal readout is glued on the other side of the
LD, to which a 55Fe source for energy calibration is faced.

The BGO and the LD bolometers (namely, the heat and
light channels) are provided with two completely indepen-
dent readout chains. The voltage signal produced on the
NTD thermistors are amplified and filtered by the front-end
electronics and fed into the analog-to-digital converter.
When the trigger fires, the entire signal waveform is
sampled, digitized, and saved to a disk. Pulse-height and
pulse-shape parameters are computed by the off-line analy-
sis for each acquired event. Signals deformed by excess
noise or by pileup are rejected by the analysis since they
can produce a broadening or a deformation of the peaks,
spoiling the energy resolution. The true rate is then recon-
structed measuring the trigger efficiency and the probabil-
ity that a pulse-shape cut rejects a true particle event. The
former is measured on pulser generated events, the latter is
obtained by comparing the event rate in a background peak
before and after pulse-shape cuts (the ratio between the two
rates is the pulse-shape cut efficiency).

B. Energy calibration: The energy content of the heat
and light signals are evaluated using calibration data.

The light signal is calibrated using 55Fe x rays, assuming
a linear dependence of the pulse height on energy. This is
an approximation since in general the relationship between
energy and pulse height is not linear (the exponential
dependence of the thermistor resistance on temperature
being the main source of nonlinearity). The calibration
returns the energy content of the recorded scintillation
signal. It should be noted that the energy is not corrected
for the light collection efficiency; therefore, it does not
provide an absolute determination of the amount of scin-
tillation light produced by the BGO crystal.

The heat signal is calibrated using the more intense !
lines visible in the BGO heat spectrum. They cover a range
from 0.5 to 2.6 MeV and are produced by radioactive
contamination of the crystal or of the cryogenic setup.
Above and below the calibration is obtained by extrapola-
tion. It is important to remark that in calibrating the heat
signal the nominal ! line energy is assumed for each full

energy peak observed in the heat spectrum. This means that
the calibration—for "=! events—returns the total amount
of energy released by the interacting particle in the crystal
(although this energy is only partially converted into heat).
On the contrary for # events it overestimates the true total
energy, since the LY of # particles (LY#) is different
(lower) than for "=! (LY!) (for a detailed discussion of
this issue see [3]). To emphasize this fact, the heat axis
units are indicated as keV"=!.
III. Results.—The detector was operated in the cryogenic

facility installed in Hall C of Laboratori Nazionali del Gran
Sasso (L’Aquila, Italy). The BGO crystal cooled very
slowly (while the cryostat—as usual—reached the base
temperature in few days), a behavior that can be ascribed
to some excess heat capacity that decouples at low
temperatures.
We collected 374.6 hr of background measurement in

semistable conditions: the crystal was at 30 mK, still
cooling during the measurement period improving its sig-
nal height by!30%. Off-line corrections—using the tech-
nique described in Ref. [6]—were applied to account for
the thermal drift observed during the measurement.
The light versus heat scatter plot corresponding to this

statistics is shown in Fig. 2. The # and ! regions appear to
be clearly separated, their light and heat spectra are re-
ported in Fig. 3.
A. Gamma region: Several very intense lines are visible

in the ! spectra (and were used—as discussed above—for
the heat spectra energy calibration). They are due to the
internal contamination of the crystal in 207Bi and the

FIG. 2 (color online). Light versus heat scatter plot corre-
sponding to 374.6 hr of background (no external sources) mea-
surement. The heat axis is calibrated with gamma lines, as
described in the text; the subscript "=! on the heat ‘‘keV’’ units
indicates that the calibration gives the correct energy only for
"=! particles. Colors are used to highlight the # band. Pure #
decays lie on a curve that is fitted with a degree two polynomial.
Mixed #" ! events lie above this curve; they are highlight in a
lighter color. The inset shows 209Bi decay events.
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- Main contaminations:
207Bi(1) , 40K(2), 210Pb(5,6) 
and 232Th(3)

background 40K and 232Th lines (usually observed in all
measurements and ascribed to detector! cryostat con-
tamination). 207Bi is a common contaminant already ob-
served in BGO crystals which is produced by cosmic ray
protons interaction on 206Pb; Refs. [7,8]. The average
FWHM energy resolution on the heat channel—as mea-
sured on the more prominent ! lines—is (37:5" 0:5) keV,
with no evident dependence on energy.

The energy resolution of the LD, measured on the 55Fe
line, is 0.5 keV. The FWHM of the scintillation peaks
produced by the 207Bi, 40K, and 232Th ! photons interact-
ing in the BGO ranges from 0.8 to 1.5 keV. The LY! has no
evident dependence on energy; its average value is LY! #
$16:61" 0:02% keV=MeV. The overbar here indicates that
LY! is not corrected for the light collection efficiency.

B. Alpha region: The structure of the " region appears
slightly more complicated than the #=! one. Here we can
identify two different kind of events.

Pure " decays (no ! emission) are aligned along the
same curve in the scatter plot (see Fig. 2). These events are
produced by " particles impinging on the crystal from an
external source, or by " decays in crystal bulk. The former
have generally a continuous energy distribution (see, for
example, Ref. [9]); 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. [10]), and to 210Po !
206Pb decay (Q # 5407 keV) which is present in the crys-
tal, probably as a result of 209Bi activation (see Ref. [11]).
Since " particles have a LY that is lower with respect to the

#=! 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 LY" and the corresponding quench-
ing factors (QF # LY"=LY!) are

209Bi
!
LY" # 2:482" 0:002 keV=MeV
QF" # 0:1494" 0:0002;

210Po
!
LY" # 3:011" 0:003 keV=MeV
QF" # 0:1813" 0:0002:

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

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

give rise to mixed "! ! events. In this case, the light
signal is higher than what is expected for a pure " emis-
sion, producing therefore events that lie in between the "
and the #=! band. An example is the 210mBi decay, a
contaminant responsible for the events appearing in the
mixed "! ! band, just at the left of the 210Po (pure ")
line. 210mBi is produced in bismuth by thermal neutron
interaction and it accumulates in the material due to its
long half-life (see Ref. [11]). The isotope " decays (Q #
5036:4 keV) to different excited levels of the daughter
isotope (206Tl) with the contemporary emission of one or
more ! rays. The two spots (visible in Fig. 2) are ascribed
to the decays to the two lowest levels [with a sum branch-
ing ratio (BR) of 94.5% 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 and 649.6 keV). Indeed, the
probability of full containment of the emitted gammas is
high, ranging from $84:2" 0:4%% for the lowest energy !
to $54:5" 0:3%% for the highest one. Taking into account
the structure of the deexcitation cascades of the four levels,
the intensities measured for the two spots agree with the
tabulated branching ratios within 1 standard deviation [13].
C. 209Bi decay: Similar to 210mBi is the case of our

interest: 209Bi decay. It follows two different paths to the
205Tl ground state labeled I and II in Fig. 1. Process I
produces an " particle plus a recoil (Q # 3137 keV);
being a monochromatic pure " decay it should produce a
line in the " band (the probability of fully containing both
the " particle and the recoiling nucleus inside the crystal,
$I, is obviously&1). Process II produces an " particle plus
recoil (Q # 2933 keV) and either a prompt ray [E! #
204 keV, containment efficiency $92:1" 0:5%%] or a

FIG. 3 (color online). Heat (top) and light (bottom) spectra of
events belonging to the #=! band (black histogram) and " band
(colored filled histograms). Numbers are used to identify the
main lines: (1) is for ! lines of 207Bi, (2) for those of 40K, (3) for
232Th, (4) indicates the " lines of 209Bi, (5) those of 210Bi, and
(6) that of 210Po.
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BGO results

- FWHM heat channel 37 keV @ 570 keV
- FWHM light channel 0.5 keV @ 6 keV
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209Bi alpha decay to the ground and to the first excited state have been recently observed for the first

time with a large BGO scintillating bolometer. The half-life of 209Bi is determined to be !1=2 ! "2:01#
0:08$ % 1019 yr while the branching ratio for the ground-state to ground-state transition is "98:8# 0:3$%.

DOI: 10.1103/PhysRevLett.108.062501 PACS numbers: 23.60.+e, 29.40.Mc, 29.40.Vj

I. Introduction.—209Bi is the only naturally abundant
isotope of bismuth. Its " decay to 205Tl was predicted on
the basis of the 209Bi mass excess, but escaped direct
observation until 2003 when it was observed with a small
BGO scintillating bolometer; Ref. [1]. In that work—due
to the small mass of the detector—only the partial width
for the ground-state decay was measured, resulting in a
half-life of "1:9# 0:2$ % 1019 yr. The decay was in that
case ascribed to 209Bi on the basis of the energy measured
for the emitted " line; interferences from other "-decaying
isotopes—like 190Pt and 186Os—were excluded making
reasonable assumptions on the purity of the crystal.
However, the decay can proceed either as a direct transition
to the 205Tl ground state (GS-GS transition) or as a tran-
sition to the first excited level of 205Tl (GS-ES transition);
see Fig. 1. The contemporary observation of both the lines
would provide—as observed also in Ref. [1]—the real
conclusive test on the identification of 209Bi decay. In
this Letter we report the first experimental evidence for
209Bi decay to the 204 keV excited level of 205Tl, the
measurement of the branching ratio for the two transitions,
and finally the evaluation of 209Bi half-life. This result,
besides providing a further compelling evidence on the
existence of 209Bi decay, adds a new experimental input
for the study of the alpha decay of odd-odd nuclei where a
non-negligible angular momentum is carried by the emit-
ted alpha particle.

II. Experimental technique.—The detector used for this
study is a BGO scintillating bolometer. This is realized
instrumenting a Bi4Ge3O12 crystal with a temperature
sensor and coupling it to a light detector (LD). Both the
BGO crystal and the LD operate as bolometers, at a tem-
perature of few tens of mK. The working principle is quite
simple: the energy released by an ionizing particle that

traverses the BGO crystal is converted both into scintilla-
tion light and into heat. The former gives rise to a light
pulse that is recorded by the LD, the latter produces a
temporary temperature increase of the BGO crystal that
is recorded by its temperature sensor. The fraction of the
total deposited energy spent in scintillation depends on the
nature of the particle and is called light yield (LY). #’s and
$’s have the same LY, which is typically different from that
of "’s or neutrons; in this way heat and light signals can be
used to disentangle particle identity. At room temperature
BGO crystals produce about "8–10$ % 103 scintillation
photons for a 1 MeV electron, corresponding to a LY$ of
the order of 20–26 keV=MeV. The scintillation yield in-
creases when cooling the crystal [2].
A. Detectors and experimental setup: The design of the

single BGO bolometer and of the LD follows that of the
other macrobolometers operated in the past by our groups
(Refs. [3,4]). The main bolometer is a 5% 5% 5 cm2 BGO

Tl205
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 83

+Q = 3137.2    0.8 keV
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100 %
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FIG. 1 (color online). Decay scheme of 209Bi, data from
Ref. [10]. The GS-GS transition (I) occurs with the emission
of a monochromatic " line of 3077 keV. The GS-ES transition
(II) occurs with the emission of an " particle of 2876 keVand is
followed by the emission of a 204 keV $ ray.
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background 40K and 232Th lines (usually observed in all
measurements and ascribed to detector! cryostat con-
tamination). 207Bi is a common contaminant already ob-
served in BGO crystals which is produced by cosmic ray
protons interaction on 206Pb; Refs. [7,8]. The average
FWHM energy resolution on the heat channel—as mea-
sured on the more prominent ! lines—is (37:5" 0:5) keV,
with no evident dependence on energy.

The energy resolution of the LD, measured on the 55Fe
line, is 0.5 keV. The FWHM of the scintillation peaks
produced by the 207Bi, 40K, and 232Th ! photons interact-
ing in the BGO ranges from 0.8 to 1.5 keV. The LY! has no
evident dependence on energy; its average value is LY! #
$16:61" 0:02% keV=MeV. The overbar here indicates that
LY! is not corrected for the light collection efficiency.

B. Alpha region: The structure of the " region appears
slightly more complicated than the #=! one. Here we can
identify two different kind of events.

Pure " decays (no ! emission) are aligned along the
same curve in the scatter plot (see Fig. 2). These events are
produced by " particles impinging on the crystal from an
external source, or by " decays in crystal bulk. The former
have generally a continuous energy distribution (see, for
example, Ref. [9]); 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. [10]), and to 210Po !
206Pb decay (Q # 5407 keV) which is present in the crys-
tal, probably as a result of 209Bi activation (see Ref. [11]).
Since " particles have a LY that is lower with respect to the

#=! 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 LY" and the corresponding quench-
ing factors (QF # LY"=LY!) are

209Bi
!
LY" # 2:482" 0:002 keV=MeV
QF" # 0:1494" 0:0002;

210Po
!
LY" # 3:011" 0:003 keV=MeV
QF" # 0:1813" 0:0002:

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

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

give rise to mixed "! ! events. In this case, the light
signal is higher than what is expected for a pure " emis-
sion, producing therefore events that lie in between the "
and the #=! band. An example is the 210mBi decay, a
contaminant responsible for the events appearing in the
mixed "! ! band, just at the left of the 210Po (pure ")
line. 210mBi is produced in bismuth by thermal neutron
interaction and it accumulates in the material due to its
long half-life (see Ref. [11]). The isotope " decays (Q #
5036:4 keV) to different excited levels of the daughter
isotope (206Tl) with the contemporary emission of one or
more ! rays. The two spots (visible in Fig. 2) are ascribed
to the decays to the two lowest levels [with a sum branch-
ing ratio (BR) of 94.5% 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 and 649.6 keV). Indeed, the
probability of full containment of the emitted gammas is
high, ranging from $84:2" 0:4%% for the lowest energy !
to $54:5" 0:3%% for the highest one. Taking into account
the structure of the deexcitation cascades of the four levels,
the intensities measured for the two spots agree with the
tabulated branching ratios within 1 standard deviation [13].
C. 209Bi decay: Similar to 210mBi is the case of our

interest: 209Bi decay. It follows two different paths to the
205Tl ground state labeled I and II in Fig. 1. Process I
produces an " particle plus a recoil (Q # 3137 keV);
being a monochromatic pure " decay it should produce a
line in the " band (the probability of fully containing both
the " particle and the recoiling nucleus inside the crystal,
$I, is obviously&1). Process II produces an " particle plus
recoil (Q # 2933 keV) and either a prompt ray [E! #
204 keV, containment efficiency $92:1" 0:5%%] or a

FIG. 3 (color online). Heat (top) and light (bottom) spectra of
events belonging to the #=! band (black histogram) and " band
(colored filled histograms). Numbers are used to identify the
main lines: (1) is for ! lines of 207Bi, (2) for those of 40K, (3) for
232Th, (4) indicates the " lines of 209Bi, (5) those of 210Bi, and
(6) that of 210Po.

PRL 108, 062501 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

10 FEBRUARY 2012

062501-3

BGO results

- FWHM heat channel 37 keV @ 570 keV
- FWHM light channel 0.5 keV @ 6 keV

conversion electron followed by its deexcitation x rays
(EIC ! 204 keV, containment efficiency "100%) [13].
Taking into account the internal conversion coefficient
of 205Tl (!T ! 0:46, Ref. [14]), the probability that all
the energy is deposited into the BGO crystal is "II !
#95:7$ 0:7%%. We note also that the two processes of
deexcitation of the 204 keV level (the gamma emission
or the internal conversion) are virtually indistinguishable
since (in the case of our interest, namely, that of full
containment of the emitted particles) they correspond to
the same energy deposition into the BGO crystal and in
both cases the energy carriers are electrons or photons, and
therefore characterized by the same LY. In such cases we
have a monochromatic !& # event that should produce a
line in the mixed !& # band.

This is exactly what we observe in our data: two spots
corresponding to roughly the same heat position (3350 keV
on the $=# calibration scale), but a different light emis-
sion, are clearly visible (see Fig. 2). Zooming the scatter
plot in the 209Bi region (Fig. 4) we can observe 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# ( E# '!Light!;

where!Light! is the difference between the light signal of
the 3137 keV !& Rof process I and that of the 2933 keV

!& R of process II. This relationship can be used to
estimate the energy of the emitted photon, further proving
that we are observing 209Bi decay.
Indeed, since the nonlinearity 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 !& R event of 2933 keV.
This results in #3133:8$ 0:3% keV (the position is indi-
cated with a circle in Fig. 4). Then, using the fit of the pure
! band, we compute the value of !Light!. Finally, we
obtain for E# 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% ( "II* for the intensity of the GS-ES transition and
)BR ( "I* 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
the 209Bi nucleus of %1=2 ! #2:01$ 0:08% + 1019 yr.
Finally the GS-GS transition partial width is %I1=2 !
#2:04$ 0:08% + 1019 yr, in good agreement with the pre-
viously reported one, Ref. [1].
IV. Conclusion.—This work provides a compelling evi-

dence of the observation of 209Bi decay through the con-
temporary observation of the ground state and excited state
transitions. While confirming the half-life of the isotope
already measured by Ref. [1], we were also able to add new
experimental information on 209Bi, namely, the branching
ratio between the ground state and the excited state tran-
sition. This study covers a seldom explored field, namely,
that of hindered ! decays providing experimental inputs
for a better development of the theoretical framework of
nuclear models, Ref. [15]. In the mean time, these results
prove once more the potentialities of the bolometric tech-
nique in the study of rare nuclear processes.
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FIG. 4 (color online). Zoom of the light versus heat scatter plot
in correspondence to 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 horizontal
axis reported on the top of the plot is obtained with a linear
calibration based on the 209Bi 3137 keV pure ! line. The circle
indicates the position that should correspond to the !& recoil
emitted in process II (2933 keV). Colors follow the convention
used for Fig. 2.
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209Bi alpha decay to the ground and to the first excited state have been recently observed for the first

time with a large BGO scintillating bolometer. The half-life of 209Bi is determined to be !1=2 ! "2:01#
0:08$ % 1019 yr while the branching ratio for the ground-state to ground-state transition is "98:8# 0:3$%.

DOI: 10.1103/PhysRevLett.108.062501 PACS numbers: 23.60.+e, 29.40.Mc, 29.40.Vj

I. Introduction.—209Bi is the only naturally abundant
isotope of bismuth. Its " decay to 205Tl was predicted on
the basis of the 209Bi mass excess, but escaped direct
observation until 2003 when it was observed with a small
BGO scintillating bolometer; Ref. [1]. In that work—due
to the small mass of the detector—only the partial width
for the ground-state decay was measured, resulting in a
half-life of "1:9# 0:2$ % 1019 yr. The decay was in that
case ascribed to 209Bi on the basis of the energy measured
for the emitted " line; interferences from other "-decaying
isotopes—like 190Pt and 186Os—were excluded making
reasonable assumptions on the purity of the crystal.
However, the decay can proceed either as a direct transition
to the 205Tl ground state (GS-GS transition) or as a tran-
sition to the first excited level of 205Tl (GS-ES transition);
see Fig. 1. The contemporary observation of both the lines
would provide—as observed also in Ref. [1]—the real
conclusive test on the identification of 209Bi decay. In
this Letter we report the first experimental evidence for
209Bi decay to the 204 keV excited level of 205Tl, the
measurement of the branching ratio for the two transitions,
and finally the evaluation of 209Bi half-life. This result,
besides providing a further compelling evidence on the
existence of 209Bi decay, adds a new experimental input
for the study of the alpha decay of odd-odd nuclei where a
non-negligible angular momentum is carried by the emit-
ted alpha particle.

II. Experimental technique.—The detector used for this
study is a BGO scintillating bolometer. This is realized
instrumenting a Bi4Ge3O12 crystal with a temperature
sensor and coupling it to a light detector (LD). Both the
BGO crystal and the LD operate as bolometers, at a tem-
perature of few tens of mK. The working principle is quite
simple: the energy released by an ionizing particle that

traverses the BGO crystal is converted both into scintilla-
tion light and into heat. The former gives rise to a light
pulse that is recorded by the LD, the latter produces a
temporary temperature increase of the BGO crystal that
is recorded by its temperature sensor. The fraction of the
total deposited energy spent in scintillation depends on the
nature of the particle and is called light yield (LY). #’s and
$’s have the same LY, which is typically different from that
of "’s or neutrons; in this way heat and light signals can be
used to disentangle particle identity. At room temperature
BGO crystals produce about "8–10$ % 103 scintillation
photons for a 1 MeV electron, corresponding to a LY$ of
the order of 20–26 keV=MeV. The scintillation yield in-
creases when cooling the crystal [2].
A. Detectors and experimental setup: The design of the

single BGO bolometer and of the LD follows that of the
other macrobolometers operated in the past by our groups
(Refs. [3,4]). The main bolometer is a 5% 5% 5 cm2 BGO

Tl205
 81

Bi209
 83

+Q = 3137.2    0.8 keV

204 keV

II

100 %

I

9/2 !

3/2 +

1/2 +

FIG. 1 (color online). Decay scheme of 209Bi, data from
Ref. [10]. The GS-GS transition (I) occurs with the emission
of a monochromatic " line of 3077 keV. The GS-ES transition
(II) occurs with the emission of an " particle of 2876 keVand is
followed by the emission of a 204 keV $ ray.
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T1/2 = (2.01 ± 0.08)1019 yr

BR = (98.8 ± 0.3)%
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PWO
PbWO4 : -> Small LY (~ 20 ph/MeV @ 300K)

-> Intrinsic radiopurity (low 238U and 232Th internal 
contaminations, but high 210Pb and 180W)
-> can be grown with large size
-> particle pulse shape discrimination @ 300 K
-> used for HEP, but doped (e.g. CMS)

WHY : -> 204Pb is considered to be the heaviest stable isotope 
(study of Pb isotopes stability)
-> using a sci-bolo is the only possible way to study α 
decay with Q in the natural β/γ region (< 2.6 MeV)
-> good DM target (Pb, W and O)!
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heat capacity, increasing therefore its thermal signal. The
PbWO4 detector was run in an Oxford 200 3He/4He dilu-
tion cryostat deep underground in the Laboratori Nazion-
ali del Gran Sasso. The details of the electronics and of
the cryogenic facility can be found elsewhere [29,30].

The heat and light pulses, produced by interacting par-
ticles in the absorber (transduced in a voltage pulse by the
NTD thermistors) are amplified and fed into an 18-bit NI-
6284 PXI ADC unit.

The trigger is software generated on each bolometer
and when it fires waveforms 1 s long, sampled at 1 kHz, are
saved on disk. Moreover, when the trigger of the PbWO4

crystal fires, the corresponding waveform from the LD is
recorded, irrespective of its trigger.

The amplitude and the shape of the voltage pulse is
then determined by the off-line analysis.

The heat axis is energy-calibrated attributing to each
identified peak (due to an external � source and to internal
↵ contaminations) the nominal energy of the line. Two
independent functions were used for calibrating the ↵ and
�/� bands.

The dependency of amplitude from energy is parame-
terized with a second order polynomial of the heat pulse
amplitude.

The energy calibration of the LD is obtained by means
of a weak 55Fe source placed close to the Ge wafer that il-
luminates homogeneously the face opposed to the PbWO4

crystal.

4 Data Analysis

Our detector was operated for a total live time of 586 hours
for a background measurement. In Fig. 2 we present the
obtained Light vs Heat scatter plot, with the two different
energy calibrations.

To maximize the signal-to-noise ratio, the pulse ampli-
tude is estimated by means of the Optimum Filter tech-
nique (OF) [31,32]. The filter transfer function is built
from the ideal signal shape s(t) and the noise power spec-
trum N(!). The s(t) is estimated by averaging a large
number of triggered pulses (so that stochastic noise su-
perimposed to each pulse averages to zero) while N(!)
is computed averaging the power spectra of randomly ac-
quired waveforms where no pulse was found. The ampli-
tude of a signal is estimated as the maximum of the filtered
pulse. The amplitude of the scintillation light signals, in-
stead, is evaluated from the filtered waveforms at a fixed
time delay with respect to the PbWO4 bolometer, as de-
scribed in detail in [33].

After the application of the OF, signal amplitudes are
corrected for temperature and gain instabilities of the set-
up. The PbWO4 bolometer is calibrated with the most
intense ↵ peaks from the internal 238U and 232Th contam-
inations, and with an external 232Th and 40K � source, see
Fig. 2. Since we are investigating low energy ↵ decays, the
internal ↵ contaminations do extend over a large energy
range, but they are not low enough to reach our region of

Fig. 2. Light vs Heat scatter plot corresponding to 586 h of
measurement. The horizontal axis reported on the bottom of
the plot corresponds to an ↵ energy calibration, the one on the
top a �/� calibration.

interest (see Tab. 1) in order to allow a thorough energy
calibration.

One of the constituent of the crystal is tungsten, the
natural ↵ decay of 180W at 2516 keV [15] is taken into
account for the energy calibration. On the other side, the
LD is calibrated using the 55Fe X-ray doublet: 5.9 keV and
6.2 keV.

The final spectrum is composed of events which sur-
vived two different types of data selection global and event-
based requirements. Global requirements are applied fol-
lowing criteria decided a priori on the detector perfor-
mances (e.g. excessive noise level). They identify bad time
intervals that need to be discarded. Event-based require-
ments include: pile-up rejection and pulse-shape selection.
The presence of a pile-up prevents the OF algorithm from
providing a correct evaluation of the pulse amplitude. The
pulse-shape analysis is used to reject non-physical events
(e.g. electronic spikes). The pulse-shape parameters used
for selecting the events are the rise time and decay time
of the OF-filtered waveform and the mean quadratic de-
viation of raw signals from the average detector response.

4.1 Efficiency of event-based cuts

Even if the crystal has been grown using ancient lead,
the main background source is still 210Pb due to an in-
ternal crystal recontamination, as it will be explained in
the Sect. 4.4. Because of the intense 210Po contamination,
there is a significant loss of efficiency due to pile-up event
rejection (✏pile�up). The efficiency is estimated as in [34]:

✏pile�up = 1 � Ppile�up = e

�r·T (1)
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Table 1. ↵ transitions in Pb isotopes to the ground state of
daughter nuclei. Q↵ values are taken from [16], natural isotopic
abundances (�) from [17]. The theoretical expected half-lives
are evaluated using theoretical models given in [3,4,5,6,7].

Isotope � Q↵ Ttheor
1/2

[%] [keV] [y]
204Pb 1.4 (1) 1969.5 (12) 2.3·1035÷ 1.2·1037

206Pb 24.1 (1) 1135.5 (11) 1.8·1065÷ 6.7·1068

207Pb 22.1 (1) 392.3 (13) 3.6·10152÷ 3.4·10189

208Pb 52.4 (1) 516.9 (13) 1.2·10124÷ 7.4·10132

2 PbWO4 crystal from ancient Roman lead

When coming to low background measurements, the main
problem of lead is the high activity in 210Pb. The radioac-
tivity of “commercial” lead can be of the order of few tens
of Bq/kg, for ore-selected samples [18], while on other sam-
ples it can reach an activity of thousands of Bq/kg [19].

Besides the excellent performances that characterize
thermal detectors, a limiting factor arises from the rela-
tively slow time response of these devices. Depending on
the technology of the temperature sensors, as well as on
the dimension of the absorber, the time development of
the thermal pulse can range between few µs up to few
seconds. This last point has to be taken into account in
the case of crystal compounds based on lead.
210Pb is a decay product of the 238U decay chain, which
is present in all rocks and ores. During the melting of the
ore, 210Pb concentrates in the lead-metal, while all the
other long-lived radioactive nuclides of the 238U chain (
234U, 230Th and 226Ra) are extracted from the slag since
they are chemically different from Pb. Since the 210Pb
half-life is 22.3 y, its activity should be extremely small in
ancient samples. For this reason ancient Roman lead [20]
was used to grow our crystal. This lead, in form of ingots,
was recovered from the wreck of a Roman ship sunk near
the coast of Sardinia in the Mediterranean Sea. The 210Pb
content of this Roman lead was measured to be less than
4 mBq/kg. We decided to grow a standard lead containing
scintillator like a PbWO4 crystal [21]. A small sample of
this lead was sent to the Preciosa company in Hungary, to
grow an undoped PbWO4 crystal. The request to have a
clean and undoped crystal arises from two different con-
siderations:
– in a bolometer, the thermal signal strongly depends

upon the crystal purity;
– the scintillation yield of doped crystals normally de-

creases at very low temperatures, while for pure crys-
tals it increases [22] .
The PbWO4 crystal used in this work has dimensions

of 3.0⇥3.0⇥6.1 cm3 and a total mass of 454.1 g. A tiny
splint (⇠ 50 mg) was removed from the crystal and ana-
lyzed through ICP Mass Spectroscopy in order to evaluate
the isotopic abundances of the four lead isotopes. The re-
sults are shown in Tab. 2.

Table 2. Lead isotopic abundaces for the PbWO4 crystal,
evaluated with ICP-MS measurements. The values are in good
agreement with the natural abundances quoted in Tab. 1.

204Pb 206Pb 207Pb 208Pb

1.34±0.02 % 25.10±0.25 % 21.1±0.30 % 52.4±0.50 %

PTFE
Thermistor

PbWO4

Reflecting 
foil

Ge-LD

Fig. 1. Set-up of the detector. Two Cu columns, one fixing
the S-shaped PTFE and one fixing the LD Cu frame are not
visible due to the chosen cross section.

3 Experimental Set-up

The scheme of the set-up is shown in Fig. 1. The PbWO4

crystal is held by means of four S-shaped PTFE supports
fixed to four cylindrical Cu columns. It is surrounded
(with no direct contact) by a plastic reflecting foil (3M
VM2002). The Light Detector (LD) [27] is constituted
by a 36 mm diameter, 1 mm thick pure Ge crystal ab-
sorber working as a bolometer: it is heated up by the
absorbed photons and the temperature variation is pro-
portional to the scintillation signal. The Ge wafer is held
by two custom-shaped PTFE holders embedded in a cylin-
dric Cu frame. The frame is held above the PbWO4 crystal
using two Cu columns.

The temperature sensor of the PbWO4 crystal is a
3⇥3⇥1 mm3 Neutron Transmutation Doped (NTD) ger-
manium thermistor, the same used in the Cuoricino ex-
periment [28]. It is thermally coupled to the crystal via
9 glue spots of ⇡ 0.6 mm diameter and ⇡ 50 µm height.
The temperature sensor of the LD has a smaller volume
(one third of the PbWO4’s one) in order to decrease its

PWO measurement
Cooled down at ~15 mK:
- a 3x3x6.1 cm3 PWO crystal (m= 454 g)
- a 36 cm x 1 mm3 HPGe light detector
- PWO surrounded on 5 faces by 
reflecting foil (VM2002) 

PbWO4 grown with Ancient Roman Lead

Highly pure Lead (210Pb free)
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Table 1. ↵ transitions in Pb isotopes to the ground state of
daughter nuclei. Q↵ values are taken from [16], natural isotopic
abundances (�) from [17]. The theoretical expected half-lives
are evaluated using theoretical models given in [3,4,5,6,7].

Isotope � Q↵ Ttheor
1/2

[%] [keV] [y]
204Pb 1.4 (1) 1969.5 (12) 2.3·1035÷ 1.2·1037

206Pb 24.1 (1) 1135.5 (11) 1.8·1065÷ 6.7·1068

207Pb 22.1 (1) 392.3 (13) 3.6·10152÷ 3.4·10189

208Pb 52.4 (1) 516.9 (13) 1.2·10124÷ 7.4·10132
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When coming to low background measurements, the main
problem of lead is the high activity in 210Pb. The radioac-
tivity of “commercial” lead can be of the order of few tens
of Bq/kg, for ore-selected samples [18], while on other sam-
ples it can reach an activity of thousands of Bq/kg [19].

Besides the excellent performances that characterize
thermal detectors, a limiting factor arises from the rela-
tively slow time response of these devices. Depending on
the technology of the temperature sensors, as well as on
the dimension of the absorber, the time development of
the thermal pulse can range between few µs up to few
seconds. This last point has to be taken into account in
the case of crystal compounds based on lead.
210Pb is a decay product of the 238U decay chain, which
is present in all rocks and ores. During the melting of the
ore, 210Pb concentrates in the lead-metal, while all the
other long-lived radioactive nuclides of the 238U chain (
234U, 230Th and 226Ra) are extracted from the slag since
they are chemically different from Pb. Since the 210Pb
half-life is 22.3 y, its activity should be extremely small in
ancient samples. For this reason ancient Roman lead [20]
was used to grow our crystal. This lead, in form of ingots,
was recovered from the wreck of a Roman ship sunk near
the coast of Sardinia in the Mediterranean Sea. The 210Pb
content of this Roman lead was measured to be less than
4 mBq/kg. We decided to grow a standard lead containing
scintillator like a PbWO4 crystal [21]. A small sample of
this lead was sent to the Preciosa company in Hungary, to
grow an undoped PbWO4 crystal. The request to have a
clean and undoped crystal arises from two different con-
siderations:
– in a bolometer, the thermal signal strongly depends

upon the crystal purity;
– the scintillation yield of doped crystals normally de-

creases at very low temperatures, while for pure crys-
tals it increases [22] .
The PbWO4 crystal used in this work has dimensions

of 3.0⇥3.0⇥6.1 cm3 and a total mass of 454.1 g. A tiny
splint (⇠ 50 mg) was removed from the crystal and ana-
lyzed through ICP Mass Spectroscopy in order to evaluate
the isotopic abundances of the four lead isotopes. The re-
sults are shown in Tab. 2.

Table 2. Lead isotopic abundaces for the PbWO4 crystal,
evaluated with ICP-MS measurements. The values are in good
agreement with the natural abundances quoted in Tab. 1.

204Pb 206Pb 207Pb 208Pb

1.34±0.02 % 25.10±0.25 % 21.1±0.30 % 52.4±0.50 %

PTFE
Thermistor

PbWO4

Reflecting 
foil

Ge-LD

Fig. 1. Set-up of the detector. Two Cu columns, one fixing
the S-shaped PTFE and one fixing the LD Cu frame are not
visible due to the chosen cross section.

3 Experimental Set-up

The scheme of the set-up is shown in Fig. 1. The PbWO4

crystal is held by means of four S-shaped PTFE supports
fixed to four cylindrical Cu columns. It is surrounded
(with no direct contact) by a plastic reflecting foil (3M
VM2002). The Light Detector (LD) [27] is constituted
by a 36 mm diameter, 1 mm thick pure Ge crystal ab-
sorber working as a bolometer: it is heated up by the
absorbed photons and the temperature variation is pro-
portional to the scintillation signal. The Ge wafer is held
by two custom-shaped PTFE holders embedded in a cylin-
dric Cu frame. The frame is held above the PbWO4 crystal
using two Cu columns.

The temperature sensor of the PbWO4 crystal is a
3⇥3⇥1 mm3 Neutron Transmutation Doped (NTD) ger-
manium thermistor, the same used in the Cuoricino ex-
periment [28]. It is thermally coupled to the crystal via
9 glue spots of ⇡ 0.6 mm diameter and ⇡ 50 µm height.
The temperature sensor of the LD has a smaller volume
(one third of the PbWO4’s one) in order to decrease its
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PWO results
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Ancient Roman Lead
- Highly contaminated (238U and 232Th)

- FWHM heat channel 15 keV @ 2.6 MeV
- FWHM light channel 379 eV @ 6 keV
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Fig. 3. Energy spectrum of the ↵ region, acquired over 586 h
of measurement.

Unfortunately, we are not able to measure the energy par-
tition in the different channels, since we miss information
on the light collection efficiency of the LD, and obviously
we are not sensitive to the "blind" channel.

4.4 Internal contaminations

Even if the starting materials for the crystal growth had a
very high radiopurity level (Sect. 2) during the crystalliza-
tion process is possible to unintentionally introduce some
radioactive contaminants. These have been evaluated by
analyzing the ↵ region of the spectrum, due to the more
favorable signal-to-noise ratio.

As already pointed out, the background in this region
is essentially due to ↵ particles, which produce peaks and
a continuum of events generated by degraded ↵’s from the
surfaces of the crystal and the surrounding materials [36].
This is mainly due to an intense 210Po contamination of
the crystal as shown in Fig. 3.

By means of Monte Carlo simulations, we estimate the
background induced by a uniform 210Po contamination
throughout the crystal. We obtain a flat background from
zero energy up to the 210Po Q-value, the counting rate in
this region is 0.02 counts/keV.

We observe that the PbWO4 crystal is contaminated
in 230Th and 210Po, from the 238U decay chain, 232Th
(the whole 232Th decay chain) and 147Sm, see Tab. 5. For
the 232Th decay chain we report just the activity of the
progenitor of the chain, because the chain is at secular
equilibrium: in fact the crystal was grown more than 14
years before the measurement, thus all the nuclides of the
chain have the same activity. On the contrary for the 238U
chain we evaluate the activity of all isotopes since the
equilibrium is broken.

Table 5. Evaluated internal radioactive contaminations for
the PbWO4 crystal. Limits are at 90% C.L.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 51±8
238U 238U < 10

234U < 7
230Th 178±15
226Ra 1403±43
210Po (186±1)·103

147Sm 147Sm 7±5

Fig. 4. Low energy scatter plot. The green and blue lines
represent the 3 � acceptance region, respectively, for �/� and
↵ events.

4.5 Half-lives of lead isotopes

We report in Tab. 1 all the lead isotopes that we have
investigated with our PbWO4 crystal. The ↵/� discrimi-
nation allows us to easily disentagle the ↵ and �/� particle
interactions. Unfortunately, the more we go at low energy
the less efficient is the discrimination power due to the
poor energy resolution of the LD. For energy releases in
the PbWO4 crystal smaller than 1 MeV, �/� events leak
in the ↵ region, because the two bands start to merge.
Thus �/� events induce a negligible background for the
investigation of 204Pb and 206Pb decays, but not for 207Pb
and 208Pb, which are at lower energy. This background is
therefore evaluated by defining the 3 � acceptance region
for ↵ and �/� events, as shown in Fig. 4.

4.5.1 204Pb

It is theorized that 204Pb can ↵ decay on 200Hg, the Q-
value of the transition is 1969.5 keV. The alpha energy
spectrum in this energy region, shown in Fig. 5 clearly
shows no peak, but we have a flat background, as al-
ready mentioned in Sect. 4.4. We study an interval of 2.8 �

(that corresponds to a confidence interval of 99.5%) cen-
tered around the Q-value of the transition, being � the
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Unfortunately, we are not able to measure the energy par-
tition in the different channels, since we miss information
on the light collection efficiency of the LD, and obviously
we are not sensitive to the "blind" channel.

4.4 Internal contaminations

Even if the starting materials for the crystal growth had a
very high radiopurity level (Sect. 2) during the crystalliza-
tion process is possible to unintentionally introduce some
radioactive contaminants. These have been evaluated by
analyzing the ↵ region of the spectrum, due to the more
favorable signal-to-noise ratio.

As already pointed out, the background in this region
is essentially due to ↵ particles, which produce peaks and
a continuum of events generated by degraded ↵’s from the
surfaces of the crystal and the surrounding materials [36].
This is mainly due to an intense 210Po contamination of
the crystal as shown in Fig. 3.

By means of Monte Carlo simulations, we estimate the
background induced by a uniform 210Po contamination
throughout the crystal. We obtain a flat background from
zero energy up to the 210Po Q-value, the counting rate in
this region is 0.02 counts/keV.

We observe that the PbWO4 crystal is contaminated
in 230Th and 210Po, from the 238U decay chain, 232Th
(the whole 232Th decay chain) and 147Sm, see Tab. 5. For
the 232Th decay chain we report just the activity of the
progenitor of the chain, because the chain is at secular
equilibrium: in fact the crystal was grown more than 14
years before the measurement, thus all the nuclides of the
chain have the same activity. On the contrary for the 238U
chain we evaluate the activity of all isotopes since the
equilibrium is broken.

Table 5. Evaluated internal radioactive contaminations for
the PbWO4 crystal. Limits are at 90% C.L.

Chain Nuclide Activity
[µBq/kg]

232Th 232Th 51±8
238U 238U < 10

234U < 7
230Th 178±15
226Ra 1403±43
210Po (186±1)·103

147Sm 147Sm 7±5

Fig. 4. Low energy scatter plot. The green and blue lines
represent the 3 � acceptance region, respectively, for �/� and
↵ events.

4.5 Half-lives of lead isotopes

We report in Tab. 1 all the lead isotopes that we have
investigated with our PbWO4 crystal. The ↵/� discrimi-
nation allows us to easily disentagle the ↵ and �/� particle
interactions. Unfortunately, the more we go at low energy
the less efficient is the discrimination power due to the
poor energy resolution of the LD. For energy releases in
the PbWO4 crystal smaller than 1 MeV, �/� events leak
in the ↵ region, because the two bands start to merge.
Thus �/� events induce a negligible background for the
investigation of 204Pb and 206Pb decays, but not for 207Pb
and 208Pb, which are at lower energy. This background is
therefore evaluated by defining the 3 � acceptance region
for ↵ and �/� events, as shown in Fig. 4.

4.5.1 204Pb

It is theorized that 204Pb can ↵ decay on 200Hg, the Q-
value of the transition is 1969.5 keV. The alpha energy
spectrum in this energy region, shown in Fig. 5 clearly
shows no peak, but we have a flat background, as al-
ready mentioned in Sect. 4.4. We study an interval of 2.8 �

(that corresponds to a confidence interval of 99.5%) cen-
tered around the Q-value of the transition, being � the
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Fig. 5. Energy spectrum of just ↵ events, the dashed line
represents the expected 210Po flat background. The ROI for
204Pb and 206Pb decays are highlighted.

energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:

T1/2 = Nnuclei ·
✓

Ncounts

Tmeas · ✏TOT

◆�1

· ln(2) (4)

where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:

T

↵
1/2(

204
Pb) > 1.4 · 1020 y at 90% C.L.

4.5.2 206Pb

206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
1135.5 keV. The evaluated background is 0.2 counts, and
the observed number of events in the 2.8 � energy interval
(16.4 keV) around the Q-value is 0 counts. The lower-limit
on the 206Pb half-life is:

T

↵
1/2(

206
Pb) > 2.5 · 1021 y at 90% C.L.

4.5.3 207Pb

As already explained, for low energy ↵ decays, where events
from the � band can give a contribution to the ↵ region,

Fig. 6. Low energy scatter plot analyzed for investigating
207Pb ↵ decay. The blue and green lines represent the 90%
acceptance region, respectively, for ↵ and �/� events. The red
dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
region is our ROI.

we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T

↵
1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:

T

↵
1/2(

208
Pb) > 2.6 · 1021 y at 90% C.L. (5)

5 Conclusion

We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
nations were presented.
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puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:
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· ln(2) (4)

where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:
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206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
1135.5 keV. The evaluated background is 0.2 counts, and
the observed number of events in the 2.8 � energy interval
(16.4 keV) around the Q-value is 0 counts. The lower-limit
on the 206Pb half-life is:

T

↵
1/2(

206
Pb) > 2.5 · 1021 y at 90% C.L.

4.5.3 207Pb

As already explained, for low energy ↵ decays, where events
from the � band can give a contribution to the ↵ region,

Fig. 6. Low energy scatter plot analyzed for investigating
207Pb ↵ decay. The blue and green lines represent the 90%
acceptance region, respectively, for ↵ and �/� events. The red
dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
region is our ROI.

we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T

↵
1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:
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5 Conclusion

We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
nations were presented.
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energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:

T1/2 = Nnuclei ·
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Ncounts

Tmeas · ✏TOT

◆�1

· ln(2) (4)

where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:
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204
Pb) > 1.4 · 1020 y at 90% C.L.

4.5.2 206Pb

206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
1135.5 keV. The evaluated background is 0.2 counts, and
the observed number of events in the 2.8 � energy interval
(16.4 keV) around the Q-value is 0 counts. The lower-limit
on the 206Pb half-life is:
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4.5.3 207Pb

As already explained, for low energy ↵ decays, where events
from the � band can give a contribution to the ↵ region,

Fig. 6. Low energy scatter plot analyzed for investigating
207Pb ↵ decay. The blue and green lines represent the 90%
acceptance region, respectively, for ↵ and �/� events. The red
dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
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we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T

↵
1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:
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208
Pb) > 2.6 · 1021 y at 90% C.L. (5)
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We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
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energy resolution of the 180W peak (5.9 keV). The com-
puted 210Po background around the 2.8 � region of inter-
est (ROI) of 16.4 keV, is 0.3 counts, while the observed
number of counts is 0. Applying the Feldman-Cousins
method [37] we are able to set a 90% C.L. limit on the
half-life of 204Pb, using the following formula:

T1/2 = Nnuclei ·
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Ncounts

Tmeas · ✏TOT

◆�1

· ln(2) (4)

where: Nnuclei is the number of nuclei of the analyzed
isotope, Ncounts is the number of events estimated using
the Feldman-Cousin approach, Tmeas is the measurement
time in year and ✏TOT is the total efficiency of event-based
cuts, which is assumed to have the same value of the 180W
one. The computed lower-limit is:
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Pb) > 1.4 · 1020 y at 90% C.L.

4.5.2 206Pb

206Pb is energetically allowed to decay through the ↵ chan-
nel on 202Hg. The energy released in the decay is 1135.5 keV.
Looking at Fig. 5, we can estimate the 206Pb half-life ap-
plying the same procedure explained in the previous sec-
tion. The events distribution in the energy spectrum is
still flat in the 1 MeV region, so no excess is observed at
1135.5 keV. The evaluated background is 0.2 counts, and
the observed number of events in the 2.8 � energy interval
(16.4 keV) around the Q-value is 0 counts. The lower-limit
on the 206Pb half-life is:
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4.5.3 207Pb

As already explained, for low energy ↵ decays, where events
from the � band can give a contribution to the ↵ region,

Fig. 6. Low energy scatter plot analyzed for investigating
207Pb ↵ decay. The blue and green lines represent the 90%
acceptance region, respectively, for ↵ and �/� events. The red
dashed line is the energy cut applied for selecting the region
with the highest statistical significance, while the shadowed
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we should define an energy cut that maximizes the signal-
to-noise ratio at such low energy. In Fig. 6 is shown the
scatter plot around the Q-value: 392.3 keV, and the ap-
plied cut on the detected light that maximizes the statisti-
cal significance in that region. The estimated cut efficiency
is 53%.
In the analyzed 2.8 � interval (16.4 keV) around the Q-
value the number of observed events is 0 and the estimated
background is 1 counts, therefore we can set a lower-limit
on the 207Pb half-life:

T

↵
1/2(

207
Pb) > 1.9 · 1021 y at 90% C.L.

4.5.4 208Pb

The last natural occuring lead isotope to be analyzed is
208Pb. It can ↵ decay to 204Hg with an energy transition
of 516.9 keV. Also for this nuclide we apply the same pro-
cedure previously explained. The studied ↵ band is shown
in Fig. 7, the cut applied on the detected light has an
efficiency of 64%.

The interval centered around the Q-value of the tran-
sition is wide 2.8 � (16.4 keV). No events are observed in
the ROI, and the estimated background is 0 count. The
lower-limit on 207Pb half-life is:

T

↵
1/2(

208
Pb) > 2.6 · 1021 y at 90% C.L. (5)

5 Conclusion

We successfully tested a 454.1 g PbWO4 crystal as a bolome-
ter. The crystal was grown using low background ancient
Roman lead, and its performances and internal contami-
nations were presented.
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CONCLUSIONS
- scintillating bolometers are a suitable 
tool for investigating rare events (from 

keV to MeV scale)

- the double read-out brings an abrupt 
reduction of the background in the ROI

- particle discrimination allows to study 
low energy decays in almost bkg-free 

region

... bright future in low energy rare 
decay physics
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