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Dear Professors Corvisiero and Rolfs:
I am writing to you about a historic opportunity of which I first became aware at the Inside: Topical Issue on Underground Nuclear Astrophysics
recent meeting on Solar Fusion Reactions at the Institute of Nuclear Theory, Washington and Solar Neutrinos: Im pact on AStrOphySiCS, Solar and Neutrino Physics
University. At this meeting, I had the opportunity to see for the first time the results of

the LUNA measurements of the important 3He — 3He reaction in a region that covers edited by Gianpaolo Bellini, Carlo Broggini, Alessandra Guglielmetti

a significant part of the Gamow energy peak for solar fusion. This was a thrill that I
had never believed possible. These measurements signal the most important advance in

nuclear astrophysics in three decades.

LUNA
With the LUNA results, debates on the validity of nuclear physics extrapolations to low Dwarakanath and Winkler (1971)

energy that were ignited by the differences between standard predictions and observa- [ .
tions of solar neutrinos can now be resolved experimentally. At least for the important
3He(®He,2p)* He reaction, it is becoming clear that no major discrepancy can be at-
tributed to our nuclear physics understanding. (Additional measurements are needed
in order to clarify some systematic uncertainties and to extend the results to the lower
energy part of the Gamow peak.)
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There are a number of other reactions that are crucial for our understanding of so-
lar neutrino experiments and for the evolution of main sequence stars. These include:

3He(a,v)"Be, "Be(p,v)® B, and " N(p,v)*O. We need to know the rates for these reac- Gamow peak 100
tions at or near the energies at which fusion occurs in the sun and other main sequence E. [keV]
stars.
. . . . . ) From:
The LUNA collaboration is superbly qualified to carry out the required studies provided The nuclear physics of the hydrogen burning in the Sun
an improved facility, a 200 kV high current machine, is installed in the unique environ- by A. Formicola (left)
ment of the Gran Sasso Underground National Laboratory. Experimental data on solar neutrinos

by L. Ludhova (right) 10°
Energy (keV)

I have had some experience in helping to set priorities for research in physics and in as-
tronomy, most recently as Chair of the Decade Survey for Astronomy and Astrophysics

IAmerican Astronomical Society. I can say, with the perspective provided by these pre- 4 @ .

vious assignments, that the work of the LUNA collaboration is unique and essential for i = SPrlnger
further progress in solar neutrino studies and for understanding how main sequence stars
levolve. I personally would rank the LUNA project among the highest priorities interna-
tionally for research in nuclear astrophysics, in stellar evolution, in solar neutrinos, and

in.pazticle phenomenalogy




Globular cluster M 10

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
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Borexino is a low energy threshold (~ 200 keV) real Core of the detector
time experiment

=100 tons
Ultra high-
purity liquid
scintillator
PC+PPO

Detection principle V.+e =V _+e

Neutrino-electron elastic scattering interaction

It is possible to distinguish the different neutrino contributions: Spectroscopy

Unlike Cherenkov light, the scintillation light is emitted isotropically; this means that the v
induced events can’t be distinguished from other y/B 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-'¢ g/g! (this means 9-10 orders of magnitude less radioactive
then anything on Earth)

Several techniques have been Background Source Con:);Fr)\I::;tion (peEZZ?:;R;tI;ivs::ss) Reduction Method
applied:
. Distillation,
e \Water extraction, 107 cpd/ton (Air)
* Nitrogen stripping,
+ecc.... ~
2




Borexino al LNGS

Stainless Steel Sphoro:
2212 PMTIs
1350m*

300 tons of liquid scintillator
(PC+PPO) contained in a nylon cintilistars
vessel of 4.25 m radius 270t PC+PPO

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

autar Vessal: 5,50

2000 tons of ultra-pure water Water tank:
. : - 208 PMIs
contained in a cylindrical dome 2100m?
inner Vesselt 1,25m
2200 photomultiplier tubes pointing towards the
center to view the light emitted by the | =
scintillator
20 legs

Carbon stecel plates

200 photomultiplier tubes mounted on the SSS
pointing outwards to detect light emitted in the
water by muon scrossing the detector




Improved radiopurity

Borexino’s history 85Kr rate compatible with 0
210Bj reduced by a factor = 3;

232Th and 238U negligible;

2007 Phasel 2010 2012 Phasell 2015

* pp-v: ISt observation in real time

: » Seasonal modulation of 7Be signal
’Be-v: 1t observation and

precise measurement (5%);| ;o1

1012 p+p—2H+et+v,

Day/Night asymmetry; 10
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"Be (+7%)

pep-v: 15t observation; pep (+1.2%)
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B-v at low threshold; N\ e (F14%)

Solar neutrino flux

CNO-v: best limit

102

lllll[

1071 1
Neutrino energy (MeV)




We have to add the systematic error:

“ 49 + 3Stat +4 de/IOO tons “

- syst

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

46.0+15(stat) +i'2 (syst) cpd /100 tons
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Total fluxes from direct
measurement:

pep flux: (1.6 £0.3):108 cm2s?
CNO flux: <7.4108 cm=2s?

SSM pep flux: (1.44 +0.02):108 cm2s?




Events (c.p.d. per 100 t per keV)

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 *4C) in order to constrain them in the fit procedure.

1keV)
T

o 14C rate determined from an independent class of events less
affected by the trigger threshold; 14C rate = (40 £1) Bq/100tons

Events / (day x 100 tons x 1 ke'
+

| |
140 160 180 200
Energy (keV)

Pile-up of 14C

* Pile-up of 14C rate and shape determined by a data-driven
method (synthetic pile-up); | Pile - up rate (**C-"*C) = (154 £10) cpd/100tons

Counts / 1 Ny, ¢

zzld.o.f. =172.3/147 - t:nergy e::malor :\‘;mber o:?nt F‘MT:O
— pp v: 144 + 13 (free) — 210pg; 583 + 2 (free)
— 7"Ber:46.2 + 2.1 (constrained) = 14C: 39.8 + 0.9 (constrained)
— pep v: 2.8 (fixed) — Pile-up: 321 + 7 (constrained)
—— CNO v: 5.36 (fixed) —— 210Bj: 27 + 8 (free)
DA T L e pp —v rate =144 +13(stat) =10(sys) cpd /100tons
104
ppv .
CE o predicted rate SSM (HM ) + MSW (LMA)=132+2 ¢pd /100tons
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10 Synthetic “°Po CN(__) v e
pile-up ! ; .
1 Be ya Neutri
oS from the pys
107 ' i e pri
2 : 810N procegs jn thg g? » Proton ~Proton
° 12 Aug ggg U1
1078 4
10 M=
10956400 550500

Energy (keV)



what next?

A new calibration campaign will take place this year for a complete analysis of Phase Il in
order to further reduce systematic uncertainties

* Improve measurements (reduced errors) obtained so far;

e Attempt to measure neutrino from CNO-cycle;

* Plus others non-solar neutrinos measurements (Geo-neutrinos. Artificial v-sources).

Gran Sasso

Virginia Tech

D
AL O

e "';/./’
Los Angeles

sl
Perugia

‘ the Borexino Collaboration

’-“é“- UH
NN " JG U
N\ m
Miinchen S o -
Heidelberg ~ Hamburg ainz
S g
T I Jagiellonian

TU Dresden Kiakow

®

e 4

Princeton

P Lk
Y OF A
& -A
2 PN L

~
'S"ndsd ol iy, A IVIOSCOW
Houston # Paris I' lI
%, e 9,
UMass Kurchatov
Moscow

bt St. Petersburg




LUNA is dedicated to direct cross section measurements for astrophysics interest

‘\?‘;\,\ Uterminal =50 — 400kV
| .. =500uA (on target)
AE =0.07keV

Allowed beams: H*, “He, (3He)

RIab= G'S'Ip'p'Nav/A

€~10%
pb<o<nb ™~ mA

p ~ ug/cm?
event/month <R, < event/day

o(E) = S(E)/Eexp(-2n)




counts ‘hikeV

counts ‘ThikeV

) @ YTy natural background

o ]

ﬂ surface 1 between E =7 and 12MeV the bck

D 1 suppression factor is 100 times better
07 g | than was achieved in laboratories using
10° | active shielding

5 underground
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(b)
10
o' A underground passive shielding
o' b is more effective since u flux,

ﬂ 3 orders of that create secondary y’s in the
g magnitude! , ,

shield, is suppressed

W g v |
100 L | | 0.3 m3 Pb-Cu shield suppression
i ” ” three orders of magnitude below 2MeV

a 500 1000 1500 2000 2500 3000 3500 J‘-.CIE-ZJ
E [keV]



84.7 %

Key reactions measured at LUNA 50kV-400kV

pp chain

p+tp—> d+e'+v,

/_w

d+p—>3He+y
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e , CNO cycle II

13.8 %

3He +3He — a. + 2p )

\ >He +*He = 7Be +y | !
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Importance of experimental reaction rates for understanding of
nucleosynthesis, energy production in stars, solar neutrino problem,
theories of stellar evolution

The case of the *N(p,y)*°O reaction

The rate of the energy production in the CNO cycle (T>107K and M>1.1M o)

is governed by the 4N(p,y)150 slowest reaction, a variation of its rate can
influence:

O Neutrino fluxes of ®(13N) and ®(150) depend almost linearly on S,,(0)
O Age of Globular Cluster

After LUNA measurments

** CNO neutrino flux decreases a factor =2
** Globular Cluster age increases of 0.7 — 1 Gyr

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

Marta et al. PRC 78 (2008) 022802



LUNA MV project

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

LUNA MV
LUNA | (2018 -->...)
(1992-2001)-3:3WV
50 kV £

o

Target Station #2

LUNA I
(2000-2018)
400 kV

4,20m

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 installation at LNGS in 2018. First experiment in 2019

Pl of the project: P.Prati
DirectorExecutiveContract for the accelerator : M.Junker



LUNA MV- scientific program (2019 ....)

13C(a,n)*®0: enriched 13C solid or gas target. Neutron detector
Data taking at LUNA 400 kV in 2017-2018.

22Ne(a,n)?*Mg: enriched 2’2Ne gas target. Neutron detector.

12C(a,y)*0: 12C solid target depleted in 13C and alpha beam or a jet gas target and
12C beam.

12C+12C: solid state target. Gamma and particle detectors

Commissioning measurement: *N(p,y)!°0. High scientific interest for revised data
covering a wide energy range (400 keV- 3.5 MeV).

On December 1%, 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.Ings.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 /
*GSS|, ltaly

*D. Bemmerer, M. Takacs, T. Szucs - HZDR Dresden, Germany

C. Broggini, A. Caciolli, R. Depalo, R. Menegazzo, D. Piatti - Universita di Padova and INFN
Padova, Italy

C. Gustavino - INFN Roma1, ltaly

/. Elekes, Zs. Fulop, Gy. Gyurky -MTA-ATOMKI Debrecen, Hungary

Q. Straniero -INAF Osservatorio Astronomico di Collurania, Teramo, Italy

F. Cavanna, P. Corvisiero, F. Ferraro, P. Prati, S. Zavatarelli -Universita di Genova and INFN
Genova, Italy

*A. Guglielmetti, D. Trezzi | Universita di Milano and INFN Milano, Italy

*A. Best, A. Di Leva, G. Imbriani, | Universita di Napoli and INFN Napoli, Italy

*G. Gervino | Universita 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| Universita di Bari and INFN Bari, Italy
G S Dipartimento
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e Astronomia
| Galileo Galilei
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DIPARTIMENTO DI FISICA STUDI DI GENOVA NN O FEDERI




The LVD SN neutrino observatory |

N. Y. AcaroNova!, M. AGLIETTA?, P. ANTONIOLL, V. V. AsHIKHMIN', G. BADINO>’, G. BARI®, R. BERTONIZ, E. BRESSAN®”,

G. BRuNo®, V. L. DADYKIN', E. A. DoBRYNINA', R. I. ENIKEEV', W. FULGIONE™®, P. GALEOTTI>’, M. GARBINT, P. L. GHIA®,

P. Giustr, F. Gomez?, E. KEmP’, A. S. MALGIN', A. MoLINARIO?®, R. PERSIAND, 1. A. PLEss'’, A. PorTAZ, V. G. RYASNY',

0.G. RYAZHSKAYAI, 0. SAAVEDRA2’7, G. SARTORELLI3’4, I R. SHAKIRYANOVAI, M. SELVI3, G. C. TRINCHEROZ, C. VIGORIT02’7,
V. F. YAKUsHEV', A. Zicuicar: >

(THE LVD COLLABORATION)

! Institute for Nuclear Research, Russian Ac
INEN-Torino, OATo-Torino, I-10100 Torino, Ite
3 INFN-Bologna, 401

4 University of Bologna, -4

Centro Enrico Fermi, I

® INFN-Laboratori Nazionali del Gran Sasso and Gran
! Dep. of Physics, University of

8 CNRS-IN2P3, Paris, Laboratoire de Physique
Universités Paris 6 et

0 ? University of Campinas, 13083
Massachusetts Institululﬁ of Technology,

CERN, Geneva,
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The Large Volume Detector
taking data since 1992.

LVD is sensitive to neutrino burst from
gravitational stellar collapses

with full detection prabability over the Galaxy "f
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Detector sensitivity LVD STAND ALONE

I SENSITIVITY
Search for neutrino bursts from M - (<1 fake event/100 years)
Core Collapse Supernovae 1—§ ------------------ e i e e S
L] \: - 1000t ceSN
LVD is observing the Galaxy since 1992 with a total i " - —
duty cycle of 93.7% over 24 years (>99% since 3.0'8 R
= Failed ccSN
2001). s [ —
® [ ;
, . 206~
The resulting 90% c.l. upper limit to the rate of a I
gravitational stellar collapses at distances (D <25 S5 |
kpc), is the most stringent existing limit [ApJ, §0.4 -
802:47, 2015]. "3"
The up-to date limit is: R < 0.10 events/year :
0.2 300
LVD detection probability versus source distance for [
the imitation frequency of 1/100 yr'!. The blue and TR N\ T
red bands correspond to the case of standard core- 0 20 40 60 80 100 120 140 160 180 200
collapse (ccSN) and failed supernovae, respectively. Distance [kpc]

"=1000
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Active Mass [to
e
o S

1992 1993 1994 1995 1996 1997 1998 1999 2000 20012002 2003 2004 2005 2006 2007 2008 2009 2010 201120122013 2014 2015 2016



LVD and cosmic muons

_(7) 10‘8 I A=(1.77+0.02)x10® cm?sec'sr”
. . . ‘0 h,=(1211+3) hgiem?
More than 10 publications regarding e, K=(2.9811.15):10" cmsoc "sr
atmospheric muons and neutrino induced < l
muons underground. D .
5 10
£
E 10"
5
o 12
>
Analysis of the seasonal modulation
of the cosmic muon flux in the LVD o
detector. e
10 : : : z - ;oloé ‘ soloo ’ QoLoo Amtl)o‘e‘néob‘ 1‘4(110‘01 IAth)OAOI I‘G(IJOAOI 2'0:106

Standard Rock (hg/cm?)

[T lllllllllll

Percentage variation of | and T (%)
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3 E+t=2.610° erg. D =10 kpc
Competitors normal hierarchy - adiabatic

7 (|radius of neufrino-sphere Rc =17 4 km
© ||initial temp. of cooling phase Tc = 4.47 MeV

Ve [linitial temp. of cooling phase = 0.8 Tc )

Vg initial temp. of cooling phase = 1.3-Tc

Interaction [ LVD ) Borexino KamLAND [ SuperK IceCube
Ve Ve + p 274 65 304 7150 613000
Ve v; + e 10 4 14 260 18000
v, +12 C (CC) 5 2 5 - -
v, +2C (CO) 3 1 4 - -
v; +12C (NC) 7 4 13 - -
ve +°° Fe (CO) | 13 - - - -
v, +°% Fe (CC) | 2 - - - -
v; + %Fe (NC) | 7 - - - -
Vrp vi + p (NC) - 17 46 - -
ve +1°0 (CC) | - - - 120 19000
v, +1% 0 (CC) - - - 80 9000
v; +1°0 (NC) - - - 60 1000
Total 321 93 386 7670 660-10°




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.




week ending
17 AUGUST 2012

ocity of Neutrinos from the CNGS Be

Measurement of the Vel

IOP PUBLISHING REPORTS ON PROGRESS IN PHYSICS

Rep. Prog. Phys. 72 (2009) 086301 (25pp) doi:10.1088/0034-4885/72/8/086301

LUNA: a laboratory for underground ' LVD
nuclear astrophysics Al




