
XXII GIORNATE DI STUDIO sui RIVELATORI – Giugno 2012 Emanuela Meroni 

Borexino 
 A detector for low 

energy solar neutrinos 

Emanuela Meroni 
Università e INFN Milano 



€ 

ν x + e− → ν x + e− (x = e,µ,τ )

Eν = 862 keV (monochromatic) 
ΦSSM = 4.8 · 109 ν s-1 cm2 

Cross section ≈ 10-44 cm2 (@ 1 MeV) 

Scattered electron energy  
spectrum 

νe 

νx 

A look at Borexino experiment: 



Outline 
•  Physics 
•  Detector concept 
•  Detector structure 

–  Scin>llator 
–  PMT 

–  Electronics 
–  Calibra>ons 

•  PMT equaliza>on 

•  Scin>llator stability 
•  Energy 

–  Muon detector 

–  Spa>al and Energy Reconstruc>on 
–   α/β discrimina>on 

–  Signal iden>fica>on 



Physics program  

•  Solar neutrinos in Borexino 

•  Neutrinos from the Earth 
•  Neutrino ar>ficial source in Borexino 
•  Supernova neutrinos in Borexino 



Solar neutrinos 

CNO cycle 

Related to solar metallicity 
Important in larger stars 
Contribu>on in Sun ? 

Dominant fusion mechanism in the Sun 

. 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Warm up slide II
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• The ! flux and spectrum are computed by the Standard Solar Models
• Metallicity controversy still debated (see later)

Real Time
SK+SNO

Real Time
Borexino

pp pep

note: hep neutrinos not included
in chart and spectrum (very small)

John N. Bahcall
1934 - 2005

pp ± 1%

7Be ± 10.5 %

8B ± 16%

pep ± 2%

7Be

8B



SSM Neutrino Spectrum 
Solar Standard Models predict spectra, fluxes of solar ν  
Solar Neutrino experiments can test SSM 

Tension between High and Low Metallicity SSM 

•  High Z SSM (GS) → higher heavy element 
abundances, agrees with helioseismology 

•  Low Z SSM (AGS) → lower heavy element 
abundances, does not agree with helioseismology 

pp ±1% 

Real Time  
Sk + SNO 
8B ±16% 

. 
Real Time 
Borexino 
7Be ±10.5% 



Neutrino Reactions in SNO  

-  Q = 1.445 MeV 
-  good measurement of νe energy spectrum 
-  some directional info ∝ (1 – 1/3 cosθ) 
-  νe only 

-  Q = 2.22 MeV  
-  measures total 8B ν flux from the Sun 
-  equal cross section for all active ν flavors 

NC
x x ν ν + + →+ n p d 

ES + →+ e− νe− ν x  

-  low statistics  
-  mainly sensitive to νe, some νµ  and  ντ 
-  strong directional sensitivity 

CC e− p p d + + → + ν e 

x 



Solar Neutrino Propagation 
If SSM predicts ν flux with high precision → probe neutrino oscilla>ons 

•  solar neutrinos do oscillate in their trip from the Sun’s core to Earth 

•  Interac>on with ma;er can affect oscilla?on (Wolfenstein) 
•  The oscilla>on probability can be enhanced by a resonance (Mikheyev & Smirnov) 

•  Energy Dependent of νe Survival Probability Pee 

MSW‐LMA scenario:  
current understanding of solar neutrino oscilla>on 

pp 

7Be 

The global analysis of all the available 
solar data, in the tan2 12 Δm2

21 space 



Solar Neutrino and 
Astrophysics wish list 

   Particle physics: 
–  Test MSW-LMA Pee with high accuracy 
–  Probe the Pee in the transition region, sensitive to Physics 

beyond Standard Model 

   Solar Astrophysics:  
–  Test SSM predictions, prove CNO cycle in Sun 
–  Test two competing models of SSM: High and Low Metallicity 



The Borexino experiment 
With a count rate lower of 45 ev/d from solar 

neutrinos, the limiting factor to the 
Borexino sensitivity is the signal-to 
background ratio 

Signal signature:  for the 7Be ν line at 
0.862 MeV, the profile of the recoil 
electrons is a unique “flat box” with a 
spectral edge at 0.66 MeV 
Detection via scintillator light: 
Needs: 

•  Very low energy threshold 
•  Good position reconstruction 
•  Good energy resolution 

Drawbacks: 
•  No directionality: photon emission 
in the scintillator is isotropic 
•  ν induced events can’t be 
distinguished from other β due to 
natural radioactivity 

Simulation: scattered e- energy spectrum 



CTF – Borexino – Chooz – SNO – Kamland … 

•  Onion structure 

–  Inner Vessel protected from external 
background 

•  Reduction of external background 
•  Reduction of PMT background 

–  Identification of cosmic muon and 
induced radioactivities 



Stainless Steel Water Tank
18m !

Stainless Steel
Sphere 13.7m !

2200 8" Thorn EMI PMTs

Water

Buffer

100 ton 
fiducial volu

Borexino Design

Pseudocumene

Buffer

Steel Shielding Plates
8m x 8m x 10cm and 4m x 4m x 4

Scintillator

Nylon Sphere
8.5m !

Holding Strings

200 outward
pointing PMT

Muon veto:

Nylon film
Rn barrie

• Borexino is located under the Gran Sasso mountain which provides a shield 
against cosmic rays (4000 m water equivalent); 

Core of the detector: 278 tons of liquid 
scintillator contained in  a nylon vessel 
of 4.25 m radius (PC+PPO); 

1st shield: 890 tons of ultra-pure buffer 
liquid (PC+quencher) contained in a 
stainless steel sphere of 6.75 m radius; 

2nd shield: 2100 tons of ultra-pure water 
contained in a cylindrical dome; 

2214 photomultipliers pointing towards 
the center to view the light emitted by 
the scintillator (1843 with opt. concentr.) 

200 PMTs mounted on the SSS pointing outwards to detect light emitted in the water 
by muons crossing the detector; 

External nylon vessel; it is a barrier 
against Rn emitted by PMT and s.steel 

Borexino detector 



What does of Borexino a unique detector ? 

  According to the SSM, the order of magnitude of sub‐MeV solar ν interac>ons rate is a few tens 
counts/day for about 100 ton of target material (ac>vity of a few 10‐9 Bq/kg): 

✗   … drinking water ~ 10 Bq/kg, air ~10 Bq/kg, rock ~ 100‐1000 Bq/kg 

 ➠   the core of the Borexino detector must be 9‐10 orders of magnitude less radioac>ve than any thing on Earth.  

✗  Typical radioac>ve contaminants in solid materials and water are 238U and 232Th daughters, and 40K.  

✗  Air and therefore normally also commercially available nitrogen are typically contaminated by noble gases 
like 222Rn, 39Ar and 85Kr.  

✗  Severe requirements in terms of radiopurity, not only for the scin>llator itself, but also for the surrounding 
materials.  

✗  Addi>onally, the neutrino target (100 ton of ‘‘fiducial volume‘‘ in Borexino) must be almost completely 
shielded from external γ radia>on and neutrons origina>ng from the rock and from the detector materials.  

➥  For almost 20 years the Borexino collabora>on has been addressing this problem by developing 
suitable purifica>on techniques for scin>llator, water, and nitrogen, by performing careful 
material selec>ons, by developing innova>ve cleaning techniques for metal surfaces, and by 
building and opera>ng a prototype of the Borexino detector 

➠The very low level of radioactivity 



The GranSasso underground laboratory 
•  3 experimental halls: 100 m long, 18m high 

•  Natural temperature 6° C 

•  Rela>ve humidity: 100% 
•  Loca>on: 963 m over sea level 

•  Max thickness of the rock overburden: 1400m 
(3800 m.w.e)  

✗  Cosmic ray flux: 
•  Earth surface:  

•  100 muons /(m2 s) 

•  Inside Laboratory: 

•   Eµ > 1.4 TeV 

•   flux:  1 muon /(m2 h) 

✗  Low natural radioac>vity 



Backgrounds & facilities @ LNGS 
Muon Flux 

1.1  µ m-2 h-1 

Primordial Radionuclides 
238U 6.8 ppm Rock (Hall A) 

0.42 ppm Rock (Hall B) 

0.66 ppm Rock (Hall C) 

1.05 ppm Concrete All Halls 

232Th 2.167 ppm Rock (Hall A) 

0.062 ppm Rock (Hall B) 

0.066 ppm Rock (Hall C) 

0.656 ppm Concrete All Halls 

K 160 ppm Rock 

Low-level radioactivity measurements 
issues: 

 Material selection and sample measurements (HPGe) 

   Background characterization of halls A,B,C with 
portable HPGe detector (Gamma spectrometry and 
directional photon flux) 

  Radiocarbon and tritium measurements (Radiodating 
Laboratory) 

  Radon groundwater monitoring (Environmental and 
geophysical monitoring of the Gran Sasso aquifer) 

  Development and characterization of new detectors  
(for nuclear spectrometry of environmental radioactivity) 

Neutron Flux 

1.08 10-6 n cm-2 s-1 (0-0.05 eV) 

1.84 10-6 n cm-2 s-1 (0.05 eV- 1 keV)  

0.54 10-6 n cm-2 s-1 (1 keV-2.5 MeV)  

0.32 10-6 n cm-2 s-1 (> 2.5 MeV)  



Borexino in hall C of LNGS 



Background suppression strategies 
= 15 years of work 

•   γ’s  from rocks, PMT, tank, nylon vessel 
–  Detector design: concentric shells to shield the inner scin>llator  
–  Material selec>on and surface treatment 
–  Clean construc>on and handling 

•  Internal background (238U, 232Th, 40K, 39Ar, 85Kr, 222Rn) 
–  Scin?llator purifica?on:  

•  Dis>lla>on (6 stages dis>lla>on, 80 mbar, 90 °C) 
•  Vacuum Stripping by LAK N2 (222Rn: 8 µBq/m3, Ar: 0.01 ppm, Kr: 0.03 ppt)  
•  Humidified with water vapor 30% 

–  Master solu?on (PPO) purifica?on:  
•  Water extrac?on ( 5 cycles) 
•  Filtra>on 
•  Single step dis?lla?on 
•  N2 stripping with LAKN 

–  Leak requirements for all systems and plants < 10‐8 atm/cc/s 
•  Cri>cal regions (pumps, valves, big flanges, small failures) were protected with addi>onal 

nitrogen blanke>ng 

17 



Main plants 
•  . 
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15 years of work: background level  
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External Backgrounds 

  γ rays from the rocks walls, from detector components 
   graded shield of progressively lower radioac>vity 
   Fiducial Volume 
   222Rn barrier 
   radiopurity of the materials 

  Aren>on to cleanliness during construc>on 

  Cosmogenic Background 
–   Fast decaying background  (removed 

by tagging with the parent muon) 
–   CNO‐pep NW: the 11C problem  
   muon detector 

µ + secondaries + 
cosmogenics 



The detector 

Model 



The outer water tank and the  
water buffer 

   A stainless steel domed cylinder 
–  Diameter: 18m 

–  Height: 16.5 m 

   Space between outer tank and sphere is filled with 
ultra‐purified water 

   Main func>on of water buffer: reduc>on of γ and n 
flux emanated from the rock 

Radiopurity 
requirements 

238U, 235Th 
[g/g] 

natK  
[g/g] 

222Rn 
[Bq/m3] 

borexino 10-10 10-7 1 

CTF 10-13 10-10 10-3 

Raw LNGS water 10-10 10-7 104 

WPP output 3x10-14 <5x10-11 <3x10-3 

Water plant 

Isotope Energy(MeV) Flux(m-2 d-1) 

228Ac 0.911 0.5 107 

214Bi 1.120 1.4 107 
40K 1.460 3.8 107 
214Bi 1.764 1.7 107 
208Tl 2.614 1.4 107 

Local γ background in the 
LNGS halls 

•  Inverse osmosis + CDI deionizer 
•  Ultra‐Q filter down to class 10 
   (0.02μm Teflon filters) 
•  Nitrogen stripping column 

•  2 m3/h produc>on rate 
•  U, Th: < 10‐14 g/g 
•  222Rn: ~ 300 mBq/m3 

•  226Ra < 0.8 mBq/m3 

. 



The stainless steel sphere 
   Dimension: diameter 13.7 m 

   Wall: 8 mm thick plates in the top,  

   10 mm in the borom hemisphere 

   20 legs welded to the tank base plate  

   Internal surface has been picked and passivated: 
reflec>vity 40% 

   Part of the containment system that stands the 
buoyancy force between the lighter scin>llator 
and buffer liquids and the water 

   It is the support structure for the PMT 

   2200 PMT’s of the inner part are mounted 
directly on its internal surface 

   200 PMT’s of the muon veto system are 
mounted on the outer surface 



The Inner Vessel (IV) 
one of the most challenging 

components of Borexino 
   In order not to affect the signal 

detection: 
•  Optically transparent in the 350-500 

nm range 
•  Fraction of light scattered above a 

certain angle < few % 
   It must be chemically resistant to 

aromatic hydrocarbons, like PC, and have a 
low permeability for aromatic, water and 
Rn 

   It must preserve its mechanical integrity 
for several years, in presence of the 
buoyancy force due to 0.1 % density 
difference between scintillator and buffer 

   It must have a low radioactive level 
   Barrier against 222Rn diffusion from buffer 

Vessel diameter 8.5 m 
Film thickness 125 µm 
Nylon type Nylon-6 
238U content 1.7 ± 0.2 ppt 
232Th content 3.6 ± 0.5 ppt 
222Rn barrier factor < 10-7 

Trasmittance (366nm) 98.3 ± 0.6 % 
Haze (<3.5°) 0.28 ± 0.04 % 
Max load (operating load) 40 Mpa (2Mpa) 

   A second nylon vessel is installed outside 
the IV.  
•  It insulates the IV from the outer 

regions of the detector. 
•   It is made with the same nylon film , 

but has a larger (11 m) diameter 



IV assembly 
The vessel fabrication was done in a 

controlled clean room environment, 
where a Rn filter was installed.  

The deposition of 210Pb, a long-lived 
radon daughter, on the vessel walls 
would cause a permanent source of 
background 



IV inflation 



Scintillator 

The ac>ve target are 300 tons of organic liquid 
scin>llator 

•  A binary mixture of pseudocumene (1,2,4‐
trimethylbenzene or PC) used as solvent, 
with PPO (2,5 diphenyloxazole), used as 
primary fluor in the concentrator of 1.5 g/l 

•  The PC/PPO solu>on sa>sfied requirements: 

•  High scin>llator yield 

•  High light transparency 

•  Fast decay >me (~3 ns) 

•  Feasible techniques to purify hundred 
of tons 

•  PC is a scin>llator , and the addi>on of small 
quan>ty of PPO greatly improves the >me 
response and shivs the emission λ spectrum 
to higher values to match the PMT efficiency 

Storage area and plants 



•  The test of the scin>llator was performed in the Borexino 
prototype CTF (4 ton of PC + PPO in a spherical vessel viewed by 
100PMTs).  

–  it was possible to single out and quan>fy the effect of 
processes like absorp>on and re‐emission off the fluor (PPO ) 
and scarering on the solvent (pseudocumene).  

–  The energy resolu>on cri>cally relies: 
•  on the high light yield and low auto‐absorp>on of the 

scin>llator 
  a light yield of ~ 10 000 photons/MeV 

•  on op>mal match between the emired light spectrum 
and the PMT quantum efficiency     

   its emission spectrum peaks at 360nm, thus matching 
well the phototube peak efficiency.  

•  This fact, together with the low absorp>on of the scin>llator  and 
buffer fluid leads to an overall light collec>on of ~ 500 pe/MeV of 
deposited energy, corresponding to a resolu>on (1σ) of ~ 5% at 
1MeV.  

•  The >me response of the scin>llator is cri>cal:  

•  a fast response is needed to achieve good posi>on resolu>on 

•  while α/β discrimina>on relies on the different shapes of the 
photon >me distribu>on for α and β events.  

Scintillator 
as a Cherenkov muon counter and muon tracker. The muon flux,
although reduced by a factor of 106 by the 3800m w.e. depth of
the Gran Sasso Laboratory, is of the order of 1m!2 h!1,
corresponding to about 4000 muons per day crossing the detector.
This flux is well above Borexino requirements and a strong
additional reduction factor (about 104) is necessary. Therefore the
WT is equipped with 208 PMTs that collect the Cherenkov light
emitted by muons in water. In order to maximize the light
collection efficiency the SSS and the interior of the WT surface are
covered with a layer of Tyvek, a white paper-like material made of
polyethylene fibers (see Fig. 5).

3. The scintillator

The choice of the scintillator mixture was performed taking
into account both its optical properties and the radiopurity
constraints dictated by the experiment physics goals. The
scintillator optical properties have been widely studied on small
and medium scale samples by using both ultra-violet light as well
as a, b and g radiation [12,13]. These measurements allowed for
the comparison of the main characteristics of different scintilla-
tors (emission spectrum, time response, light yield, a=b discrimi-
nation capability) in order to select the most suitable one for
Borexino [13].

The final test of a large scale sample of the selected scintillator
mixture was performed in the Borexino prototype CTF (4 ton of
PC" PPO in a spherical vessel viewed by 100 PMTs). Due to the
large size and 4p sensitivity of the apparatus, the CTF test made it
possible to single out and quantify the effect of processes like
absorption and re-emission off the fluor (PPO) and scattering on
the solvent (pseudocumene). These phenomena were found to
have a significant impact on the overall performance of the
detector. In particular, the energy and position resolution were
most severely affected [14]. The energy resolution critically relies
on the high light yield and low auto-absorption of the scintillator,
as well as having an optimal match between the emitted light
spectrum and the PMT quantum efficiency. The PC" PPO mixture
has a light yield of ’ 10000photons/MeV and its emission
spectrum peaks at 360nm (see Fig. 6) thus matching well the
phototube peak efficiency. This fact, together with the low
absorption of the scintillator7 and buffer fluid (see Fig. 7) leads
to an overall light collection of ’ 500photons/MeV of deposited
energy, corresponding to a resolution #1s$ of ’ 5% at 1MeV. The
time response of the scintillator is also critical: in particular, a fast
response is needed to achieve good position resolution, while a=b
discrimination relies on the different shapes of the photon time
distribution for a and b events. The time response of the PC" PPO
mixture chosen for Borexino was measured on a small sample of
scintillator and is shown in Fig. 8 for both a and b particles: the
curves can be phenomenologically described as the sum of several
exponentials having time constants ti. The first exponential
(corresponding to the fastest time decay) accounts for most of
the emitted light (90% in the case of bs and 65% in the case of as)
and has t % 3:5ns (only a factor 2 larger than the intrinsic PPO
time decay). The difference in the amount of light emitted at
longer times (10% in the case of b’s and 35% in the case of a’s) is
crucial for the effectiveness of pulse-shape discrimination
techniques. See Refs. [15,16,50] for details.

4. The nylon vessels

The design of the Borexino scintillator containment system is a
coherent part of the general strategy to keep a large volume of
scintillator in place while minimizing the radioactive background
from the materials in contact with it. As described in Section 2,
Borexino exploits a heavy mechanical component, the 6.85m
radius SSS, both for the support of large buoyant forces due to the
need for an external water shield, and also to act as a support
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Fig. 6. Emission spectrum of the PC" PPO mixture used in Borexino.

Fig. 7. Attenuation length of PC (full squares) and PPO (empty circles).
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7 It should also be noted that whenever a photon is absorbed by PPO it has a
high probability (80%) to be re-emitted with a random direction and with the
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the photon is not lost, but effectively ‘‘slowed down’’.
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large size and 4p sensitivity of the apparatus, the CTF test made it
possible to single out and quantify the effect of processes like
absorption and re-emission off the fluor (PPO) and scattering on
the solvent (pseudocumene). These phenomena were found to
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on the high light yield and low auto-absorption of the scintillator,
as well as having an optimal match between the emitted light
spectrum and the PMT quantum efficiency. The PC" PPO mixture
has a light yield of ’ 10000photons/MeV and its emission
spectrum peaks at 360nm (see Fig. 6) thus matching well the
phototube peak efficiency. This fact, together with the low
absorption of the scintillator7 and buffer fluid (see Fig. 7) leads
to an overall light collection of ’ 500photons/MeV of deposited
energy, corresponding to a resolution #1s$ of ’ 5% at 1MeV. The
time response of the scintillator is also critical: in particular, a fast
response is needed to achieve good position resolution, while a=b
discrimination relies on the different shapes of the photon time
distribution for a and b events. The time response of the PC" PPO
mixture chosen for Borexino was measured on a small sample of
scintillator and is shown in Fig. 8 for both a and b particles: the
curves can be phenomenologically described as the sum of several
exponentials having time constants ti. The first exponential
(corresponding to the fastest time decay) accounts for most of
the emitted light (90% in the case of bs and 65% in the case of as)
and has t % 3:5ns (only a factor 2 larger than the intrinsic PPO
time decay). The difference in the amount of light emitted at
longer times (10% in the case of b’s and 35% in the case of a’s) is
crucial for the effectiveness of pulse-shape discrimination
techniques. See Refs. [15,16,50] for details.

4. The nylon vessels

The design of the Borexino scintillator containment system is a
coherent part of the general strategy to keep a large volume of
scintillator in place while minimizing the radioactive background
from the materials in contact with it. As described in Section 2,
Borexino exploits a heavy mechanical component, the 6.85m
radius SSS, both for the support of large buoyant forces due to the
need for an external water shield, and also to act as a support
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Emission spectrum 
PC+PPO 

Arenua>on length (cm) 

PPO 

PC 

λ(nm) 

λ(nm) 

   the Λ(λ) values for interac>on with 
PPO are very small for short λ of the 
PPO emission spectrum 

   thus most of the interac>ons 
between photons and PPO 
happen very near to the 
primary scin>lla>on point.  

Phototube sensi>vity threshold 



The inactive buffer  
(Space between the SSS and the Inner Vessel)  

1000 m3 of buffer liquid (pure pseudocumene + quencher) 

   The Light yield is ~20 >mes lower than the scin>llator solu>on PC+PPO (fluor)  
   Quencher: 5 g/l of dimethylphthalate (DMP)  to reduce the background rate of high 

energy γ‐rays coming from PMT into the buffer (12 Hz of triggers).  

   Its density matches the scin>llator density within 1 part in 103, minimizing the 
mechanical stresses on the IV 

   The refrac>on indexes of the 2 liquids match within 1%: the scin>llator light is minimally 
disturbed during its propaga>on from reflec>on and refrac>on at the interfaces. This 
means a berer posi>on iden>fica>on. 

   The light arenua>on length and the scarering mean free path length exceed 5m at the 
scin>llator light wavelength 

   Its low intrinsic radiopurity (10‐15 g/g 238U and 232Th) allows the buffer to have a low 
impact on the external background rate 



CTF mixtures measured for α and β excita>on.  

The >me decay of the emired light is  

phenomenologically described by the sum of few  
exponen>als having >me constants 

 qi is the frac>on of the light emired following the >me behaviour  

•  To improve the posi>on resolu>on of the reconstructed scin>lla>on event, it is 
important to have the shortest possible >me decay.  

•  The difference in the amount of light emired at longer >mes for α and β events is the 
basis of the α-β discrimina>on capability.  

Scintillator: decay time 

Excitation First component Second component Third component 
τi [ns]     qi [%] τi [ns]     qi [%] τi [ns]     qi [%] 

α 3.25       63.0 13.5        17.8 60.0        11.9 
β-γ 3.57       89.5 17.6          6.3 59.5         4.2 

First exponential 
accounts for most of 
the emitted light 

The fasted τ1=3.5ns 
is only 2 times 
larger than the 
intrinsic PPO light 
time decay (1.6ns) 



Phototubes 



Phototubes and light concentrators 
•  The scintillation light is detected by an array of 2240 PMT, mounted on 

the SSS internal surface, filled with PC. Rear part immersed in water 
•  200 PMT’s are mounted outside the sphere to detect the Cerenkov light 

of the muon tracks (muon veto system) 

Parameters adopted for tube selec>on: 
•  A high photocathode quantum efficiency (> 21%) in the wavelenght region around 420 

nm 

•  A low transit >me spread (< 1.3 ns), needed for a good >me and posi>on reconstruc>on 
•  A low radioac>vity glass (specially commissioned Schor glass bulb) 

6.6 x 10‐8 g/g of 238U, 3.2 x 10‐8 g/g of 232Th and 1.6 x 10‐5 g/g of Knat 
10 >mes berer than normal glass. 

They are the largest source of external g background 

•  A low aver pulse frequency (< 5%). This can affect α/β discrimina>on 

•  A low dark count rate (< 20 kHz) to avoid instrumental background and keep within 
reasonable limits the random trigger rate 

•  A good single photoelectron pulse height resolu>on(paek/valley>1.5) to assure a 
precise threshold sexng and a good stability control of the tube 



Hamamatsu R5912 HQE : laser s.e.r. 

P/V = 4.0 

Laboratory test 

FWHM = 2.35 

Gaussian fit 

Hamamatsu R5912 HQE : tts 

AFTERPULSES = 6.3% 

Hamamatsu R5912 HQE : after pulse 

The laboratory setup is 
composed of a dark box 
with: 

•  mu‐metal shield,  

•  a pico‐second laser (405 
nm) 

Hamamatsu R5912 HQE   

Box + Linear focusing dynods 10 stages 

8” super bialkaly  

Dark Noise ~ 2 Khz @ 294 K 

34-38% quantum efficiency   

Bkg ~ 1.5 Bq/Pmt      Gain ~ 107 



Phototubes and light concentrators 

Inside view of 
the Shere 

Each device is immersed in the buffer. 
The final part of the end-caps and the 
HV cables and connecors are imeersed 
in the outer water 



Phototubes and light concentrators 
PMT moun>ng: 
•  The PMT installa>on is realized inser>ng the feed‐

through into the SSS hole and then securing it through a 
rear nut 

•  An isola>ng material (phenolic resin) electrically 
decouples the device to avoid ground loops and also 
acts as the groove for the Viton o‐ring use to assure the 
>ghtness 

•  All the 2200 feeds‐through have been tested by means 
of a custom made mass spectrometer, using Ar as a 
trace gas to evaluate the leak rate. 

•  The feed‐through accommodates the underwater 
connector; a further poxng with epoxy resin is realized 
to have a second barrier against water infiltra>on 



Phototubes and light 
concentrators 
Cylindrical housing 

•  The base of the neck of the tube is 
enclose in a cylindrical stainless steel 
housing (90 mm diameter) 

•  The housing is fixed to the glass of 
the neck through a PC proof epoxy 
resin, wich acts as a structural 
adhesive and is a protec>on barrier 
against the PC permea>on. 

•  The empty space inside the cylinder 
is filled with an inert organic oil 

•  Last barrier against PC is a heat shrink 
teflon tube, glued between the glass 
and the steel can. 

Light Concentrator: 
•  1800 PMT’s are coupled to op>cal 

concentrators, to increase the light 
collec>on efficiency and to collect only 
photons coming from IV 

•  They consist of high purity sov 
aluminium. The surface was electro‐
polished to increase specular 
reflec>vity (90% in the wavelength of 
370‐450 nm) 



Muon detector 
Why a muon detector ? 
•  The rate of muons intersec>ng the external water tank and 

the SSS and producing Cherenkov or scin>llator light is s>ll 
~10000 events/day. 

•  An efficient iden>fica>on of muons and of muon‐induced 
backgrounds is needed: 

  Muons produce neutrons and unstable nuclei by 
spalla>on processes along their trajectory through the 
detector whose decays can mimic the expected signals;  

  for isotopes with half‐lives longer than a few seconds, 
the dead >me induced by a muon‐related veto becomes 
unacceptably long, unless its applica>on can be 
restricted to a sub‐volume along the muon track;  

  Consequently, not only the iden>fica>on of muons with 
very high efficiency but also a precise reconstruc>on of 
their tracks is of primary importance for the physics 
program of the experiment. 



Muon detector 
Outer muon system: 
•  The region between the SSS and the tank is filled with 2200 tons of ultrapure 

water 

•  Beside ac>ng as a passive radia>on shield, this volume contains also the 
Cherenkov detec>on system for muons. 

•  208 outward‐poin>ng PMT’s, mounted outside the SSS, are equipped with wave 
shiver plates and connected to an independent electronics system. To increase 
the photoelectron yield and the number of hit PMT’s the outer SSS surface is 
covered by a thin layer (200mm) of Tyvek, that reflect the Cerenkov radia>on  

•  Assuming no light obstruc>on, each muon track should light 90‐150 PMT’s, with a 
maximum yield of about 500 p.e. on the PMT closest to the track 

•  The expected veto efficiency is well over 99.99% 

•  The inner detector and the offline sovware analysis are then performed on the 
remainder, yielding to a final muon‐induced backgroung lower than 1 event/day 



Outer Muon Detector:  
Phototubes  
and  
Tivek 

The muon veto PMT’s are outside the sphere, 
completelly immersed in water 

The gain of the active adders is adjusted to reach a mean
amplitude of 5 flash-ADC counts per p.e. This would lead to a
maximum dynamic range of about 50 p.e. if they were all
synchronous, leading to a maximum of 12.5MeV at the center of
the detector and much less at the limit of the fiducial volume.
Actually, due to the dispersion in the emission time of the
photons, the simulation shows that, for the whole fiducial volume,
the mean value of the energy loss due to saturation reaches about
1% at 10MeV. Since saturation occurs, by definition, with high
amplitude signals and high amplitude signals are not subject to
large statistical fluctuations of their shape, the lost energy is
recoverable by fitting the expected pulse shape on the unsatu-
rated part of the signal.

6. The OD

Even though the rock shielding reduces the muon flux by
a factor 106, high energy muons originating within cosmic ray
interactions in the atmosphere are still able to penetrate to the
depth of the Gran Sasso laboratory. In this context they constitute
a relevant source of background for the experiment and must be
tagged with high efficiency for the success of the 7Be neutrino flux
measurement as well as of the rest of the physics program.

Among the tagging methods, a key role is played by the OD, a
water Cherenkov detector composed of 208 additional PMTs
installed in the volume of the WT, where an ultra-clean water
buffer is present for shielding purposes.

The PMTs are of the same model of those used for the
inner detector (8 in. encapsulated ETL 9351) and are arranged
on the outer side of the SSS and on the floor of the WT. The
PMTs parameters are summarized in Table 1. The PMTs must
work in water and under almost 2 atm of pressure at the WT
bottom. Therefore, their mechanical arrangement, the connectors
and the cables are designed and chosen to be reliable in these
conditions.

Unlike those mounted inside the sphere, OD PMTs are
equipped with a full encapsulation (see Fig. 13). This is a
stainless steel cone-shaped case, housing the PMT, the voltage
divider, the m-metal shielding and a female HV connector. The
m-metal shielding is a thin metal foil required to protect the PMT
against the Earth’s magnetic field that could spoil the time
resolution. The HV connectors mate with 55m submarine cables
identical to those used for inner detector PMTs. These cables carry
both HV and the signal connecting the PMT to the electronics
chain. The sensitive photocathode is covered only by a transparent
PET foil (the transparency is 90–92% in the frequency range
of interest), so the PMT retains an acceptance angle close to 180!.
The space between the case (including the PET foil on the front)
and the PMT is filled with mineral oil in order to minimize
the index of refraction discontinuities in the light path to the
photocathode. A detailed description of the encapsulation design
and its pressure tests can be found in Ref. [36].

In order to increase the light detection efficiency, most of the
WT and SSS surfaces "# 95%$ are covered with sheets of Tyvek, a
white paper-like material, %200mm thick, made of pressed
polyethylene fibers.

In the original detector’s layout the 208 PMTs were arranged in
12 horizontal rings on the outer SSS surface, every PMT looking
radially outward. In this way the 590m2 surface of the SSS was
populated with one PMT every 2:8m2 (1:7m linear average
distance) and, according to simulations, the 99% detection
efficiency required to suppress the muon flux was met.

However, though not strictly required for the 7Be primary
physics goal of Borexino, the additional possibility of reconstruct-
ing also the track of the through-going muon is of fundamental

help in the reduction of 11C background for pep and CNO
measurements. This ambitious goal requires the highest possible
efficiency of direct light detection, reflected light being of
hinderance in this respect. In the new design, the lowest quarter
of the PMTs are re-positioned on the WT floor looking upward in
five concentric rings. This is a structural feature of the WT: along
the circular perimeter of the floor, the volume up to a height
of %1:5m and degrading inward for about the same length is
filled with massive steel for engineering reasons. This offers a
comfortable surface with a %45! inclination where installed PMTs
look roughly toward the sphere. Monte Carlo simulations have
shown that this configuration reduces the amount of reflected
light detected by the PMTs, without spoiling the muon detection
efficiency.

As said earlier, each PMT is connected to the electronics via a
single cable that brings both HV and the signal. Unlike the ID
electronic chain, the HV decoupling is not performed within the
front-end electronics, but is performed externally in custom
decoupling boxes (HVDs) with a high pass filter circuit. The signal
goes from the HVD boxes to the front-end electronics.
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Fig. 13. Sketch of the encapsulation of the outer detector PMTs (top) and a front
picture of an encapsulated PMT (bottom).
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The gain of the active adders is adjusted to reach a mean
amplitude of 5 flash-ADC counts per p.e. This would lead to a
maximum dynamic range of about 50 p.e. if they were all
synchronous, leading to a maximum of 12.5MeV at the center of
the detector and much less at the limit of the fiducial volume.
Actually, due to the dispersion in the emission time of the
photons, the simulation shows that, for the whole fiducial volume,
the mean value of the energy loss due to saturation reaches about
1% at 10MeV. Since saturation occurs, by definition, with high
amplitude signals and high amplitude signals are not subject to
large statistical fluctuations of their shape, the lost energy is
recoverable by fitting the expected pulse shape on the unsatu-
rated part of the signal.

6. The OD

Even though the rock shielding reduces the muon flux by
a factor 106, high energy muons originating within cosmic ray
interactions in the atmosphere are still able to penetrate to the
depth of the Gran Sasso laboratory. In this context they constitute
a relevant source of background for the experiment and must be
tagged with high efficiency for the success of the 7Be neutrino flux
measurement as well as of the rest of the physics program.

Among the tagging methods, a key role is played by the OD, a
water Cherenkov detector composed of 208 additional PMTs
installed in the volume of the WT, where an ultra-clean water
buffer is present for shielding purposes.

The PMTs are of the same model of those used for the
inner detector (8 in. encapsulated ETL 9351) and are arranged
on the outer side of the SSS and on the floor of the WT. The
PMTs parameters are summarized in Table 1. The PMTs must
work in water and under almost 2 atm of pressure at the WT
bottom. Therefore, their mechanical arrangement, the connectors
and the cables are designed and chosen to be reliable in these
conditions.

Unlike those mounted inside the sphere, OD PMTs are
equipped with a full encapsulation (see Fig. 13). This is a
stainless steel cone-shaped case, housing the PMT, the voltage
divider, the m-metal shielding and a female HV connector. The
m-metal shielding is a thin metal foil required to protect the PMT
against the Earth’s magnetic field that could spoil the time
resolution. The HV connectors mate with 55m submarine cables
identical to those used for inner detector PMTs. These cables carry
both HV and the signal connecting the PMT to the electronics
chain. The sensitive photocathode is covered only by a transparent
PET foil (the transparency is 90–92% in the frequency range
of interest), so the PMT retains an acceptance angle close to 180!.
The space between the case (including the PET foil on the front)
and the PMT is filled with mineral oil in order to minimize
the index of refraction discontinuities in the light path to the
photocathode. A detailed description of the encapsulation design
and its pressure tests can be found in Ref. [36].

In order to increase the light detection efficiency, most of the
WT and SSS surfaces "# 95%$ are covered with sheets of Tyvek, a
white paper-like material, %200mm thick, made of pressed
polyethylene fibers.

In the original detector’s layout the 208 PMTs were arranged in
12 horizontal rings on the outer SSS surface, every PMT looking
radially outward. In this way the 590m2 surface of the SSS was
populated with one PMT every 2:8m2 (1:7m linear average
distance) and, according to simulations, the 99% detection
efficiency required to suppress the muon flux was met.

However, though not strictly required for the 7Be primary
physics goal of Borexino, the additional possibility of reconstruct-
ing also the track of the through-going muon is of fundamental

help in the reduction of 11C background for pep and CNO
measurements. This ambitious goal requires the highest possible
efficiency of direct light detection, reflected light being of
hinderance in this respect. In the new design, the lowest quarter
of the PMTs are re-positioned on the WT floor looking upward in
five concentric rings. This is a structural feature of the WT: along
the circular perimeter of the floor, the volume up to a height
of %1:5m and degrading inward for about the same length is
filled with massive steel for engineering reasons. This offers a
comfortable surface with a %45! inclination where installed PMTs
look roughly toward the sphere. Monte Carlo simulations have
shown that this configuration reduces the amount of reflected
light detected by the PMTs, without spoiling the muon detection
efficiency.

As said earlier, each PMT is connected to the electronics via a
single cable that brings both HV and the signal. Unlike the ID
electronic chain, the HV decoupling is not performed within the
front-end electronics, but is performed externally in custom
decoupling boxes (HVDs) with a high pass filter circuit. The signal
goes from the HVD boxes to the front-end electronics.
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Fig. 13. Sketch of the encapsulation of the outer detector PMTs (top) and a front
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Muon track 

•  Angular distribu>ons 
of muons produced 
by the CNGS μ beam.  

•  Tracks in Borexino are 
required to cross both 
ID and OD. 

Azimuth φ and inclina>on θ 
distribu>ons for cosmic 
muon tracks detected at 
the LNGS 
Grey area: Macro results 



Cosmogenic background in Borexino 
•  ∼5000 muon/day crossing the SSS 

•  ∼5000 muon/day crossing only the water tank 

•  Neutrons are produced in the outer rock due to fission and (α,n) reac>on on 
light elements.  

Measured neutron flux ∼4 10‐6 n/cm2/s, 77% of which are thermal 

3 106 n/day impinging on the detector (2m of water shielding are enough 
to reduce this flux by a factor 108) 

•  Neutrons from muons induced hadronic showers (10‐2 /µ of path) are 
thermalized and captured by protons: n+p2H+γ(2.2MeV) .  

The capture mean >me is about ~260µs 

Hit >me distribu>on for a 
sample IVμ event (blue) 
and the associated neutron 
detec>on gate 
(red). 



Calibration systems 

•  PMT timing and charge equalization 
–  The inner part of the system has been  built, tested for 

light transmission efficiency and uniformity and carefully 
cleaned 

•  Optical sources 
–  Scintillator optical properties 

•  Radioactive sources 



PMT timing 

•  Laser λ=394nm; fast light pulse 
(50ps time with) 

•  Light is conveyed in 35 fibers;  
•  29 fibers reach the SSS in 29 

uniformly distributed points; 

•  Further light splitting  in 90 
fibers; 

Concept: each PMT is equipped with an op>cal fiber and triggered 
by a fast laser pulse 

Outer 
part 

Inner 
part 

Fiber length difference <1cm 
(accuracy<0.05ns) 



PMT timing: inner part 
Feedthrough + splitting 1x90  



PMT – charge and time calibrations 

correct the response of each phototube on a channel-by-channel
basis. Fig. 26 shows the response to the laser light for all
phototubes before and after time alignment: the width of the
Gaussian is reduced by the calibration procedure to 1.6 ns, an
excellent result which is consistent with the unavoidable residual
effects of PMT time jitter and intrinsic time resolution of the
electronics.

The same laser pulses are used to monitor the charge response
of each phototube. Fig. 27 shows the charge spectrum
(in p.e. units) for all phototubes after calibration. The gain of all
PMTs have been equalized by choosing the optimal value of their
HV. Fig. 28 demonstrates that we managed to adjust the gain to be
uniform within a sigma of less than 1 ADC count.

13. Data analysis

In January 2007, Borexino began filling with scintillator. A few
weeks later, the detector was turned on and the first data were
collected. Data taking continued during most of the filling and
allowed detector monitoring and final hardware and software
tuning, and shifter training. Borexino filling was completed on
May 15th, 2007. The first available data have been very useful
to understand the overall performance of the detector, in terms
of energy and position reconstruction, the capability to tag
delayed coincidence events, the capability to disentangle a and
b particles, and the muon tagging efficiency. In the following, we
report a few analysis results whose only purpose is to show that
the hardware described in this paper is working as expected.
The following is neither comprehensive nor should be regarded as
a list of final results. A future paper will report the details of the
analysis techniques and the final detector performance.

13.1. Scintillation events

An event in Borexino is a collection of PMT hits occurring
within a time window of a few tens of ns with a long tail that can
reach a few hundreds ns. When the trigger fires, however, all hits
occurring within the DGS of 16ms are recorded (see Section 5.2.3
for details). In this long gate both the signal hits and the random
noise hits of the 2212 PMTs are recorded. Although the number of
random noise hits is relatively small (about 1ms to be compared
with a signal of about 100 hits in less than 200ns at 200 keV), a
software procedure is necessary to identify both the beginning
of the scintillation pulse and its end. We define a cluster a
collection of hits belonging to the same scintillation event, and we
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Fig. 27. Charge response of the phototubes (in ADC units) for a typical laser run.
The distribution is the sum of all live PMTs (about 2050). One photoelectron is
approximately 25 ADC counts.
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Fig. 28. Distribution of the position of the single photoelectron peak for about
2000 PMTs. The position is computed by fitting the single photoelectron peak
using laser events. This uniformity was achieved by choosing the PMT high voltage
appropriately. No software correction is applied to the charge gain.
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Fig. 26. Time response of the phototubes to the laser pulse before time alignment
(blue dotted curve) and after time alignment (solid red curve). The width of the
peak is reduced to the expected value of 1.6ns. The wide shallow peak around
700ns is due to the reflection of light on the PMT glass. This light is then detected
on the other side of the SSS.
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Fig. 29. Time distribution of the PMT hits in a single cluster event.
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correct the response of each phototube on a channel-by-channel
basis. Fig. 26 shows the response to the laser light for all
phototubes before and after time alignment: the width of the
Gaussian is reduced by the calibration procedure to 1.6 ns, an
excellent result which is consistent with the unavoidable residual
effects of PMT time jitter and intrinsic time resolution of the
electronics.

The same laser pulses are used to monitor the charge response
of each phototube. Fig. 27 shows the charge spectrum
(in p.e. units) for all phototubes after calibration. The gain of all
PMTs have been equalized by choosing the optimal value of their
HV. Fig. 28 demonstrates that we managed to adjust the gain to be
uniform within a sigma of less than 1 ADC count.

13. Data analysis

In January 2007, Borexino began filling with scintillator. A few
weeks later, the detector was turned on and the first data were
collected. Data taking continued during most of the filling and
allowed detector monitoring and final hardware and software
tuning, and shifter training. Borexino filling was completed on
May 15th, 2007. The first available data have been very useful
to understand the overall performance of the detector, in terms
of energy and position reconstruction, the capability to tag
delayed coincidence events, the capability to disentangle a and
b particles, and the muon tagging efficiency. In the following, we
report a few analysis results whose only purpose is to show that
the hardware described in this paper is working as expected.
The following is neither comprehensive nor should be regarded as
a list of final results. A future paper will report the details of the
analysis techniques and the final detector performance.

13.1. Scintillation events

An event in Borexino is a collection of PMT hits occurring
within a time window of a few tens of ns with a long tail that can
reach a few hundreds ns. When the trigger fires, however, all hits
occurring within the DGS of 16ms are recorded (see Section 5.2.3
for details). In this long gate both the signal hits and the random
noise hits of the 2212 PMTs are recorded. Although the number of
random noise hits is relatively small (about 1ms to be compared
with a signal of about 100 hits in less than 200ns at 200 keV), a
software procedure is necessary to identify both the beginning
of the scintillation pulse and its end. We define a cluster a
collection of hits belonging to the same scintillation event, and we
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Fig. 27. Charge response of the phototubes (in ADC units) for a typical laser run.
The distribution is the sum of all live PMTs (about 2050). One photoelectron is
approximately 25 ADC counts.
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correct the response of each phototube on a channel-by-channel
basis. Fig. 26 shows the response to the laser light for all
phototubes before and after time alignment: the width of the
Gaussian is reduced by the calibration procedure to 1.6 ns, an
excellent result which is consistent with the unavoidable residual
effects of PMT time jitter and intrinsic time resolution of the
electronics.

The same laser pulses are used to monitor the charge response
of each phototube. Fig. 27 shows the charge spectrum
(in p.e. units) for all phototubes after calibration. The gain of all
PMTs have been equalized by choosing the optimal value of their
HV. Fig. 28 demonstrates that we managed to adjust the gain to be
uniform within a sigma of less than 1 ADC count.

13. Data analysis

In January 2007, Borexino began filling with scintillator. A few
weeks later, the detector was turned on and the first data were
collected. Data taking continued during most of the filling and
allowed detector monitoring and final hardware and software
tuning, and shifter training. Borexino filling was completed on
May 15th, 2007. The first available data have been very useful
to understand the overall performance of the detector, in terms
of energy and position reconstruction, the capability to tag
delayed coincidence events, the capability to disentangle a and
b particles, and the muon tagging efficiency. In the following, we
report a few analysis results whose only purpose is to show that
the hardware described in this paper is working as expected.
The following is neither comprehensive nor should be regarded as
a list of final results. A future paper will report the details of the
analysis techniques and the final detector performance.

13.1. Scintillation events

An event in Borexino is a collection of PMT hits occurring
within a time window of a few tens of ns with a long tail that can
reach a few hundreds ns. When the trigger fires, however, all hits
occurring within the DGS of 16ms are recorded (see Section 5.2.3
for details). In this long gate both the signal hits and the random
noise hits of the 2212 PMTs are recorded. Although the number of
random noise hits is relatively small (about 1ms to be compared
with a signal of about 100 hits in less than 200ns at 200 keV), a
software procedure is necessary to identify both the beginning
of the scintillation pulse and its end. We define a cluster a
collection of hits belonging to the same scintillation event, and we
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The distribution is the sum of all live PMTs (about 2050). One photoelectron is
approximately 25 ADC counts.

ADC counts
16 18 20 22 24 26 28 30 32

hi
ts

 / 
0.

5 
AD

C
 c

ou
nt

0

100

200

300

400

500

600

700

800

µ = 25.5 ADC counts
" = 0.5 ADC counts

Fig. 28. Distribution of the position of the single photoelectron peak for about
2000 PMTs. The position is computed by fitting the single photoelectron peak
using laser events. This uniformity was achieved by choosing the PMT high voltage
appropriately. No software correction is applied to the charge gain.

ns

ar
bi

tra
ry

 u
ni

ts

0
630 640 650 660 670 680 690 700 710 720

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Fig. 26. Time response of the phototubes to the laser pulse before time alignment
(blue dotted curve) and after time alignment (solid red curve). The width of the
peak is reduced to the expected value of 1.6ns. The wide shallow peak around
700ns is due to the reflection of light on the PMT glass. This light is then detected
on the other side of the SSS.

ns

hi
ts

 / 
5 

ns

0
0

5

50 100 150 200 250 300 350 400 500450

10

15

20

25

30

35

40

45

Fig. 29. Time distribution of the PMT hits in a single cluster event.
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Time response of the phototubes to the laser pulse 
before >me alignment and aver >me alignment .  

The wide shallow peak around 700 ns is due to the 
reflec>on of light on the PMT glass. This light is then 
detected on the other side of the SSS  

The width of the peak is reduced to the expected 
value of 1.6 ns.  

•   Charge response of the phototubes (in ADC units) 
•   The distribu>on is the sum of all live PMTs . 
•   One photoelectron is approximately 25 ADC counts  

•  Posi>on of the single photoelectron peak for about 
2000 PMTs.  
•  The posi>on is computed by fixng the single 
photoelectron peak using laser events.  
•  This uniformity was achieved by choosing the PMT 
high voltage appropriately.  



Optical sources 

Short wavelength (λ=266 nm) 
-  monitor of time response 
-  reproduce a point like event; 

Long wavelength (λ>350 nm) 
-  monitor PC+PPO transparency 

(19 feedthroughs in the SSS) 
-  scattering by PC (buffer) 

(12,feedthroughs in the SSS) 

1

2
3

water 
PC 

PC+PPO 

1

2
3

• 31 external fibers 
carry light from the 
lasers to the SSS 

•  Concept: carry artificial light of different 
wavelengths via optical fibers to different regions of 
the detector; 

•  Goal: study and monitor the optical properties of the 
scintillator and the buffer liquid; 

•  Non invasive: allows frequent calibration runs; 



The outer PMTs calibration system 

•  Calibra>on is performed with fast LED system coupled to op>cal fibers 

•  Dinamic range: > 200 photoelectrons and it is programmable for each channel 

•  The >me spread of the en>re system (LED+PMT+electronics) is in the range of 
1 ns 



External sources  
 228Th  activity=5.41 MBq (τ=2.76y)  

Concept 

•  γ source at the SSS level (reduced 
contamina>on risk); 
• Reproduce the external γ background 
(energy and posi>on distribu>ons); 
• Determina>on of the radial distribu>on of 
the external events; 
• Valida>on of the Borexino Monte Carlo code 
• Monitor the detector stability 

PC 

PC+PPO 

14 feedthroughs Plastic tube 

Glove box 



Calibrations of the detector 
Internal sources Study position and energy 

reconstruction by deploying 
radioactive sources throughout 
active volume 

Absolute posi>on of the 
source determined by means 
of a red laser light and CCD 
cameras 

NOW 2010 - Conca Specchiulla, Sep. 6th, 2010 M. Pallavicini - Dipartimento di Fisica - Università di Genova & INFN

Calibration strategy

16



Laser diffuser 

Source vial 

Inser>on system: 

•   Glove box mounted on a steel cross above the 
inner vessel gate valve 

•  Stainless steel inser>on rods with a >ght feed‐
trough con>nually purged with LAK nitrogen 

•  Gas system to evacuate, purge and pressurize the 
cross with LAK nitrogen 

Pivot for off-axis 
deployment 



Sources 
In 2009 we have performed an extensive and detailed calibration 

campaign with internal α,β,γ, and neutron sources 

51 



Energy scale and energy resolution 
  Before calibrating the energy scale was determined by means of internal 

contaminants ( 14C , 11C, …); 
  WARNING: life is not simple. Light quenching introduces non-linearities in the 

energy scale: this makes it crucial to have several calibrating points throughout 
the entire energy window of interest; 

Thanks to the calibra>on 
campaigns: 

•  Precise calibra>on in the 0‐7 
MeV range 

•  the uncertainty on the energy 
scale between 0‐2MeV  is less 
than 1.5%; 

•  study of the uniformity of 
detector response as a 
func>on of posi>on  ENERGY RESOLUTION 

10% @ 200 keV 
8%   @ 400 keV 
6%   @     1 MeV 



Posi>on reconstruc>on is needed  to select an inner fiducial region of the detector  free 
from  external background 

Position reconstruction and FV definition 

Calibra?ons: 

•  Absolute posi>on of the source determined by means of a 
LED and cameras with a precision of 2cm 

•  allowed to fine‐tune the posi>on reconstruc>on algorithm  

  max difference between reconstructed and measured 
posi>on = 2 cm ! 

  Posi>on resolu>on is  σ ~ 10 cm at 1 MeV 

53 

SPATIAL RESOLUTION 
35 cm @ 200 keV 
16 cm @ 500 keV 



This analysis for the reference curves  has been done during the filling period, 
when 222Rn was present  

Tuning the MC - α/β discrimination  
 Gatti parameter   



•  The >me and the total charge are measured, and the  posi>on is  

      reconstructed for each event . Absolute >me  is also provided( GPS) 

•  The data taking with the whole scin>llator started may 15th, 2007 

• The main trigger fires with ≥ 30 PMTs detec>ng each 1 p.e., at least , 
                    within 60 ns; En. threshold: ≈60 keV 
                    ‐the >me and charge of each PMT, detected in 12µs, are 
                     recorded 
• Typical triggering rate: 11 cps (dominated by 14C) 
•  every >me a muon crosses the SSS a long gate of 1.6 ms is issued to 
acquire the neutron produced by muons (~70 >mes/day a muon produced 
>1 spalla>on neutrons) 
• The >me is measured by a TDC (res.≈0.5 ns); the charge by 8 bits ADC 

• The OD gives a veto when  ≥ 6 PMT fire (99.8 %of probability of µ
                     rejec>on)‐‐ within 2 ms aver a m crossing the PC all events  
                     are rejected.  The µ rate in scin>llator plus buffer is 0.055 s‐1. 

ν-e scattering -Data acquisition      



Data Analysis 
charge (adc) (problems 
of non linear energy 
scale: quenching α, γ,e)

energy 
NPMT, 
Nhits,charge

energy spectrum fit
•  14C: energy calibration
•  Rn-segment, 210Po, 210Bi, 85Kr, 39Ar

time (tdc and GPS)

position 
reconstruction FV definition •  discrimination between internal and 

surface events
time profile 
measurement

α/β discrimination
(combined with energy 
information)

•  210Po, 218Po, 222Rn
•   energy scale

delayed coincidences chain segment or single isotope 
identification

226Ra (238U), 232Th, 85Kr 



Background: 232Th content  
Assuming secular equilibrium, 232Th is  
measured with the delayed coincidence: 

212Bi 212Po 208Pb β  α
τ = 432.8 ns 

2.25 MeV ~800 KeV eq. 

From 212Bi-212Po correlated events in the scintillator: 
 232Th: : (6.8±1.5) 10-18 g(Th)/g 

Specs: 232Th: 1. 10-16 g/g 
                 0.035 cpd/ton 

2 2 2R x y z= + + 2 2
cR x y= +

Only few 
bulk candidates 

212Bi-212Po 

Time (ns) 

τ=423±42 ns 

Events are mainly in the south vessel surface (probably particulate) 

z 
(m

) 
(m) (m) 



Background: 238U content 
Assuming secular equilibrium, 238U is  
measured with the delayed coincidence: 

214Bi 214Po 210Pb β  α
τ = 236 µs 

3.2 MeV ~700 KeV eq. 

214Bi-214Po 

τ=240±8µs

Time µs 

214Bi-214Po 

2 2
cR x y= +

z 
(m

) 

Setp - Oct 2007 

Specs: 238U: 1. 10-16 g/g 

< 2 cpd/100 tons  

238U: = (1.6±0. 1) 10-17  g(U)/g 



Background: 210Po 
NOTES 
•  The bulk 238U and 232Th 

contamination is negligible 
•  The 210Po background is NOT 

related neither to 238U 
contamination NOR to 210Pb 
contamination 

210Po decay time: 204.6 days 
60 cpd/1ton 

•  Not in equilibrium with 210Pb ! 
•  210Po decays as expected 



Background: 85Kr 

85Kr is studied through :    

85Kr β decay : 
(β decay has an energy spectrum similar to the 

7Be recoil electron ) 

85Kr  
β 85Rb 

687 keV 

τ = 10.76 y  -  BR:  99.56%  

85Rb 85Kr 85mRb 

τ = 1.46 µs   -   BR:  0.43%  

514 keV 

β 

173 keV 

γ 

Measured with 751 days of statistics 
32 candidate events in final sample 

 Result on 85Kr contamination (main β decay to 85Rb ground state) 
   30 ± 5 c / (dayx100 t)  



Light Yield 

The 11C sample is selected through the triple  
coincidence with muon and neutron. We 
limited the sample to the first 30 min 
of 11C time profile, which reduces the 
random coincidence to a factor 1/14. 

The Light Yield has been  
evaluated fitting the 14C spectrum, 

(Borex. Coll. NIM A440, 2000)  
and the 11C spectrum 

14C spectrum (β- decay-156 keV, end point) 

11C spectrum(β+ decay-960 keV) 

Light Yield = 500 +- 12 p.e./MeV  

The energy equivalent to the sum of 
the two quenched 511 keV gammas: 
E2γ(511) = 0.83 +- 0.03 MeV.  

Energy resolution: 10% at 200 keV  
                               8% at 400 keV 
                               6% at 1 MeV  

The light yield has been evaluated 
also by taking it as free parameter in 
a global fit on the total spectrum (14C,
210Po, σ 210Po ,7Be ν Compton edge)

14C->>  2.7 ± 0.6 10-18      14C/12C  



Fiducial volume  

Radial distribution 

R2 
gauss 

2 2 2R x y z= + + 2 2
cR x y= +

z vs Rc scatter plot 

FV 

 the nominal Inner Vessel radius: 4.25m  
 (278 tons of scintillator) 

FM: by rescaling background components known to be uniformly 
distributed within the LS and using the known LS mass (278.3 t) 

γ from PMTs that penetrate the buffer 

z < 1.8 m, was done to remove gammas from IV endcaps 

R<3m 
z<1.8m 



NO-VE April 15-18, 2008  

Understanding the final spectrum:  
main components 

14C No cuts 85Kr+7Be ν

11C After µ cut 

After 
FV cuts 

10C+ ext. bkg 

210Po (only, not in eq. with 210Pb!) 
Neutrino 2012 - Kyoto                                                        M. Pallavicini

BOREXINO EXPERIMENT

• Mainly, a solar neutrino experiment:

• ! + e- " ! + e-  in an organic liquid scintillator

• Ultra-low radioactive background obtained 
via selection, shielding, and purifications

• Low energy threshold, good energy resolution, 
spatial reconstruction, and pulse shape identification

• But also

• Geo-neutrinos, search for rare events

pp ± 1% 7Be ± 10.5 %

pep ± 2%

Solar neutrino spectrum

!"#$

%&'$
((!$

()!$

14C 

pp+pep+8B 

238U + 232Th 

Electron recoil spectrum of an ideal 
detector + irreducible backgrounds

Sunday, June 3, 12



7Be ν rate 
Monte Carlo fit to the spectrum, 

no α/β 210Po peak subtrac>on 

Analy>cal fit to the spectrum, 
aver α/β 210Po peak subtrac>on 

                                       RESULT: 
  7Be (0.862 MeV) rate  =  46+-1.5 (stat) +1.6

-1.5  (syst)  cpd/100t  
      No oscillations reject at 4.8 σ    74+-5 cpd/100t 

Hypothesis Expected rate 
(cpd/100t) 

No oscillation +High Metallicity 74±4 

No oscillation + Low Metallicity 67±4 

Oscillation MSW + High Metallicity 48±4 

Oscillation MSW + Low Metallicity 44±4 



GATTI  Parameter applied to the range: 200-800keV for 20 keV bins-
statistical subtraction

Efficiency   ≈ 98.5%

the times of the PMT hits
are compensated for the 

travel distance

the pulse shapes does not
depend on energy (test in 

CTF)




First evidence of pep solar neutrinos 

Backgrounds 

It is possible to suppress the 
11C  background by 
•   three-fold coincidence; 
•   pulse-shape discrimination; 

•  Difficulties of this analysis: 
–  Very tiny rates (few counts /day/100tons);  
–  Backgrounds: 210Bi and 11C;  

pep CNO 

11C rate ~ 27 cpd/100tons; 
210Bi rate ~40 cpd/100tons 

Pep solar neutrinos 
–  Monocromatic line at E=1.44MeV; 
–  Ideal to test Pee  in the transition 

region; 

First Evidence of pep Solar Neutrinos by Direct Detec<on in Borexino   
PRL 108, 051302 (2012); 



First detection of pep ν
We obtained first evidence of pep neutrinos 
•  Thanks to the very low background and analysis tools 

developed for 11C rejec>on 
•  Three fold coincidence tagging of 11C events 

•   β+  β‐ separa?on exploi?ng positronium induced pulse 
shape distor>on 

•  Mul>variate maximum likelihood test using all available 
informa>on 

Neutrino 2012 - Kyoto                                                        M. Pallavicini

FIRST  DETECTION  OF  PEP  NEUTRINOS  (I)

• We obtained first evidence of pep neutrinos

• Thanks to the very low background and analysis 
tools developed for 11C rejection

• Three fold coincidence tagging of 11C events

• !+ - ! separation exploiting positronium induced 
pulse shape distortion

• Multivariate maximum likelihood test using all available
information

• Three-fold coincidence

" + 12C # n + 11C+ "

n + p # D + $ (2.2 MeV) 

11C#11B + e+ + %e

29.4  min

236  "s
No convection
11C doesn’t move

Quick neutron
thermalization 
and capture 
yields clear tag

PHYSICAL REVIEW C 74, 045805 (2006)

Energy spectrum in FV

data - no TFC

after TFC cut

200      400      600      800    1000    1200      p.e.

Sunday, June 3, 12

Three‐fold coincidence (µ, n, e+) 
•  11C (τ=29.4 min) produced by cosmic µ on 12C 

•  >1 n is spalled with 11C, in 95% of the cases, and 
then captured in the scin>llator 

Removed 91% of 11C,  
keeping 48.5% of livetime 

11C rate: 27 → 2.5 counts/day/100tons 



First evidence of pep solar neutrinos 
e+/e- pulse shape discrimination ( PRC 83-015522 (2011)) 

ortho‐positronium t1/2 = 3 ns 

γ 

γ
e‐ 

e‐ 

e
‐ 

e+ 

•  Boost decision tree to 
construct an optimized 
pulse-shape 
discrimination variable 

•  Based on the small differences in the time distribution of the scintillation signal coming 
from the ortho-positronium finite lifetime and the presence of annihilation γ rays.   

Δt: when the β+ undergoes o‐Ps forma>on, the light produced by the 
two annihila>on  γ‐rays is delayed with respect to the prompt light 
produced by the kine>c energy loss of the β+. 



e+/e‐ Pulse Shape Discrimina>on 

Op>mized pulse shape parameter built using 
Boosted Decision Tree algorithm 

Delayed >me distribu>on of e+ (11C events 
tagged via TFC technique) respect to e‐  
scin>lla>on signals (214Bi, fast coincidence 
search) 



Energy spectra 
The species lev free in the fit: 

•  internal radioac>ve backgrounds 
210Bi, 40K, 85Kr, and 234mPa (from 
the 238U decay chain);  

•  the cosmogenic backgrounds 11C, 
10C, and 6He; 

•   the e recoils from7Be, pep, and 
CNO solar  

•   the external  rays from 208Tl, 
214Bi, and 40K.  

 Fixed contribu>ons: 

•  from pp and 8B solar .  

•  Radon daughter 214Pb using the 
measured rate of 214Bi‐214Po 
delayed coincidence events. 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Fit to energy spectrum in FV after TFC veto
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Fit to energy spectrum in FV for TFC-tagged events

Photoelectrons [Light yield = 502 p.e./MeV [Fixed]]
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Data from 20409.1 days x tons livetime
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Compute likelihood of hypothesis for energy spectra

208Tl11C
210Bi

10C

pep

pep
6He

7Be

85Kr

214Pb

8B

Wednesday, 14 September, 2011

Simultaneous fit of the events surviving the TFC veto and 
and of the events rejected by the TFC veto. 

The rate for every non‐cosmogenic species are constrained 
to be the same in both data sets, because only 
cosmogenic isotopes are expected to be correlated with 
neutron produc>on. 



First evidence of pep solar neutrinos 
Multivariate analysis: 

Fit simultaneously: 
•  Radial distribution of events; 
•  Energy distribution of events; 
•  Pulse-shape  distribution of events; 
Both pep and CNO rates are parameters of 
the fit 

Pulse-shape variable distribution Radial  distribution 
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Fit to energy spectrum in FV after TFC veto
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Fit to energy spectrum in FV for TFC-tagged events

Photoelectrons [Light yield = 502 p.e./MeV [Fixed]]
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First evidence of pep solar neutrinos 
Energy spectrum 

•  No oscillations excluded at  97% c.l. 
• Absence of pep solar ν excluded at 98% 



First evidence of pep solar neutrinos 
Electron neutrino survival probability 

MSW-LMA prediction band is the 1σ range for oscillation parameters given in 
K.Nakamura et al. (Particle Data Group), J.Phys.G 37, 075021 (2010).  



  The very low intrinsic contamina>on of the scin>llator  has 
made it possible (almost unexpectedly) to measure 8B ν ; 

  In par>cular the low content in 232Th has made it possible to 
lower the threshold for the 8B analysis down to 3.0 MeV;  

Measurement of the 8B neutrino rate with a 
liquid scintillator target and 3 MeV energy 
threshold in the Borexino detector 
Physical Review D 82, 033006 (2010) 

8B ν at 3 MeV energy 
threshold 

8B ν

raw spectrum 
~ 1500 cpd / 100 t 

2.6 MeV γ from 208Tl 

All volume 

R<3m (100 tons) Expected signal rate:  0.25 cpd / 100 t 
raw spectrum             ~ 1500 cpd / 100 t 
S/B ra>o, no cuts:       ~ 1/6000 

External backgrounds 

‣ High energy γ from neutrons 

‣ 214Bi and 208Tl from Rn 
    emanated from nylon or detector 

Internal backgrounds 

‣ 214Bi and 208Tl from bulk 
   238U and 232Th 

‣ Cosmogenic isotopes 



Muons and Neutrons 

NOW 2010 - Conca Specchiulla, Sep. 6th, 2010 M. Pallavicini - Dipartimento di Fisica - Università di Genova & INFN

Muons and neutrons

• Muons

• Identified by outer detector or pulse
shape analysis of inner detector
‣ 0.5 % ineff. outer detector

‣ 0.1 % inner detector

• Residual muon rate: < 10-3 cpd

• Neutrons and short lived 
cosmogenics

• After each muon, 2 ms are vetoed to
to remove short lived isotopes and
neutron captures
‣Neutron capture time ~ 256 !s 

27

Count rate from 1500/100 t cpd 
down to 4.8 cpd/100 t 

! = 256.0±0.4 µs

          n capture time - Am-Be source

         after µ and n cuts

• Muons 
  • Iden>fied by outer detector or pulse 
     shape analysis of inner detector 
       ‣ 0.5 % ineff. outer detector 
       ‣ 0.1 % inner detector 
• Residual muon rate: < 10‐3 cpd 

 • Neutrons and short lived cosmogenics 
  • Aver each muon, 2 ms are vetoed to  
    remove short lived isotopes and neutron  
    captures 
           ‣ Neutron capture ?me ~ 256 μs 

Count rate from 1500/100 t cpd 
down to 4.8 cpd/100 t 



8B ν at 3 MeV energy 
threshold 
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F.V. cut 
Residual counts: 2.3 cpd 

Radial fit 



Backgrounds in 2-16 MeV region 
 short-lived cosmogenics 
•  Cut  6.5 sec after each muons crossing the IV: 

short-lived isotopes (τ<2s) (29.2% dead time) 

Long-lived cosmogenics (τ > 2s) 
•  Identify  10C via 3 fold coinc. (muon-neutron-10C 

decay) 
•  11Be statistically subtracted 
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Time profile 
of events 
(E>3MeV) 
within 240s 
& 2m from µ

11Be 

12Be 

8He+8C+9Li 
8B+6He+8Li 

Residual counts: 0.33 cpd 



8B ν at 3 MeV energy 
threshold 
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Energy spectrum of events 
surviving cuts  
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Systematic errors 
Energy threshold: 241Am9Be neutron source, n 
capture on 1H (2.2 MeV γ), on 14C (4.9MeV γ), 
on 56Fe (7.6MeV γ), on 56Fe (9.3MeV γ)  
Fiducial mass: off-axis source insertion system 
to place sources at several locations 



High metallicity 
Low metallicity 

Results in agreement with LMA-MSW 
and solar models 

8B ν  with 3 MeV energy threshold in Borexino  
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          Pee ±1σ 
•        BX    7Be 
•        BX    8B (>3 MeV) 
•        BX    8B (>5 MeV) 
•        SNO 8B Probing for the first time with the 

same experiment the Pee in the 
vacuum regime (7Be neutrinos) and 
in the matter-enhanced regime (8B 
neutrinos); 

8B solar  neutrinos: electron recoil  spectrum after 
the background subtraction and comparison with 
the models 



Anti-neutrino detection: 
inverse β-decay Eth=1.8 MeV  

Delayed signal  Prompt signal  

Observation of geo-neutrinos 
Physics Letters B 687, (2010) 299 

Measuring anti-neutrinos from Earth 

-spectroscopy of geo-neutrinos provides 
information on the radiochemical composition of 
Earth; 

-main contribution to radiogenic heat are 
expected to come from U,Th chains and K; 

- Borexino is on continental crust 
- Complementary information compared to KamLand 

Observation of Geo-neutrinos 

•  Prompt signal: positron kinetic energy + 1.022 MeV of annihilation gammas 
•  Delayed signal: neutron is captured by proton (τ~256 µsec) and emits 2.2MeV γ 
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€ 

ν + p→ n + e+

reactors 

Geo-ν  

Geo-ν energy window 

Reactor energy window 

Shape of expected spectra: 
MC includes detector response function 

8 MeV 2.8 MeV 

•  Delayed coincidence reaction is a very strong signature: small background 
•  Main background is due to reactor neutrinos (large distance); 



Backgrounds (besides reactors)  

Fast neutrons generated by muons 
outside IV 

•  2 ms veto 
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Background source events/(100 ton-year) 
 Cosmogenic 9Li and 8He 0.03 ± 0.02 

Fast neutrons from µ in Water Tank 
(measured) < 0.01 

Fast neutrons from µ in rock  (MC) < 0.04 
Non-identified muons 0.011 ± 0.001 
Accidental coincidences 0.080 ± 0.001 
Time correlated background < 0.026 
(γ,n) reactions < 0.003 
Spontaneous fission in PMTs 0.003 ± 0.0003 

(α,n) reactions in the scintillator [210Po] 0.014 ± 0.001 

(α,n) reactions in the buffer  [210Po] < 0.061 

TOTAL 0.14 ± 0.02 

Muon correlated events (τ = 150 ms) 
•  Removed with 2 s detector veto 

after each muon in Inner Detector 

Radiogenic 13C(α,n)16O 
•  From 210Po as α emitter: 12 c/(ton day) 

on average 
•  13C / 12C abundance is low: 1.1 % 

To be compared: 2.5  geo-ν/100 ton-year assuming BSE)  



GeoNeutrino Results:  
•  21 candidates selected  
•  exposure= 483 live days (252.6 ton-year after all cuts) December 07 – December 09 

  the first clear observation of geoneutrinos at 4.2σ ; 
  the rate is measured with 40% precision; 
  confirmation/exclusion of geological models limited by the statistics; 
  confirmation of oscillations (reactor antinu) at 1000 km @ 2.9σ; 
  georeactor in the Earth core with > 3 TW rejected at 95% C.L.; 
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68.3 %  99.7% 

68.3 %  99.7% 

•   Extract signal with an unbinned maximum likelihood fit using reference 
MonteCarlo shapes for both geo-neutrinos and reactor neutrinos, since 
small statistics; 

•  just the result is plot in a binned spectrum; 
•  result of the fit: amplitudes of the geo and reactor anti-ν spectra; 



New purification campaign  
•  A significant purifica>on effort started in late 2010 to achieve even berer Purity 

•  Quite effec>ve on 85Kr, good on 210Bi, unprecedented purity in 238U and 232Th 

85Kr 
•  < 8.8 cpd / 100 t 
•  2007-2010: 31.2 ± 5 

210Bi 
• 16 ± 4 cpd / 100 t 
• 2007-2010: 41.0 ± 2.8 

238U 
< 9.7 10-19 g/g 

232Th 
< 2.9 10-18 g/g 

Neutrino 2012 - Kyoto                                                        M. Pallavicini

BACKGROUND IN 2012

• A significant purification effort started in late 2010 to achieve even better 
purity

• Quite effective on 85Kr, good on 210Bi, unprecedented purity in 238U and 232Th

210Bi rate = 16±4 cpd/100tons 
85Kr rate = 7±5 cpd/100tons 
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p.e.

pp region
210Po peak
decays in 3 y

• 85Kr

• < 8.8  cpd / 100 t

• 2007-2010:  31.2 ± 5 

• 210Bi

• 16 ± 4 cpd / 100 t

• 2007-2010:  41.0 ± 2.8

• 238U

• < 9.7 10-19 g/g

• 232Th

• < 2.9 10-18 g/g 

2012 spectrum with 
a few months of data

Sunday, June 3, 12



Source Experiment: Physics Case 
•  Probing Short Baseline Flavor Oscilla>ons in disappearance 

–  Reactor anomaly, LSND, Mini‐Boone, Cosmolgy ‐‐‐> are there more than 
3 neutrinos ? 

•  Search for Neutrino Magne>c moment 

•  Probe neutrino‐electron scarering at 1 MeV scale 

–  Weinberg’s angle 

–  gV and gA coupling (NSI) 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KEY FEATURE 
•   Oscilla>on length larger than resolu>on and smaller than detector size 

•  Waves directly detectable 
•   Very clean signal both with νe and an>‐νe 

•   Two op>ons: 
•   51Cr neutrino source (external); 5‐10 Mci 
   Possible even during Phase 2 
•   144Ce an>‐neutrino source (internal): 50‐100 kCi 

            Aver the end of solar neutrino physics 



Source location in Borexino 

•  A: underneath WT 

–  D=825 cm 

–  No change to present configura>on 
•  B: inside WT 

–  D = 700 cm 

–  Need to remove shielding water 

•  C: center 

–  Major change 

–  Remove inner vessels 

–  To be done at the end of solar 
Neutrino physics 

A 

B C 
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A similar option, but less viable, is 106 Ru– 106 Rh 

Neutrino 
source 

Anti-Neutrino 
sources 
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51Cr 

~36 kg of Cr 38% enriched in 50Cr 
190 W/MCi from 320 keV γ’s 
7µSv/h (must be < 200) 

SAGE coll., PRC 59 (1999) 2246 
Gallex coll., PL B  420 (1998) 

Done two >mes for Gallex at 35 MW reactor 
with effec>ve thermal neutrons flux of ~5.4E13 cm‐2s‐1 
~1.8 MCi   

Originally 
proposed by 
Raju Raghavan 
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The case of νe 
51Cr source in Borexino 

Window 0.250-0.700 MeV 
Background perfectly known : solar 
neutrinos + Bismuth210 

210Bi 

Source events 

CNO 

Be7 

Detection as 7Be solar 
neutrinos 

The uncorrelated nature of the measure forces the external deployement of the 
source: too much backg. from the shield for internal deployment 

89 

Oscillometry analysis: total rate + 
waveshape of the profile of the 
detected events 

The fit allows also to determine precisely the oscilla>on parameters 



Reach of the sterile neutrino search with the  
51Cr source  

χ2 analysis of the 51Cr source outside BX 

•  activity=10MCi; 

•  Error on 
activity=1%; 

•  Error on FV=1%; 

Reactor anomaly 

Exclusion contours 
Sensitivity to the rate only 

FV error better than 
1% already achieved 
in BX (calibration) 

Error of 1% on the 
source intensity is 
agressive – important 
effort to achieve it  

Sensitivity to the rate + waveshape 

Green region 90% CL excluded from Solar+KamLAND 
constraints accounting for the θ13 ≠ 0 value 
 A. Palazzo -  Phys. Rev. D 85, 077301 (2012) 

Rate + shape + additional 
handle: time decay of the source 
event rate to better discriminate 
against the background 
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106Ru-106Rh 

τRu= 539 days 
τRh=29.8 s 

106Ru 

106Rh 
Inverse beta decay 

Product of nuclear fission 

<E>=2.5±0.2 MeV 
<σ>=89.2×10-45cm2 

source 

Similar option: 144Ce– 144Pr Advantage w.r.t. 90Sr: lower activity affordable 
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20-10-2006 
During the water filling  During the PC filling 


