THE LUNA EXPERIMENT
AT THE GRAN SASSO LABORATORY

ROBERTO MENEGAZZO

FOR THE LUNA COLLABORATION



m LUNA: WHY GOING UNDERGROUND TO MEASURE
NUCLEAR FUSION REACTIONS IN A LABORATORY ?

B THE SUN: P-P CHAIN, CNO CYCLE AND SOLAR
NEUTRINOS

B NUCLEOSYNTHESIS AT WORK: 25AL
® HoT ENVIRONMENT: BBN AND NOVAE

B THE LUNA-MV PROJECT: A BIG STEP FORWARD



NUCLEOSYNTHESIS
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RELATIVE PROBABILITY
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ASTROPHYSICAL FACTOR GAMOW FACTOR

MAXWELL - BOLTZMANN
DISTRIBUTION
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IN THE SUN: T

GAMOW PEAK

NUCLEAR REACTIONS THAT GENERATE
ENERGY AND SYNTHESIZE ELEMENTS TAKE
PLACE INSIDE THE STARS IN A RELATIVELY
NARROW ENERGY WINDOW: THE GAMOW
PEAK

TUNNELING
THROUGH

COULOMB BARRIER
ccexp (-VEG/E)

GAMOW ENERGY FOR H-BURNING REACTIONS:
FEW TO SEVERAL TENS KEV

b,

PBARN < O < NBARN

ENERGY

= 1.5.107 K

KT = 1 KEV << EcouL (0.5-2MEV)



EXTRAPOLATION RISKS

EXTRAPOLATION DOWN TO
ASTROPHYSICAL ENERGIES IS

NEEDED BUT ...
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SOMETIMES EXTRAPOLATION FAILS!



EXPERIMENTAL REQUIREMENTS

THE CROSS SECTION VARIES STRONGLY WITH ENERGY

M PRECISE BEAM ENERGY RESOLUTION
M HIGH PURITY AND STABLE TARGETS

AND IT°’S VERY SMALL AT LOW ENERGIES

SETUP EFFICIENCY

How TO IMPROVE NATURAL BACKGROUND
(cosMIC RADIATION,
SIGNAL TO NOISE RATIO RADIOACTIVE ISOTOPES)
BEAM INDUCED '
BACKGROUND

DIRECT CROSS SECTION MEASUREMENTS FEASIBLE WITH
REDUCED COSMIC-RAY INDUCED BACKGROUND

N

UNDERGROUND MEASUREMENTS



@ LNGS
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LUNA |

BEAMS = P, O

CURRENT MAX = 1 MA

VOLTAGE RANGE = 1 - 50 KV

BEAM ENERGY SPREAD: 20 EV

LONG TERM STABILITY (8 H): 104 EV

LUNA Il

COCKCROFT-WALTON ACCELERATOR

BEAMS = P, O
CURRENT MAX = 500 UA (PROTONS)

250 LA (ALPHAS)
VOLTAGE RANGE = 50 - 400 KV
ABSOLUTE ENERGY ERROR: £300 EV
BEAM ENERGY SPREAD < 100 EV
LONG TERM STABILITY (1H): 5 EV



MEASUREMENTS AT LUNA 1|

SHE+3HE — 4HE + 2P
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POSSIBLE SOLUTION OF THE SOLAR
NEUTRINO PROBLEM

CROSS SECTION MEASURED DIRECTLY
AT GAMOW ENERGIES
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NO EXTRAPOLATION NEEDED !



S(E) [keV b]

MEASUREMENTS

SHE+4HE — 7BE + ¥
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AT LUNA II
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A. CACIOLLI ET AL., EPJA 39 (2009) 179

MEASURED BACKGROUND ATTENUATION FACTOR
FOR THE 2*HE(Q,YV)’BE SETUP IS ~ 1075 II!
(I.E. 1.9 AND 0.8 COUNTS/DAY WITH AE = 20 KEV)

UNCERTAINTIES ON THE
NEUTRINO FLUXES
8B -> FROM 12% 10 10%
’BE -> FROM 9.4% TO 5.5%



S factor [keV barn]

CNO CYCLE
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M. MARTA ET AL., PRC 83(2011)045804

LINK THE FIRST AND SECOND CNO
CYCLES

B TOTALLY COVERED THE NOVA GAMOW PEAK
B REDUCED THE S-FACTOR BY A FACTOR OF 2

B REDUCTION '°O PRODUCED BY NOVAE
EXPLOSIONS

o
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RECENT ACTIVITY: 'O(P,V)'°F

170+P IS OF PARAMOUNT IMPORTANCE FOR UNDERSTANDING
HYDROGEN-BURNING IN DIFFERENT STELLAR ENVIRONMENTS:

B AGB AND RGB STARS
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MASSIVE STARS
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RGB, AGB, etc. Novae

70 keV LUNLX

I’\/ // :

1Y 519-826 keV

Temperature (GK)

C. Fox et al,, Phys. Rev. C71 (2005) 055801
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13N 15N 17F
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IT IS IMPORTANT FOR GALACTIC SYNTHESIS
OoF 70, '8F, AND PREDICTED O ISOTOPIC
RATIOS IN PRESOLAR GRAINS.

IT AFFECTS DIRECTLY THE PRODUCTION OF
170,180, '8F, AND '°F IN CLASSICAL NOVAE



TARGET PREPARATION

gold anode

electrolyte tank TA>20s5 TARGETS
— 170 ENRICHMENT UP TO 69% (WITH 5%
180)

BACKING TREATED WITH CITRIC ACID
AND COOLED TO 25 °C DURING THE
ANODIZATION PROCESS

cooling out

stainless

steel base positioning spring

tantalum backing

0.004|—
STOICHIOMETRY AND ISOTOPIC RATIO FROM 0.003}—
151 KEV '80(P,Y)'°F RESONANCE SCANS, RBS i [ ] ow
0.002— FROTp——
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TARGETS STABLE UP TO ~ 20 C oo | 28keV @151 keV
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70O(P,Y)'®*F: PROMPT GAMMA SPECTROSCOPY

counts per xeV

10

B EFFICIENCY MEASURED AT THREE
DIFFERENT DISTANCES TO CORRECT FOR
SUMMING EFFECT

B LEAD SHIELDING TO REDUCE THE NATURAL

BACKGROUND AT LOW Y ENERGIES BY A
FACTOR OF 2

® NEW BRANCHINGS OBSERVED

E,= 193 keV
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ALSO MEASURED WITH ACTIVATION TECHNIQUE



S-FACTOR

B S-FACTOR MEASURED FOR THE FIRST TIME DOWN TO 200 KEV

B UNCERTAINTY REDUCED BY A FACTOR OF 4 WITH RESPECT TO
PREVIOUS WORKS

B NOVAE GAMOW PEAK COVERED TOTALLY FOR THE FIRST TIME
WITH EXPERIMENTAL DATA
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http://link.aps.org/doi/10.1103/PhysRevLett.109.202501
http://link.aps.org/doi/10.1103/PhysRevLett.109.202501

SL.I AND “LLI1 NUCLEOSYNTHESIS

UNFOLDING PRIMORDIAL ABUNDANCES
OBSERVATION OF A SET OF PRIMITIVE
OBJECTS, BORN WHEN THE UNIVERSE
WAS YOUNG, AND EXTRAPOLATE TO ZERO
METALLICITY: FE/H, O/H, SI/H — O

7L1 ABUNDANCE: OBSERVATION OF THE
ABSORPTION LINE AT THE SURFACE OF
METAL-POOR STARS IN THE HALO OF
OUR GALAXY

SL1 ABUNDANCE: NO DIRECT
OBSERVATION. FROM THE ASYMMETRY
OF THE “L1 ABSORPTION LINE

M.ASPLUND ET AL. ASTROPHYS. J. 644 (2006)
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THE LI PROBLEMS

OBSERVATIONAL RESULTS:

7LI ABUNDANCE IS 3-4 TIMES LOWER
THAN FORESEEN (SPITE PLATEAU):
WELL ESTABLISHED LI PROBLEM

SL1 ABUNDANCE IS ORDERS OF
MAGNITUDE HIGHER THAN EXPECTED
(ASPLUND 2006)

HOWEVER THE SECOND LITHIUM
PROBLEM IS DEBATED, BECAUSE
CONVECTIVE MOTIONS ON THE
STELLAR SURFACE CAN GIVE AN
ASYMMETRY OF THE ABSORPTION
LINE, MIMICKING THE PRESENCE OF
SL.I

Li/H
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S factor (MeV barn)

D(0, V)Ll REACTION

WHY IS IT IMPORTANT ? HOW MUCH DO WE KNOW ABOUT IT ?

THAN ONE ORDER OF MAGNITUDE

D(Q,Y)®LI IS THE MAIN REACTION FOR ®LI PRODUCTION

IN BBN, THIS REACTION OCCURS AT ENERGIES IN THE RANGE 50 < Ecy < 400 KEV
NO DIRECT MEASUREMENT EXISTS AT Ecy < 650 KEV (E as < 1950 KEV)
THEORETICAL CALCULATIONS FOR THE ASTROPHYSICAL S-FACTOR DIFFER BY MORE

LUNA DIRECT MEASUREMENT AT Ecy < 133 KEV
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BEAM INDUCED BACKGROUND

=

H(o,o)°H
Rutherford scattering

é
\’ il
2H(2H,n )*He \

d+d - reaction e

-

(N,N’y) REACTIONS ON THE SURROUNDING MATERIALS (PB, GE, CU)

Y-RAY BACKGROUND IN THE ROI FOR THE D(0,Y)®L1 DC TRANSITION (~1.6 MEV)

LNGS CONSTRAINTS ON AVAILABLE BEAM TIME AND NEUTRON PRODUCTION



Yield [counts/C]

SPECTRUM FROM D(0,V)°LlI
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WELL UNDERSTOOD BEAM INDUCED BACKGROUND

M. ANDERS ET AL., EPJA 49 (2013) 28



EXPERIMENTAL SETUP

Silicon _
Detector Radon ByNz flushing)

Alpha beam

Deuterium
inlet

N

4

5% Calorimete

.

HPGe
Detector

Deuterium
exhaust

=

Lead shield

_____~_____ﬂ;‘__

GERMANIUM DETECTOR CLOSE TO THE BEAM LINE TO
INCREASE THE DETECTION EFFICIENCY

PIPE TO REDUCE THE PATH OF SCATTERED DEUTERIUM,
TO MINIMIZE THE D(D,N)3HE REACTION YIELD
TARGET LENGTH OPTIMIZED

COPPER REMOVAL

SILICON DETECTOR TO MONITOR THE NEUTRON
PRODUCTION THROUGH THE D(D,P)3H REACTION
LEAD, RADON BOX TO REDUCE AND STABILIZE
NATURAL BACKGROUND

BORATED POLYETHYLENE ENVELOPE TO REDUCE
NEUTRON CONTAMINATION




SOME RESULTS

WHAT SHOULD WE OBSERVE ? A SINGLE Y-RAY WITH
E'y = 1473.48 + ECM e o EDoppLER

5 ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
280 KEV 400 KEV _

— Run 1: 400 keV
4 1 1"T7775 emema~ ) —— Run 1: 280 keV
— |
O l
& - |
<
S
o
2,
=
9
b

P(D.) = 0.3 MBAR, Q(400) = 263 C, Q(280) = 278 C

THE SHAPE OF BEAM INDUCED BACKGROUND SPECTRA WEAKLY DEPENDS ON THE O-BEAM ENERGY



NEXT MEASUREMENTS

% 170(P,0)'“N DATA TAKING o CNO Cycle
FOR 65 KEV AND 183 KEV "I o) (p)
RESONANCES (END 2013) 5C 14N 170 —> 18f
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I II m o
17C I‘RN_ ]ﬁo 180

% 22NE(P,YV)?>>NA SETUP
UNDER CONSTRUCTION AND
CALIBRATION (2014)
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* '80(P,0)'°N, '80(P,V)'°F, AND 23NA(P,Y)2* MG UNDER STUDY



A NEW ACCELERATOR UNDERGROUND

LIMITS OF A 400 KV ACCELERATOR

0 SOLAR FUSION REACTIONS
0 STELLAR HELIUM AND CARBON BURNING
0 NEUTRON SOURCES FOR ASTROPHYSICAL S-PROCESSES

.

A NEW, HIGHER ENERGY UNDERGROUND ACCELERATOR
IS NEEDED !

PROPOSED SOLUTIONS:

LUNA-MV AT GRAN SASSO NATIONAL LABORATORY (ITALY)
CANFRANC (SPAIN)

FELSENKELLER (GERMANY) <-- SHALLOW UNDERGROUND
DIANA (FORMERLY PART OF DUSEL) (UNITED STATES)
CHINA

SOUTH AMERICA



APRIL 2007: A LETTER OF INTENT (LOI) WAS PRESENTED TO THE LNGS SCIENTIFIC
COMMITTEE (SC) CONTAINING KEY REACTIONS OF THE HE BURNING AND NEUTRON
SOURCES FOR THE S-PROCESS:

12C(O(,Y)160

13C(a,N)16O

22NE(O,N)2°MG

(0,Y) REACTIONS ON 415N AND 80

THESE REACTIONS ARE RELEVANT AT HIGHER TEMPERATURES (LARGER ENERGIES)
THAN REACTIONS BELONGING TO THE HYDROGEN-BURNING STUDIED SO FAR AT LUNA

-

SINGLE ENDED 3.5 MV POSITIVE ION ACCELERATOR



Neutron production rate [1/s]

LUNA - MV PROJECT

6534

9750

* Inavery low
background
environment such as
LNGS, it is
mandatory not to
increase the
neutron flux above
its average value

Box
Controllo e
Manutenzione

4074

9750 ‘ RN ‘

13C(0{, n)160 22Ne(0{, n)stg 13C(a, n)160 fr'om IZC(O(, 7/)160 | Senamatia - "

5000

a beam intensity: 200 pA a beam intensity: 200 A a beam intensity: 200 pA
Target: 3C, 2 107at/cm? (99% Target: 22Ne, 1 10'8at/cm? Target: 13C, 1 10%8at/cm? (3C/12C = 10-%)
13C enriched) Beam energy(lab) < 1.0 MeV Beam energy(lab) < 3.5 MeV T — B
Beam energy(lab) < 0.8 MeV

1E+04

Maximumneutron [~ e g
energy (lab): 3.02 MeV

1E+03 +

1E+02 +
Maximum neutron

energy (lab): 5.6 MeV

1E+01 £

ten § Masimum neutrn *  Maximum neutron production
1E01 L energy (lab): 0.45 MeV
1E02 ¢ 13C 160 ﬁ IZC 160 r‘aTe : ZOOO n/S
s | " C@n *  Maximum neutron energy
1E04 | — %C(a,n)0 (lClb) : 5.6 MeV
1E05
1E06 . t ‘ i i . . . . . : t

025 05 075 1 125 15 175 2 225 25 275 3 325 35

Beam energy (lab) [MeV]

THE ESTIMATED N-FLUX (FLUKA & GEANT 4
SIMULATIONS) WILL INCREASE LESS THAN
1% OF THE LNGS NATURAL FLUX !

R — =



ITALIAN RESEARCH MINISTRY FINANCED THE
LUNA-MV SPECIAL PROJECT WITH 2.8 MEURO IN
2012

TIME SCHEDULE:

2012 - 2013 HALL PREPARATION, TENDER FOR THE ACCELERATOR
AND SHIELDING

2014 BEAM LINES R&D, INFRASTRUCTURES

2015 ACCELERATOR INSTALLATION, BEAM LINES CONSTRUCTION,
DETECTORS INSTALLATION

2016 CALIBRATION OF THE APPARATUS AND FIRST TESTS OF BEAM
ON TARGET

LOCATION AT LNGS UNDERGROUND LABORATORY STILL UNCERTAIN !

NEW FUNDING FROM 2ND “PROGETTO PREMIALE” UNDER DISCUSSION !



(Zs. FULOP, GY. GYURKY, E. SOMORJAI, T. SZUCS),
(C. ROLFS, F. STRIEDER, H.P. TRAUTVETTER),
(M. ANDERS, D. BEMMERER, Z.ELEKES),

(M. ALIOTTA, T. DAVINSON, D. A. SCOTT),
(F. CAVANNA, P. CORVISIERO, P. PRATI),

(A. FORMICOLA, M. JUNKER),
(C. BRUNO, A. GUGLIELMETTI, D. TREZZI),

(G. IMBRIANI, A. DI LEVA),
(C. BROGGINI, A. CAcCIOLLI, R. DEPALO, R.M.),

(C. GUSTAVINO),
(O. STRANIERO),
(G. GERVINO)

NEW COLLABORATORS ARE WELCOME!



