
Nuclear and neutrino astrophysics 

0	  



Red	  giant	  stars:	  
H→He	  via	  CNO	  cycles	  in	  	  
H	  shell	  surrounding	  He	  core	  

Horizontal	  branch	  stars:	  
He→C,	  O	  in	  core	  
H→He	  in	  shell	  

Main	  sequence	  stars:	  
H→He	  via	  pp	  chains	  in	  core	  

Globular	  cluster	  M	  10	  

Credner	  &	  Kohle,	  Sternwarte	  Bonn	  



Borexino is a low energy threshold (∼ 200 keV) real 
time experiment 

It	  is	  possible	  to	  disDnguish	  the	  different	  neutrino	  contribuDons:	  

Detec1on	  principle	  
	  
Neutrino-‐electron	  elasDc	  scaGering	  interacDon	  

x xe eν ν− −+ → +

≈100	  tons	  
Ultra	  high-‐
purity	  liquid	  
scin1llator	  
PC+PPO	  

	  

Unlike Cherenkov light, the scintillation light is emitted isotropically; this means that the ν 
induced events can’t be distinguished from other γ/β events due to natural radioactivity. 
 
Signal to noise ratio: 
In order to have a signal to noise ratio on the order of 1, the 238U (and 232Th) intrinsic 
contamination can’t exceed 10-16 g/g! (this means 9-10 orders of magnitude less radioactive 
then anything on Earth) 

Several techniques have been  
applied: 
 
•  Distillation,  
•  Water extraction,  
•  Nitrogen stripping,  
•  ecc….. 

Unprecedented low levels of background 
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Core	  of	  the	  detector	  



Borexino	  al	  LNGS	  

300	   tons	   of	   liquid	   scinDllator	  
(PC+PPO)	   contained	   in	   a	   nylon	  
vessel	  of	  4.25	  m	  radius	  

1000	   tons	   of	   ultra-‐pure	   buffer	  
liquid	   (pure	   PC)	   contained	   in	   a	  
stainless	   steel	   sphere	   of	   7	   m	  
radius	  

2000	   tons	   of	   ultra-‐pure	   water	  
contained	  in	  a	  cylindrical	  dome	  

2200	  photomulDplier	  tubes	  poinDng	  towards	  the	  
center	   to	   view	   the	   light	   emiGed	   by	   the	  
scinDllator	  

200	   photomulDplier	   tubes	  mounted	   on	   the	   SSS	  
poinDng	  outwards	  to	  detect	   light	  emiGed	  in	  the	  
water	  by	  muon	  scrossing	  the	  detector	  

ν 

ν 

e-‐	  
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Borexino’s	  history	  

2007	   2010	   2012	   2015	  Phase	  I	   Phase	  II	  

1°	  PurificaDon	  

2°	  PurificaDon	  

Improved	  radiopurity	  	  
	  
85Kr	  rate	  compaDble	  with	  0	  
210Bi	  reduced	  by	  a	  factor	  ≈	  3;	  
232Th	  and	  238U	  negligible;	  
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•  pp-‐ν:	  1st	  observaDon	  in	  real	  Dme	  
•  Seasonal	  modulaDon	  of	  7Be	  signal	  
	  •  7Be-‐ν:	  1st	  observaDon	  and	  	  

•  precise	  measurement	  (5%);	  

•  Day/Night	  asymmetry;	  

•  pep-‐ν:	  1st	  observaDon;	  

•  8B-‐ν	  at	  low	  threshold;	  

•  CNO-‐ν:	  best	  limit	  
	  



Expected 7Be interaction rate for 
MSW-LMA oscillations: 

tonscpd 100/448±

tonscpdsyststat 100/4349 ±±

tonscpd 100/444± Low  Metallicity 

High Metallicity 

We have to add the systematic error: 

After 740 live days and a calibration campaign Borexino published the new result 
on 7Be rate with a total error at 4.6% (SSM prediction at 7%) 

46.0±1.5(stat) +1.5
−1.6

(syst) cpd /100 tons
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Total	  fluxes	  from	  direct	  
measurement:	  

pep	  flux:	  	  (1.6	  ±	  0.3).108	  cm-‐2s-‐1	  
CNO	  flux:	  	  	  <	  7.4.108	  cm-‐2s-‐1	  

SSM	  pep	  flux:	  	  (1.44	  ±	  0.02).108	  cm-‐2s-‐1	  



In	  order	  to	  disentangle	  the	  signal	  from	  the	  background	  we	  need	  a	  spectral	  fit	  	  

We	  have	  to	  determine	  independently	  the	  rate	  of	  the	  two	  main	  backgrounds	  
(14C	  and	  pile-‐up	  of	  14C)	  in	  order	  to	  constrain	  them	  in	  the	  fit	  procedure.	  

•  14C	   rate	   determined	   from	   an	   independent	   class	   of	   events	   less	  
affected	  by	  the	  trigger	  threshold;	  

	  
	  

•  Pile-‐up	   of	   14C	   rate	   and	   shape	   determined	   by	   a	   data-‐driven	  
method	  (syntheDc	  pile-‐up);	  

14C rate = (40 ±1) Bq/100tons

Pile−up rate (14C-14C) = (154 ±10) cpd /100tons

pp−ν rate =144±13(stat)±10(sys) cpd /100tons

predicted rate SSM (HM ) +MSW (LMA) =132± 2 cpd /100tons
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14C	  	  

Pile-‐up	  of	  14C	  	  



what	  next?	  

A	  new	  calibra1on	  campaign	  will	  take	  place	  this	  year	  for	  a	  complete	  analysis	  of	  Phase	  II	  in	  
order	  to	  further	  reduce	  systemaDc	  uncertainDes	  

•  Improve	  measurements	  (reduced	  errors)	  obtained	  so	  far;	  

•  AGempt	  to	  measure	  neutrino	  from	  CNO-‐cycle;	  

•  Plus	  others	  non-‐solar	  neutrinos	  measurements	  (Geo-‐neutrinos.	  ArDficial	  ν-‐sources).	  
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LUNA	  is	  dedicated	  to	  direct	  cross	  sec1on	  measurements	  for	  astrophysics	  interest	  	  

Uterminal	  =	  50	  –	  400kV	  
Imax	  =	  500µA	  (on	  target)	  
ΔE	  =	  0.07keV	  	  
Allowed	  beams:	  H+,	  4He,	  (3He)	  

Rlab=	  σ·∙ε·∙Ip·∙ρ·∙Nav/A	  

pb	  <	  σ	  <	  nb	  
ε	  ~	  10	  %	  
IP	  ~	  mA	  
ρ	  ~	  µg/cm2 

event/month	  <	  Rlab	  <	  	  event/day	  	  

σ(E)	  =	  S(E)/Eexp(-‐2ηπ)	  



3 orders of 
magnitude! 

0.3	  m3	  Pb-‐Cu	  shield	  suppression	  	  
three	  orders	  of	  magnitude	  below	  2MeV 

γ-ray	  natural	  background	  

surface 

underground 

 
 
underground	  passive	  shielding	  	  
is	  more	  effecDve	  since	  μ	  flux,	  
that	  create	  secondary	  γ’s	  in	  the	  	  
shield,	  is	  suppressed	  
	  
	  
	  

between	  	  Eγ	  =7	  and	  12MeV	  the	  bck	  	  
suppression	  factor	  is	  100	  Dmes	  beGer	  
than	  was	  achieved	  in	  laboratories	  using	  
acDve	  shielding	  



Key	  reac1ons	  measured	  at	  LUNA	  50kV-‐400kV	  

p	  +	  p →  d	  +	  e+	  +	  νe 

d	  +	  p → 3He	  +	  γ 

3He	  +3He → α	  +	  2p 
3He	  +4He → 7Be + γ

7Be+e-‐→ 7Li + γ +νe 7Be	  +	  p → 8B + γ	  

7Li	  +	  p →  α +	  α	  
8B→ 2α +	  e++	  νe	  

84.7	  %	   13.8	  %	  

13.78	  %	   0.02	  %	  

pp	  chain	  

24Mg 

(p,γ)

27Al 
(p,α)

27Si 

26Al 

26Mg 

(p,γ)

e
+ν

6 s 
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25Al 

(p,γ)
e

+ν

7 s 



Importance of experimental reaction rates for understanding of 
nucleosynthesis, energy production in stars,  solar neutrino problem,  
theories of stellar evolution 
 
 
 
The rate of the energy production in the CNO cycle (T>107K and M>1.1M �)   
is governed by the 14N(p,γ)15O slowest reaction, a variation of its rate can 
influence: 
 
q   Neutrino fluxes of Φ(13N) and Φ(15O) depend almost linearly on S14(0) 
 
	  
	  After LUNA measurments 
	  
v  CNO	  neutrino	  flux	  decreases	  a	  	  factor	  ≈	  2	   
v  	  Globular	  Cluster	  age	  increases	  of	  0.7	  –	  1	  Gyr	  	  	  	  	  	  	  	  

	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  Formicola	  et	  al.	  Phys.Le:.B	  591	  (2004)	  61	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  G.Imbriani	  et	  al.	  (2005)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Marta	  et	  al.	  PRC	  78	  (2008)	  022802	  
	  

The	  	  case	  of	  the	  14N(p,γ)15O	  reac1on	  

q  	  	  Age	  of	  Globular	  Cluster	  



LUNA	  MV	  project	  

  

LUNA	  MV	  will	  be	  installed	  in	  the	  North	  part	  of	  Hall	  B	  of	  LNGS	  	  

LUNA	  MV	  
(2018	  -‐-‐>...)	  
	  3.5MV	  

LUNA	  I	  
(1992-‐2001)	  
50	  kV	  

LUNA	  II	  
(2000-‐2018)	  
400	  kV	  

Funded	  by	  the	  Italian	  Research	  Ministry	  as	  a	  “premium	  project”	  with	  5.3	  Meuro.	  
HVEE	  has	  been	  selected	  through	  a	  public	  tender	  as	  provider	  	  
of	  the	  new	  accelerator	  (0.3<TV<3.5	  MV)	  able	  to	  deliver	  intense	  H,	  He	  and	  C	  beams	  
Expected	  installaDon	  at	  LNGS	  in	  2018.	  First	  experiment	  in	  2019	  
	  
PI	  of	  the	  project:	  	  P.PraD	  
DirectorExecuDveContract	  for	  the	  accelerator	  :	  M.Junker	  
	  
	  



LUNA	  MV-‐	  scien1fic	  program	  (2019	  ….)	  

 
 
 
 

13C(α,n)16O:	  enriched	  13C	  solid	  or	  gas	  	  target.	  Neutron	  detector	  
	  Data	  taking	  at	  LUNA	  400	  kV	  in	  2017-‐2018.	  	  
	  
22Ne(α,n)25Mg:	  enriched	  22Ne	  gas	  target.	  Neutron	  detector.	  	  
	  
12C(α,γ)16O:	  12C	  solid	  target	  depleted	  in	  13C	  and	  alpha	  beam	  or	  a	  jet	  gas	  target	  and	  
12C	  beam.	  	  
	  
12C+12C:	  solid	  state	  target.	  Gamma	  and	  parDcle	  detectors	  
Commissioning	  measurement:	  14N(p,γ)15O.	  High	  scienDfic	  interest	  for	  revised	  data	  
covering	  a	  wide	  energy	  range	  (400	  keV-‐	  3.5	  MeV).	  	  
 
On December 1st, 2016 a workshop will be organized at LNGS both to celebrate 
the first 25-year period of LUNA activities (“Silver Moon”) and to present the 
perspectives for the next decades :http://silvermoon.lngs.infn.it/ 
 
	  

 



The	  LUNA	  COLLABORATION	  (as	  of	  May	  2016)	  

•  A. Boeltzig*, G.F. Ciani*, L. Di Paolo, A. Formicola, I. Kochanek, M. Junker,  - INFN LNGS /
*GSSI, Italy 
• D. Bemmerer, M. Takacs, T. Szucs - HZDR Dresden, Germany 
• C. Broggini, A. Caciolli, R. Depalo, R. Menegazzo, D. Piatti - Università di Padova and INFN 
Padova, Italy 
• C. Gustavino - INFN Roma1, Italy 
• Z. Elekes, Zs. Fülöp, Gy. Gyurky -MTA-ATOMKI Debrecen, Hungary 
• O. Straniero -INAF Osservatorio Astronomico di Collurania, Teramo, Italy 
• F. Cavanna, P. Corvisiero, F. Ferraro, P. Prati, S. Zavatarelli -Università di Genova and INFN 
Genova, Italy 
• A. Guglielmetti, D. Trezzi | Università di Milano and INFN Milano, Italy 
• A. Best, A. Di Leva, G. Imbriani, | Università di Napoli and INFN Napoli, Italy 
• G. Gervino | Università di Torino and INFN -Torino, Italy 
• M. Aliotta, C. Bruno, T. Davinson | University of Edinburgh, United Kingdom 
• G. D’Erasmo, E.M. Fiore, V. Mossa, F. Pantaleo, V. Paticchio, R. Perrino, L. Schiavulli, A. 
Valentini| Università di Bari and INFN Bari, Italy 

Istituto Nazionale
di Fisica Nucleare



The	  LVD	  SN	  neutrino	  observatory	  

The	  Large	  Volume	  Detector	  
	  taking	  data	  since	  1992.	  
	  LVD	  is	  sensiDve	  to	  neutrino	  burst	  from	  	  
gravitaDonal	  stellar	  collapses	  	  
with	  full	  detecDon	  prabability	  over	  the	  Galaxy	  



Detector	  characterisDcs	  	   the module  

the counter  

3 photomultipliers Each counter 
is viewed on 
the top by 3 
PMTs 
FEU49b or 
FEU125. 

– 1260 m3 of 
scintillator 

– 3 towers  
– 105 
modules   

– 840 
counters 

– 2520 PMTs 



Search for neutrino bursts from  
Core Collapse Supernovae  
 
LVD is observing the Galaxy since 1992 with a total 
duty cycle of 93.7% over 24 years (>99% since 
2001).  
 
The resulting 90% c.l. upper limit to the rate of 
gravitational stellar collapses at distances (D ≤ 25 
kpc), is the most stringent existing limit [ApJ, 
802:47, 2015]. 
The up-to date limit is:    R < 0.10 events/year 

 
LVD STAND ALONE 

SENSITIVITY  
(<1 fake event/100 years)  our	  galaxy	  

Detector	  sensiDvity	  	  

LVD detection probability versus source distance for 
the imitation frequency of 1/100 yr-1. The blue and 
red bands correspond to the case of standard core-
collapse (ccSN) and failed supernovae, respectively. 
The solid (dashed) line represents an active mass of 
300 (1000) t.  

300	  t	  
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LVD	  and	  cosmic	  muons	  
More than 10 publications regarding 
atmospheric muons and neutrino induced 
muons underground. 
 
 
 
 
Analysis of the seasonal modulation 
of the cosmic muon flux in the LVD 
detector. 



Etot=2.6.1053 erg.    D = 10 kpc 
normal hierarchy - adiabatic 

 
radius of neutrino-sphere Rc = 17.4 km 
initial temp. of cooling phase Tc = 4.47 MeV 
 
initial temp. of cooling phase = 0.8.Tc 
 
initial temp. of cooling phase = 1.3.Tc 

CompeDtors	  	  



	  	  	  The	  future	  

Another detector inside LVD? 
 
An inner region inside the LVD 
structure could be effectively 
exploited by a compact detector, such 
as a lead based detector to study 
electron neutrino interactions from 
Core Collapse SN.  
 
This facility could be realized with a 
negligible impact on LVD operation 
and sensitive mass.  
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