
Solar neutrinos, and neutrinos in general, are 
tiny, nearly massless particles produced in vast 

quantities by nuclear reactions in the Sun’s core. 
These elusive particles are important because they 
carry direct information from the Sun’s interior, 
helping scientists understand how the Sun works 
and confirm models of stellar fusion. Studying 
solar neutrinos also gives insight into fundamental 
particle physics, such as the properties of neutrinos 
themselves, including their mass and how they 
change, or “oscillate”, between different types. The 
Sun and stars generate energy through nuclear 
fusion, a process where lighter atoms combine 
to form heavier ones, releasing huge amounts 
of energy. There are two main fusion reactions 
responsible for this: the proton-proton (pp) chain 
and the carbon-nitrogen-oxygen (CNO) cycle.

Proton-Proton (pp) chain is the dominant process 
in stars like the Sun. It starts with hydrogen atoms 
(protons) fusing together to create helium, releasing 
energy in the form of light and heat. The pp chain is the 
primary source of the Sun’s energy, making life on Earth 
possible. 

In hotter, more massive stars than the Sun, the CNO cycle 
takes over. This process also turns hydrogen into helium 
but uses carbon, nitrogen, and oxygen as catalysts. Though 
less significant in the Sun, the CNO cycle plays a crucial role 
in powering larger stars and influencing their evolution. Both 
reactions are vital to understanding how stars shine and how the 
universe sustains its energy.

Detecting solar neutrinos is incredibly difficult due to their weak 
interactions with matter. The BOREXINO experiment, operating from mid-
2007 to the end of 2021 in the Gran Sasso National Laboratory, has been one of the 
most sensitive detectors for spotting these rare particles. By capturing solar neutrinos, 
BOREXINO helps scientists verify solar models, explore neutrino properties, and deepen 
our understanding of both astrophysics and particle physics.
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Radiopurity BOREXINO’s success was largely due to its extraordinary radiopurity. The materials used in constructing 
the detector, including the scintillator and structural components, were selected and treated to minimize radioactive 
contamination. This meticulous attention to purity was crucial for detecting the extremely rare neutrino signals. 
The scintillator was purified using various techniques over many years: distillation, high-purity nitrogen stripping, and high-
purity water extraction. To further reduce residual contamination for the first CNO measurement, the detector was thermally 
insulated to prevent slow convective motions caused by small temperature changes in the experimental area underground.
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pp chain (left) and CNO cycle 
(right). The solar  neutrinos 
detected by BOREXINO are

highlighted in the coloured boxes
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Inner Vessel (Scintillating Sphere)
At the heart of BOREXINO there was a thin ultrapure nylon balloon 

(125 micrometers thick) containing about 280 tons of ultra-pure 
liquid scintillator, known as pseudocumene. 

This scintillator was composed of a hydrocarbon-based solvent 
doped with a fluorescent compound (PPO), which emits light in the 

visible spectrum when a neutrino interacts with it.

Inner and Outer Detectors  
The inner vessel was 
surrounded by a larger, 
transparent nylon balloon, 
creating two buffer regions 
to further isolate it from 
external contamination. 
These regions did not 
scintillate because 
the pseudocumene in 
them was mixed with a 
compound that prevents 
light emission, technically 
known as a quencher 
(DMP). Everything (1300 
tons of material) was 
enclosed within a larger 
stainless steel sphere, 
which housed the PMT 
light detectors facing the 
sphere’s interior. The PMTs 
were arranged to maximize 
light collection and enable 
precise localization and 
energy measurement of  
the neutrino interactions. 

Water Shield 
The outer detector 

sphere was surrounded 
by a massive volume 

of ultra-pure water, 
approximately 2000 

tons, which acted as a 
Cherenkov radiation 

veto. This water shield 
helped to reject 

background events 
caused by high-energy 

cosmic muons that 
could penetrate the 

rock and interact with 
the detector.   
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BOREXINO has also been capable of detecting geoneutrinos, which are 
neutrinos emitted from the Earth’s interior as a result of radioactive decay 
of uranium, thorium and potassium. BOREXINO successfully detected 
geoneutrinos with a significant statistical level, providing direct evidence 
of the radioactive processes occurring deep within the Earth. 

This result has important implications to understanding the 
Earth’s interior composition and its impact on thermal structure and 
geodynamics and helping with the refinement of the models concerning 
the planet formation.

Finally thanks to its incredible radiopurity, BOREXINO has also been able 
to set important experimental limits on hypothetical rare processes, such 
as electron decay and the anomalous magnetic moment of the neutrino.

BOREXINO’s most significant achievement 
in the study of solar neutrinos was its ability 

to measure the full spectrum of solar 
neutrinos with remarkable precision. 
This included detecting low-energy 
neutrinos from the pp chain, which 
is the dominant energy-producing 
process in the Sun, as well as the 
more elusive neutrinos from the CNO 
cycle. 

BOREXINO was the first experiment 
to provide direct evidence of the CNO 
cycle operating in the Sun, a critical 
breakthrough that confirmed long-
standing predictions about energy 
production in stars that are about one 
and a half times the mass of the Sun 
or more. Additionally, BOREXINO’s 
extreme radiopurity and sensitivity 

allowed it to make highly accurate 
measurements of solar neutrino fluxes. 
These measurements not only 

verified the standard solar model but 
also contributed to the understanding 

of neutrino oscillation, a phenomenon 
where neutrinos change between different 

three “flavors” or types  as they travel from 
the Sun to Earth (namely electron, muon 

and tau neutrinos). This result is essential 
for understanding the properties of neutrinos, 

including their masses and the dynamics of their 
transformations, deepening our knowledge of both 

particle physics and the inner workings of stars.

BOREXINO

The BOREXINO detector is a groundbreaking scientific 
experiment designed to detect solar neutrinos produced by the 
nuclear reactions inside the Sun. Located deep underground 
in the Gran Sasso Laboratory in Italy, BOREXINO was 
shielded from cosmic rays and other background radiation, 
making it one of the most sensitive detectors in the world. 
After a long story, dating back to early ‘90 and initiated by 
important scientists such as G. Bellini (Milan University), 
R. Raghavan (AT&T Bell Laboratories and Virginia Tech), 
F. Calaprice (Princeton University), and F. von Feilitzsch 
(Technical University of Munich), BOREXINO has performed 
the complete measurement of solar neutrinos fluxes from 
the pp chain (2018) and the first direct observation of the 
subdominant neutrinos from the CNO cycle (2020).

One of the key reasons behind the success of the 
BOREXINO experiment is its unique radiopurity, i.e. the 
extraordinary cleanliness of the materials used in the 
detector. Since solar neutrinos are incredibly difficult to 
detect due to their weak intexractions with matter, even the 
tiniest traces of natural contamination in the detector and its 
structure could overwhelm the rare signals from neutrinos. To 
solve this, BOREXINO was built with materials that are almost 
completely free of natural radioactivity contamination. This 
exceptional level of radiopurity allowed BOREXINO to detect solar 
neutrinos with unprecedented sensitivity and precision.

The heart of BOREXINO is a large, spherical tank filled 
with an ultra-pure liquid scintillator. When a solar 
neutrino passes through the detector, it may occasionally 
interact with an electron of the  atoms in the scintillator, 
producing a tiny flash of light. About 2000 special sensors 
surrounding the tank called photomultiplier tubes (PMT) 
detect these faint flashes. 

The BOREXINO sphere containing the scintillator is 
immersed in a large tank of ultrapure water, which serves 
as an active veto to reject additional background noise 
caused by residual muons. These muons, due to their 
extremely high energy, can pass through the mountain’s 

rock and reach the underground laboratories. The water, 
when crossed by particles traveling faster than light in 
water (reduced due to the refractive index), emits light 
through the well-known Cherenkov effect.

 Finally, the faint light, detected by the PMTs inside the 
sphere, contains highly valuable information about the 
location where the event occurred and its energy. These 
information are useful for distinguishing the different 
types of neutrinos produced at various stages of the 
nuclear fusion processes occurring within the Sun’s 
interior. 

Installation of the PMTs on 
the stainless steel sphere

Internal surface of the sphere 
during the installation
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Solar neutrino signals detected 
by  the experiment


