L’esperimento LUNA fa luce sulla
densita della materia barionica

S. Zavatarelli
a nome del Gruppo LUNA di Genova




Talk outline

® Perche’ si fanno esperimenti di astrofisica nucleare in labora
sotterranei?

e |’esperimento LUNA (combustione H congli acceleratori da 50 & 400 kV)
= |l primo risultato (3He+3He-> problema dei neutrini solari)
= |l piu’ recente (p+d -> BBN)

e || futuro : il progetto LUNA-MV (combustione He, C, fasi post-sequenzz
principale)
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For a 15 Mg, star:

Reaction Timescale
Hydrogen burning | 10 million years
Helium burning 1 million years
Carbon burning 300 years
Oxygen burning 200 days

Silicon burning 2 days




Precise direct measurement at stellar ene
Not an easy task!
Low cross sections!!!! Wh

‘ Repulsive force 3

experienced A
Coulomb barrier

distance V e2 ZaZb

Attractive force

experienced C 4 mo Ra + Rb

V. ~ MeV

Typical termal energies : 10-100 keV

The reaction can proceed only through the _
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Precise direct measurement at stellar ene
Not an easy task!

low cross sections - low yields = poor signal-to-noi

N, N crosssection detection eff

TUNNELING

MAXWELL - BOLTZMANN THROUGH 104 pps (~100 wA g=1*) typical stable beam intensities
DISTRIBUTION COULOMB BARRIER

o exp (-E/kT) wexp (-VEG/E)
/ GAMOW PEAK

/
10'° atoms/cm? typical solid state targets

102> barn (often even smaller)

100%
~1-10%

ENERGY

Y = 0.3-30 counts/year

~ 1.2-220 counts/day (background)




Precise direct measurement at stellar energies...
Not an easy task!

low cross sections - low yields - poor signal-to-noise ratio

Astrophysica Coulomb
Fac'ror' Barrier

CROSS SECTION S-FACTOR

G(E) resonance extrapolation )
e LINEAR ] direct measurement
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Our Sun has been shining at a constant rate for




Converting H into He: The Proton-Protc
According to the Standard Solar Model...

pp chain: 99 % of Sun Energy CNO cycle: <1 % of Sun Energy

pep
) 2
p+e +p —=“H+v,

16.70%

’H+p — °He+y

*He +°He — “He +2p 0.12% . 3He +*He

"Be+p = °B+y

{QE °B —>°Be +e" +v,

®Be" — “He +‘He

"Li+p — “He +‘He

No way of “seeing” what happens in the core of the Sun except if we. .
detect neutrinos




FIRST DIRECT EVIDENCE FOR NUCLEAR REACTIONS IN OUR SUN
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1965: Ray Davis inside chlorine tank used for solar neutrino detectic
Credit: Anna Dz




Chlorine

Homestake

Solar Neutrino

Electron-Neutrino Detectors

Water

Gallium - _
vie S v+e

COETTIEmA

for 30 years all neutrino detec
efforts consistently measurec
1/3 of expected neutrinos flu
based on Standard Solar Mode

Gallex/GNO (Super-)
SAGE Kamiokande

« wrong assumptions of SSM?
« poor understanding of neutrinos properties?
nclear n clear inputs?



A Resonance in 3He+3He
Neutrino Problem?

86%
PP-|

SHe + °He > “He + 2p

O

what if this reaction O
has a resonance at
solar energies?

a direct measurement of its cross section was necessary




Why don’t This is such a

you do your great idea, it
measurements could have
underground? been mine!

...then they sp
Piero Corvisiero
LUNA was starte

Credit : M. Aliotta
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Note manoscritte di A. Zichichi presentate nella Seduta della Commissione Lavori
Pubblici del Senato convocata con urgenza dal Presidente del Senato per discutere la
proposta del Progetto Gran Sasso (1979).

ggini | ZiChrichi_

 Radiation LNGS/surface

Muons 106
Neutrons 103 '
Gammas 102105




Gamma-ray background: undergrounc
overground comparison

1.4 km rock overburden: million-fold reduction in cosmic bac

Radiation LNGS/surface

muons 106
neutrons 103

Above Ground
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102 i Underground || |

Costantini et al. Rep. Prog. Phys. 72 (2009) 086301
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Energy Range
for Protons:

50keV - 3 keV

Energy S1;abi|ify _L ]

<104

Tons: detectors
p’ 3I"b, ‘He A —
Current:

50- 500 pA




The 3He+3He Reaction at LUNA and the Solar Neutrino
Problem

* LUNA
o  Dwarakanath and Winkler (1971)

*  Krauss et al. (1987)

at lowest energy measured:
o ~20fb - 2 counts/month

bare nuclei
shielded nuclei -|U




VOLUME 82, NUMBER 26 PHYSICAL REVIEW LETTERS 28 JunE 1999

First Measurement of the *He(*He, 2p )*He Cross Section down to the Lower Edge
of the Solar Gamow Peak

R_Bonetti,! C. Broggini >* L. Campajola? P. Corvisiero* A. D’Alessandro’ M. Dessalvi* A. D"Onofrio ® A. Fubini,’
G. Gervino® L. Gialanella® U. Greife ° A_ Guglielmetti,! C. Gustavino? G. Imbriani? M. Junker’ P_Prati* V_Roca?
C.Rolfs’ M. Romano_* F. Schuemann’ F. Strieder” F. Terrasi’ H.P. Trautvetter” and S. Zavatarelli*
(LUNA Collaboration)

excluded a “nuclear solution” to the missing neutrino problem

2015 Nobel Prize in Physics
Discovery of Neutrinos Oscillations




THE INSTITU
PRI?

E-mail: |

SCHOOL OF NATURAL SCIENCES

Professor P. Corvisiero
Professor C. Rolfs
Spokesmen for the LUNA-Collat

Dear Professors Corvisiero and 1

I am writing to you about a his
recent meeting on Solar Fusion R
University. At this meeting, I ha
the LUNA measurements of the
a significant part of the Gamow
had never believed possible. The
nuclear astrophysics in three dec

With the LUNA results, debates
energy that were ignited by the
tions of solar neutrinos can now
3He(3He,2p)*He reaction, it is
tributed to our nuclear physics
in order to clarify some systema
energy part of the Gamow peak.

There are a number of other r
lar neutrino experiments and f

3He(a, )" Be, "Be(p,v)®B, and
tions at or near the energies at

stars.

The LUNA collaboration is sup:
an improved facility, a 200 kV
ment of the Gran Sasso Undergr

THE INSTITUTE FOR ADVANCED STUDY
PRINCETON, NEW JERSEY 08540

E-mail: jnb@sns.ias.edu FAX: (609)924-7592

SCHOOL OF NATURAL SCIENCES JOHN N. BAHCALL

28 May 1997

Professor P. Corvisiero
Professor C. Rolfs
Spokesmen for the LUNA-Collaboration

Dear Professors Corvisiero and Rolfs:

I am writing to you about a historic opportunity of which I first became aware at the
recent meeting on Solar Fusion Reactions at the Institute of Nuclear Theory, Washington

University. At this meeting, [ 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
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.

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 Astrophysic:

Sincerely yours,

of the National Academy of the United States and as President (now emeritus) of the
American Astronomical Society. I can say, with the perspective provided by these pre
vious assignments, that the work of the LUNA collaboration is unique and essential fo

further progress in solar neutrino studies and for understanding how main sequence star:
evolve. I personally would rank the LUNA project among the highest priorities interna
tionally for research in nuclear astrophysics, in stellar evolution, in solar neutrinos, anc

in particle phenomenology.

John N. Bahcall
Professor of Natural Science
JNB:jnb




E beam = D0 - 400 keV
I, .x=500uA protons I, =250 uA alphas

Energy spread = 70 eV
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25 years @ LUNA : H burning (1o

N CNO cycle IT

p+tp>d+e+ v,

d+p->3He +y

SHe +°He »>a + 2p 3He +*He »>"Be +y

Be+e > "Li +y +v, Be +p—>B+y

Li+p> o+ a B 20+ e*+ v,

g ZSi| |®si| |%si| | S

1
Al A 27A|
1
22Mg zaMg 24Mg 25Mg 2eMg
2iNa| |2Na [} |%Na ®
1
2Ne| [2'Ne(\ |?2Ne (p,o)

(B*v)



25 years @ LUNA : H burning (1™

4p — 4He + 2e* + 2v, + 26.73 MeV

| U NO cycle III CNO cycle IV
prpo>d+et+v, | Y A *

d+po3He + v

SHe +°He »>a + 2p 3He +*He »>"Be +y
Be+e —> 'Li +y +v, Be +p—>B+y
Li+p>a+a 8B 20+ e*+ v,

%gi 7gi| [2si| | *#Si| |°Si

!
A ZAIl | ZA

" some of the lowest cross sections ever measured (few counts/month)

s fmn =y 55
2INa| [22Nalj|Na B | 2 lg ’ »
4 N
* N

<
20\ 21 2 4/6\ ‘_ -
o I\ (p.a) ) (p>0)




Last results!

Big Bang Nucleosynthesis

BBN is a fundamental handle to probe state of early universe




Early universe

The early universe was a hot and dense state. At high energies, all
particles species are in thermodynamic equilibrium.

As the universe expands, it also cools down. Some species drop out of
equilibrium, decoupling from the thermal bath.

o« At T ~ 100 MeV (t ~ 1074s), the particle species left in thermal equilibrium in

the universe are: n, p, v, v, e+, y

At T ~ 1 MeV (t ~ 1s): neutrino decoupling and neutron “freeze-out”

For radiation
dominated epoch




Neutron freeze-out

At equilibrium, before neutrino decoupling:

As neutrinos decouple, the ratio freezes at the equilibrium value corresponding
toT ~1MeV:n/p ~1/6

relativistic non-relativistic

freeze-out
'r~H

relic density




Big Bang Nucleosynthesis

At the beginning photons

dissociate just formed deuterium  pooasie

p+neD+y i e
. . . . 5)“H+“H->°H+p
The deuterium binding energy is 6) *H +2H - *He +n
low (2.23 MeV)
When temperature decreases,
some D is left and BBN can start!
In the mean time neutrons are
left to B-decay. Their density
drops to n(t)= nye '™
The initial condition for
nucleosynthesis is : n/p ~ 1/7

7) 3H+*He-"Li+y
8) 3He+n-3H+p
9) 3He+*H - *He+p
10)*He + *He » 'Be +y
11)7Li+p - *He + *He
12)’Be+n-"Li+p
13)*He + *H - SLi+y
14)°Li+p - 3He + *He
15)'Be+~_, -~ SLi+p

At T~ 0.07 MeV, primordial nucleosynthesis starts.




Big Bang Nucleosynthesis

Almost all neutrons end up in “He, which is
stable and a local maximum in terms of
binding energy (A*He=28.3MeV)

Helium mass fraction Y,

_ (emp+oma)nye  2m
nm, +pm, n+p

The drop of the binding energies disfavours
the formation of elements with A =5 and 8
No production of heavier nuclides=>

giant stars needed to form "2C!!!
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BBN: light elements abundance

The elemental abundances after BBN
are the following

H = 0.75

2H ~ 2.5-107°

‘He =~ 0.25

3He ~ 1-107°

Li = 5-10710 mH mHe mOthers

6Li ~ 7-1071°




Big Bang Nucleosynthesis code

Baryon density parameter

Dn-op+e +v,
2 2)p+n-tH+y
— 3)H+p-3He+y
Qgh?% or n=ng/ny 0+ S e
5)H+*H->3H+p
6)3H+*H - *He +n

Effective number of
relativistic species 2 e rm ity

9) *He+*H - *He+p
10)3He + *He » 'Be +y
11)Li+p - *He + *He
12)"Be+n-"Li+p
13)*He +*H - ®Li+y
14)SLi+p - 3He + *He
15)'Be +~, - °Li+p

The abundances are calculated by solving
coupled Boltzmann equation

Ingredients : nuclear cross section




Primordial abundances and N,

The number of neutrino (in general of
relativistic species) contributes to
determine the expansion rate of the
universe and therefore T 4.

n/p e/ e—‘('m:n—":n*p)/crT

Increasing N increases T, ., the n/p
ratio at freeze-out and hence the final
light elements abundances.

baryon density £2,h?

baryon-to-photon ratio 7 = ny/n,




Primordial Nucleosynthesis (BBN):

3 minutes after Big Bang

100

observations of D, 3He, “He, and “Li
in very old (metal poor) stars provide

()]
101 Helium 4 (He) 1

stringent tests of BBN 102 £ Deuterium (°H) 1
L . 10 .
‘He: emission lines in low-metallicity ]
extragalactic regions HIl. Probe for n/p ratio and 104 3
Nefr Helium (3He) ]

10°5

D: light spectra of quasars crossing H gas clouds
at high redshift. Consumed during stellar
evolution: if observed, it’s primordial.

106

107

108

CMB Observations

3He: both produced and destroyed by stars,
difficult to extract primordial sample.

109

Element Abundance (Relative to Hydrogen)

7Li: absorption line in low metallicity stars in 107

the galactic halo. ¢Li: thermal broadening in the 1011
stellar atmospheres exceeds the isotope 107
separation. Disputed measurements: if true, Density of Ordinary Matter (Relative to Photons)
“second Lithium problem”. AP S T Eoren s g S g sy

WMAP101067 and Astrophysics (Ineitda of Physics) Dacember, 2000

10" 10°10 107



Primordial Nucleosynthesis (BBN):

3 minutes after Big Bang

observations of D, 3He, “He, and “Li
in very old (metal poor) stars provide
stringent tests of BBN

« “He: emission lines in low-metallicity
extragalactic regions HIl. Probe for n/p ratio and

Deuterlum 1s a barlometer i

at high redshlft Consumed durmg stellar
evolution: if observed, it’s primordial.

3He: both produced and destroyed by stars,
difficult to extract primordial sample.

Element AbundanCt *= tive to Hydrogen)

7Li: absorption line in low metallicity stars in
the galactic halo. ¢Li: thermal broadening in the
stellar atmospheres exceeds the isotope
separation. Disputed measurements: if true,

C Fa Y |

10-1 E | Helium 4 (“He) ;

102 L Deuterium (2H)

107

108

CMB Observati

109

10-10

1011
10-12

10" 10°10 107

Density of Ordinary Matter (Relative to Photons)

“Second Lithi u m p rOb lem 2 . NASAWMAP Science Team Elamant Abundands raphs: Stsigman, Encyclopedia of Asrcnomy

WMAP101067 and Astrophysics (Ineitda of Physics) Dacember, 2000




Primordial Deuterium Abundance:

main uncertainty in BBN prediction due

to d(p,y)3He cross section

4

high precision data at BBN energies required




The d(p,y)3He reaction : theory vs expe

10 - —— -
- Adelberger - SF Il (2011) ——
Griffiths (1962) +—a—
Griffiths (1963) —7—
Warren (1963) ¢
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New theoretical models based on an ab-initio approach (Marcucci et al PRL 116,
102501 - 2016), predict higher values for the cross section, at the level of 20%.




D/H ratio and cosmology

-BBN provides a precise estimate of Baryon density
Q,, through the comparison of

Rate Symbol

+£0.002 S
d(p,y)*He| Ry [_£0.062_| Observations  \|J

.

From CMB data:
1OOQb,Oh2(CMB)=2.2310.02 (PLANCK2015)

Need for a new measurement with
precision below 3 % to make negligible the
contribution of d(p,y)3He to the error
budget




D/H ratio and cosmology

P

B.Fields, EPJ 2006

-BBN provides a precise estimate of Baryon density [§
Q,, through the comparison of .

Reaction

Rate Symbol |2y /4 - 10° )
p(n,7)"H R ]

d(p, ’Y)dHe Ro . +0.062 | : Observations
d(d, n)"He Rs +0.020
d(d,p)°H

/

10-°

10—10

=ng/yf,

7

From CMB data:
1OOQb,Oh2(CMB)=2.237iO.O15 (PLANCK2018)

-Deuterium abundance also depends on the
density of relativistic particles (photons and 3
neutrinos in SM). Therefore it is a tool to
constrain possible new physics

Need for a new measurement with
precision below 3 % make negligible the
contribution of d(p,y)3He to the error

budget

Op = pp/peit = 87Gpp/3HZ W Hy = 100k km/s/Mpc




The D(p,y)3He study at LUNA
goal = high precision!!

D(p,y)3He: Q-value = 5.493 MeV  The emitted gamma is not isotropic

High precision => 2 different setups

Gas inlet

High detection efficiency for 5.5 MeV- y (-62%)

Energy resolution ~ 8% in the total abs. peak
~47 geometry

Water cooling

Pressure gauge

BGO setup

High energy resolution (-10 keV @ 6 MeV)
Proton beam  pummmm

= Bet.te.r rejection of backgrounds
l = Efficiency for 5.5 MeV y ~2%
Ge

Possibility of angular distribution
measurements with extended gas target

Hp-Ge setup (33 cm)




The D(p,y)3He study at LUNA
goal = high precision!!

D(p y)3He: Q-value = 5.493 MeV The emitted gamma is not isotropic but
: a large electric dipole component

High precision => 2 different setups

Gas inlet

Water cooling

High detection efficiency for 5.5 MeV- y (-62%)
Energy resolution ~ 8% in the total abs. peak
~4nt geometry

Water cooling

Pressure gauge

High energy resolution (-10 keV @ 6 MeY
foton beam g

= Bet.te.r rejection of backgrounds
l = Efficiency for 5.5 MeV y ~2%
Ge

Possibility of angular distribution

measurements with extended gas target
Hp-Ge setup (33 g




The D(p,y)*He study at LUNA
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B G O : zgauterium
_ — Subtracted spectrum
E,....=150 keV
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Where:
e=electron charge l,ca=be€am current
E=beam energy p(Z)=target denSIty 4500 5000 6000 6500 7000
L=target lenght £(z)=detection efficiency EinkeV
NY=tota| counts W(z)=correction for photon
T=measuring time angular distribution

- n
o o
o o

o

Counts (a.u.)
. N
N S
o o
o o
o o

* Precise measurement of each quantity
contributing to the total cross section

« Runs with inert gas (“He) to measure
the beam induced background (BIB)

%500 4000 4500 5000 5500 6000 6500




Density profile : direct measure

TEMPERATURE
% 330
g 320 i
“g’_ 310 i
& 300
290 é Q § Q i
280
P+D rate VS BEAM CURRENT
< 17000 — T PRESSURE
S, 168001 p0 1.606e+004 + 173.5 a1
6] = pl -0.7077 + 0.5288 7
S 16600/ - g } {
S 16400/ T : $ ¢
© 16200} Boass
16000 029
15800
15600 } 028 0 5 10 15 20 25 30 35
15400 i Position (cm)

PR S S R T S T AN S SRS SR AN Y N S S N
200 250 300 350 400
I[uA]

HpGe

detecto



Beam intensity: calorimeter calibrat
by comparison with a Faraday Cup

POWER SUPPLY




Efficiency: calibration with p
and radioactive sources

Method :

- At low energies: radioactive sources (37Cs,%Co, 88Y of very precisely known actiVity
(<1%)

- At medium-high energies : “N(p,y)'>O (resonance at E_,=259 keV)
- In case of a 2 gammas cascade => coincidence with two detectors

Eg V] B, [keV]

A 765 keV

4 1384 keV
4 2375 keV
A 5182 keV
A 6172 keV
4 6791 keV

N
o

)
&
c

2

=

3}

15
pos[cm]

Proton beam

Ey (keV) BR (%) N, gas target (4 mbar)

765+6791  22.9 y angular correlation =>
1384+6172 57.8

devoted MC code
2375+5181 17.1




A dedicated simulation code...

HpGe &
60Co source

(1+4cos®® + % cos*s)

1000 1500 2000 2500

— E,=5181 keV -> E ,=2375 keV (BR=17.1%)
—E,=6172 keV -> E ,=1384 keV (BR=57.8%)
— E,=6791 keV -> E ;=765 keV (BR=22.9%)

Counts / (10 keV x 15.5 mC)

80 100 120 140 160 180
0
2000 3000 4000 5000 6000 7000 8000 9000 10000 [deg]
E, [keV]




Angular distribution: peak shape anz:

D, gas target (0.3 mbar)

e —

HpGe
detector




D(p,y)3He energy spectrum: full
absorption peak shape

---- simul.: isotropic W(0)
---- simul.: Marcucci model
---- data

Ebeam=1 OO keV

> -
[} -
x -
2] -
c -
3

° -
o -

1 1 l 1 1 1 1 l 1 1 1 1 1
5450 5500 5550

E, (keV)




Astrophysical S(E) factor

—e— LUNA data (this work)
—— Fit (this work)
—<o— Tisma (2019)
Marcucci (2016)
- Adelberger (2011)
—&— Casella (2002)
—e— Schmid (1997)
—v— Ma (1997)
-~ v Griffiths (1963)
-~ @ Griffiths (1962)
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Other reactions relevant to
deuterium abundance

* TH(n,y)?H :cross-section from an effective field theory computation (Ando
et al. 2006), reliable at the 1%-level

« D(d,n)3He

X ) S | ] 1Y ] S
| 700 05 10 15 20 25 30 1 | | 00 05 10 15 20 25 30

!} { I‘ .10+ s 1
}'l[ i : i]}ll i
URN ngmu P!

0.15 0.20 X ! 0. ! 0.10 0.15 0.20
E(MeV) E(MeV)

few% precision : Leonard et al. 2006 provides an error matrix and quote a scale error as
low as 2%+1%.




Important conseque
baryon density

nature
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The baryon density of the Universe from an
improved rate of deuterium burning

V. Mossa, K. Stockel, [...] S. Zavatarelli
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Baryon density (standard Neff

5.6 5.8 6.0

6.6

6.8

ldea

101 b4 3y with LUNA
— D + 3v without LUNA
0.8+ CMB + 3v
----- Planck + 3v
0.6}
Q Likelihood analysis to
0.4f derived Q,h? by using
the observed deuterium
0.2y abundance, (D/H),.,
;i and the theoretical
O A T . — behaviour of (D/H)ggy
0.020 0.021 0.022 0.023 0.024 0.025
2
Qch Q. 5(%) Ny
D + 3v (without LUNA data) 0.02271 +0.00062 273 3.045
B B N & C M B d O D+ 3v(withnew LUNA data)  0.02233 +0.00036 1.61 3.045
CMB +3v 0.02230 + 0.00021° 0.94 3.045
agree on Q.h?!!! e o0z236:00005 087 3045
(D+CMB) 0.02224 + 0.00022 0.99 2.95+0.22
(D+Y,) 0.0221+0.0006 27 2.86'9%




Deuterium abundance

CMB (Planck)

Observations

BBN

2.0
0.021 0.022 0.023 0.024 0.025
Q, h*

Qgh? constrained in the analysis to the Planck value (with error):0.02236 + 0.00015

(D/H),ps = (2.527 + 0.030) x 10> (D/H)ggy = (2.52 + 0.03 + 0.06) x 107
Cooke 2018




No¢e VS Q. h% : first case (D+CME

Dn-op+e +v,
2 2)p+n-tH+y
—_ 3)H+p-3He+y
Qgh?% or n=ng/ny 0+ S e
5)H+*H->3H+p
6)3H+*H - *He +n

7) 3H+*He-"Li+y

8) 3He+n-3H+p 3He/H

9) *He+*H - *He+p
10)3He + *He » 'Be +y
11)Li+p - *He + *He
12)"Be+n-"Li+p
13)*He + %H - ®Li+y

A 7Li/H
Q,,h2(CMB)=0.0.22237+0.00015 D/H = (2.527 + 0.030) x 105

(PLANCK2018) (Cooke 2015)
h= reduced Hubble constant

(D + CMB) case : used as constrains (D/H).,, + ,h?by Planck




N VS Q. h?% : first case (D+CME

Negr = 2.95 057

99% C.L.

0.022 0.023 0.024
Q.h?

Orange (D + CMB) case : used as constrains (D/H),,. + ,h?by Planck

obs




N.¢ VS ©Q,.h%:second case (D+Yp)

Dn-op+e +v,
2 2)p+n-tH+y
— 3)*H+p-3He+y
Qgh“ or n=ng/ny Dt
5)H+H > +p
6)*H+*H - *He+n

9) 3He+*H - *He+p
10)3He + *He » "Be +y
11)Li+p - *He + *He
12)"Be+n-"Li+p
13)*He + *H - SLi+y
14)SLi+p - 3He + *He
15)'Be +~, - °Li+p

(0p = pB/pcrit — 87TGPB/3H3

Hy = 100~ km /s /Mpc Y, = 0.2449 + 0.0040 (Aver 2015)
D/H = (2.527 + 0.030) x 10-3 (Cooke 2015

(D + Yp) case : used as constrains (D/H),,. + the “He mass fraction Yp




N.¢ VS ©Q,.h% : second case (D+

Negr = 2.86 0:¢3

99% C.L.

0.022 0.023 0.024
Q.h?

Blue (D + Yp) case : used as constrains (D/H)_,. + the “He mass fraction Yp

obs




Summary:

BBN + (D/H),,. very good agreement on

density with cosmic microwave background ~,
tension between few minutes and 380000 years after |
Bang, no need for new physics

We confirm N« = 3 (by excluding at more that 3 o the

values N = 2,4)

Direct observation, BBN and CMB do agrees on D

abundance!
We support the standard cosmological model




But... one week ago...

Mon. Not. R. Astron. Soc. 000, 1-9 (2020) Printed 24 November 2020 (MN IATEX style file v2.2)

Deuterium: a new bone of contention for cosmology?

Cyril Pitrou,* Alain Coc,? Jean-Philippe Uzan,! Elisabeth Vangioni'
1 Institut d’Astrophysique de Paris, CNRS UMR 7095, 98 bis Bd Arago, 75014 Paris, France

Sorbonne Université, Institut Lagrange de Paris, 98 bis Bd Arago, 75014 Paris, France

2]JCLab, CNRS IN2P3, Université Paris-Saclay, Batiment 104, F-91405 Orsay Campus France

Different fit of d(d,n) and
d(d,p) reactions !!!
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But... one week ago...

Mon. Not. R. Astron. Soc. 000, 1-9 (2020) Printed 24 November 2020 (MN IATEX style file v2.2)

Deuterium: a new bone of contention for cosmology?

Cyril Pitrou,* Alain Coc,? Jean-Philippe Uzan,! Elisabeth Vangioni'
1 Institut d’Astrophysique de Paris, CNRS UMR 7095, 98 bis Bd Arago, 75014 Paris, France

Sorbonne Université, Institut Lagrange de Paris, 98 bis Bd Arago, 75014 Paris, France
2]JCLab, CNRS IN2P3, Université Paris-Saclay, Batiment 104, F-91405 Orsay Campus France

Different fit of d(d,n) and
d(d,p) reactions !!!

Yesterday : Fields &C
https://arxiv.org/pdf/2011.13874.pdf

confirmed our analysis results!!!




Whats’ next?

« Post main sequence phases, He and C burning

* The creation of the heavy element







LUNA MV accelerator (3.5 MV)




Accelerator performances anc
neutron shielding

/ p” "H* (TV: 0.3 - 0.5 MV): 500 pA inline Cockcroft Walton accelerator
/ TH* (TV: 0.5 - 3.5 MV): 1000 pA ECR ion source
TERMINAL VOLTAGE: 0:2-3.5 M
LA Precision of terminal voltage reading: 350 V
Beam energy reproducibility: 0.01% TV
Beam energy stability: 0.001% TV /h

12C+ (TV: 0.3 - 0.5 MV): 100 pA Beam current stability: < 5%/ h

HA

12C+ (TV: 0.5 - 3.5 MV): 150 pA

12C++ (TV: 0.5 - 3.5 MV): 100 pA | .
80 cm thick concrete shielding
calculated by GEANT4 & MCNP
E,=5.6 MeV, 2 103 n/s, isotropic




THE LUNA Collaboration

LUNA-MV

First 5 years proposal: B Ehan sasso

. National
. Laboratory
2

« 1¥N(p,g)’”0 test & calib

—

13C(t,n)160

OPERA
n for CRESST
ERDA XENON

22 25 B 2 plelses CUOR-I:: DAMA | LVD Aol Borexino
Ne(o,n)=Mg in AGB stars 7 7 ae el

—

Rome
Adriatic

12C 12C, 23Na — coast
( P) V4

12€(12C, 0)2ONe = C burning

—

https://luna.lngs.infn.it




Carbon burning




12C +12C -> 20Ne + (0

120 4120 > 23Na +

Particle yleld Gamma yield

Both particle and gamma
detectors are needed
Background : "H("2C,y)"3N
and 2H('2C,py)"3C ->
reduced by heating at 700°
C the target

>
g
=
>
O
1
w
=z
w
E
o

Q=4.617 MeV

ZQMg




Al low energies only data with Trojan horse method:"2C('“N, a 2°Ne)?H and "™C("“N, p #*Na)?H



The Creation of Heavy Elements ‘




Nucleosynthesis beyond iron

1 |} 1 1

¥

what about the synthesis of
elements heavier than iron?

D
o

N
3
E
5
c
c
9
2
a

5
o

Stellar Nucleosynthes1s

40 60 80
Neutron number (N)

Neutron capture reactions: the s(low) and the r(apid) processes




Bair and Haas 1973

Kellog et al. 1989

Drotleff et al. 1993
Harrisopulos et al. 2005

Heil et al. 2008

Trippella and La Cognata 2017
Heil et al. res

Guo et al. res

Pellegriti et al.

E
©
o
2
=
[
o
8
&

0.2 .
LUNA400 range

Heiletal. nores - - - -

Guoetal.nores - - - -

large statistical
uncertainties at low
energies

large scatter in absolute
values (normalization
problem)

unknown systematic
uncertainties
uncertainties in detection
efficiencies
contribution from sub-
threshold state (E=6.356
MeV in 170)

mainly hampered by cosmic background - excellent case for underground study




LUNA: an ideal environme

107" i
—— Surface Background with new
, — LNGS, Al counter neutron counters
10 —— LNGS, Steel counter

S
W

Bl

thousand-fold reduction
in neutron background

(T My RIS

hl UM m

rl
200 300 400 500 600 700 900
Channel courtesy: Andreas Best

_, Counts per channe] [s™]
o

S
o
_l I o]
sl

Proper material selection + pulse shape analysis : background < 1 count/hour



13C(a,n)'®0 at LUNA-400 completed!

Range into Gamow window, below Drotleff et al.

E, [keV] | E [keV]
— 340 keV

—— 360 keV

— 380 keV

— 400 keV

Y, (counts/C)
=

-
N




22Ne(o,n)%°Mg

Q=-478 keV

Zeta Puppis

Harms et al. 1991
Giesen et al. 1993
Drotleff et al. 1993
Jaeger et al. 2001

Open
points _
are
UPPE’f g
T limits*s

Region of P
interest Dngqju%ajl
for s-

process in o g ¥
He shell

—
<
—h

|
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Broggini et al. Progr. Part. Nucl. Phys. 98 (2018) 55




22Ne(o,n)%°Mg

Q=-478 kev Zeta Puppis

Windowless gas target enriched in 22Ne + neutron detector.
Most severe beam induced background from the 11B(a,n)14N
accurate cross section measurement down to E_ ..~ 600 keV

erc Research

SHADES (Scintillator-He3 Array for Deep underground Experiments on the S-

process)

ERC starting grant (A. Best-Grant agreement ID: 852016)

» Recently awarded to realize a new setup for the measurement of the
reaction at energies of astrophysical interest.
|ldea: 3He counters (high eff.) + scintillators (moderators + neutron

energy)




accelerating tube
y;

Two beam lines equipped with
ECR ionsoure solid and gas target setups;
4 WU Possibility to run contemporary

supply section

more experiments

Likely also the 400 KV accelerator
will be moved closeby.




To Conclude...
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Nuclear astrophys

laboratories

Nuclear Astrophysics Underground Laboratories

- A
g —
. 2
s .
4
®
R
o -,

SURF (4300 m.w.e.)

DIANA

proposal (currently defunded)

- | | 0.4 MV single-ended: H, He, C E
© | 3.0 MV single-ended: H, He, C |

CASPAR
active (since 2017)

1 MV single-ended: H, He

%

P #

| ' Lab under construction |
| Demgn studles for accelerator i1

“ Felsenkeller (110 m.w.e.)
5 MV tandem: H, He, C, N

LNGS (3800 m.w.e.)

LUNA 50
decommissioned (2003)

JPL (6720 m.w.e.)

0.05 MV single-ended: H, He

LUNA 400

active (since 2001)

JUNA
construction / commissioning
installation underground 2019

0.4 MV single-ended: H, He ot

0.4 MV single-ended: H, He

LUNA MV

under construction
commissioning 2019

3.5 MV single-ended: H, He, C

courtesy: A. Boeltzig
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100
s Density Functional Theory A>100

Coupled Cluster, Shell Model
A<100

I 10 | Exact methods A<12
r  GFMC,NCSM

[ Lattice :I;I e
1 & = o m| Chiral EFT interactions -
F - (low-energy theory of QCD)

-

Low-mom.
interactions |

Proton Number

=0 QCD
; Lagrangian

Neutron Number

the human factor

training and retention of

young researchers

Courtesy : M. Aliotta
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Thermal equilibrium

e« At T < 100 MeV (t ~ 1074s), the particle species left in thermal equilib
the universe are: n, p, v, v, e+, y

Vetn ©op+e
et+n op+7,

{€++€-HY+Y {e++e‘<—>v+17
nepte + v,

et+y oet+y |le"+veoe +v

Rate of interactions (') and rate of expansion of the universe (H): thermal
equilibrium breaks if € H

Weak interactions (o ~ G2T2, n ~ T3, v ~ 1):

- - (275
[ = nov ~ G*T [ = nov ~ G2T*

Expansion rate of the universe 3

_G,%T3 (T)

r
H ~./g"Gy T? H  [g°Gy \1MeV

At Ty ~ 1 MeV (t ~ 1s): neutrino decoupling and neutron “freeze-out”




Reaction chain

Almost all neutrons end up in 4He, which

is stable and a local maximum in terms of,

binding energy(A4He =28.3MeV)

Production of heavier nuclei remains low.

>The lack of nuclei with A =5 and 8

prohibits reactions such as p+ 4He, n+

4He, 4He+ 4He

>Coulomb barriers suppress the

production of heavier nuclei (even if the

have higher binding energies, like 12C, %
160) (e (N
The only free parameter of the model is b W 5 Op o
the baryon density, which determines th

reaction rates. It usually expressed Py
normalized to the relic photon density:

or equivalently the present baryon density




BBN calculatios

yo @mptomne  2n _2(%p) .
nm, +pm, ntp 1+%,

All the other abundances are calculated -
by solving coupled Boltzmann .

equations, as a function of n, using
nuclear cross sections as parameters.

Mass Fraction




Early universe

Time since Big Bang Temperature [K] Era Key Events

0-10%s ® - 10% Big Bang. In traditional (non-inflationary) Big Bang cosmology, time before 10
is termed the Planck time. Our Physics can not yet describe this time.

104 10% Gravitational force separates from the strong-electro-weak force (Grand Unified
force).

Grand unification ends (the strong force separates_from the electro-weak force).

107s 10 Inflation occurs? Universe expands by factor of 107",
Quark, leptons and antiparticles created.
" 5 Radiation dominated Electroweak symmetry breaking (four fundamental forces now distinct).
10 s 10 Lepto-baryogenesis.

Gravity starts to control expansion.

Quarks & anti quarks form protons, neutrons & antiparticles.

10° 10" Protons & antiprotons; neutrons & antineutrons annihilate each other leaving slight
excess of protons & neutrons plus lots of photons.

The temperature is still too high to allow nucleosynthesis.

1s 10%° Neutrinos and antineutrinos decouple.
The temperature is now sufficiently low to allow nucleosynthesis.

The timeline above is just a brief reminder of some of the most important events.

To have more details:

« "Gravitation" by Misner, Thorne and Wheeler (also known as “the Bible" or “the telephone book” of
Cosmology).

« "The Early Universe” by Kolb and Turner.

« “Gravitation and Cosmology"” by Steven Weinberg.




Observed abundances

4He: emission lines in low-metallicity
extragalactic regions. Probe for n/p ratio
and number of effective species.

D: light spectra of quasars crossing gas
clouds at high redshift. No known

astrophysical sources, and completely BESE SBBN theory Observations

consumed during stellar evolution: if Y, 0.24771£0.00014 0.254 £ 0.003

g g g -5 B
observed, it’s primordial. D/H (2.6+0.07) x 10 (2.53 +0.04) x 10

SHe/H (1.00 +0.01) x 10~° (0.9+1.3) x 107°
"Li/H (4.68+0.67) x 10~*° (1.28%3:52) a0
°Li/Li (1.5+0.3) x 107° <1072

3He: both produced and destroyed by
stars, difficult to extract primordial
sample.

7Li: absorption line in low metallicity
stars in the galactic halo. “Lithium
problem”.

6Li: thermal broadening in the stellar
atmospheres exceeds the isotope
separation. Disputed measurements: if
true, “second Lithium problem”.




Primordial Nucleosynthesis (BBN):

3 minutes after Big Bang

100

Dn-p+e +v,
2)p+n-*H+y
3)*H+p-3He+y
4) *H+H - 3He+n
5)2H+2H - 3H +p
6)*H+*H - *He + n

aY
10°! | Helium 4 (“He)

102 L Deuterium (2H)

103

104 |

105 Helium (°He)
7) 3H+*He-"Li+y
8) 3He+n-3H+p
9) 3He+*H - *He+p
10)*He + *He » "Be +y
11)Li+p - *He + *He
12)’Be+n-"Li+p
13)*He + 2H - SLi+y
14)Li+p - He + *He

106

107

108

CMB Observations

109

Element Abundance (Relative to Hydrogen)

1010

observations of D, 3He, “He, and Li
in very old (metal poor) stars provide
stringent tests of BBN

10-11
10712 1011 1010 109 108 107

Density of Ordinary Matter (Relative to Photons)

NASAWMAP Science Team Element Abundanca graphs: Steigman, Encyclopadia of Astronomy
VIMAP101087 and Astrophysics (Ingtituta of Physice) Dacamber, 2000



Big Bang Nucleosynthesis code

The abundances are calculated by solving b“”;'of‘:“s“y G
coupled Boltzmann equations, using
nuclear cross sections as ingredients.

Free parameters of the model:

« Baryon density, which determines the
reaction rates

n

n= n_‘y or Qbhz = Wy

« Effective number of relativistic species

baryon—to—photon ratio 7
eff




Primordial Nucleosynthesis (BBN):

light element abundances

Planck baseline (N, = 3) + BBN

IIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIII I | | | | |

Yp 0.24691+0.00018 0.254+0.003

Likelihood
[}
[=]

D/H (2.570.13)x10°5 (2.53+0.03)x10°

llIllIllllIllllllll

3He/H (1.00£0.09)x10-> (0.9£1.3)x10°3

7Li/H (4.72£0.72)x10°10 (1,23 068 _)x10-10

10° x D/H

I;,EI'I'I'I'(h)'

=
=)

o
~
~ T T[T T[T TT]T

SN

6Li/7Li (1.520.3)x103 ~102

e
()

4He, D, 3He abundances measurements are
(broadly) consistent with expectations.

Likelihood
(=]
[=]
IIIIIIIIIIIIIIIIIIIII
\[\I\Lll||||||||||||||||

’Li: Long standing “Lithium problem”
02 ‘ 6Li: “Second Lithium problem”?
00 8 9 10 11 12 1 2 3 4 5 6 7

10%° x "Li/H

Fields 2019 e Astron. measurements
BBN + CMB (Planck)

CMB (Planck)



| |
Hi%<h and Cujec 1977
ettner et al. 1977
Aguilera et al. 2006
Barron-Palos et al. 2006
Spillane et al. 2007

'y

o
-
@

-

o
=Y
~

-

o
-
]

e
>
[
=
p
o
=
(&)
(o]
hO
*
w

[y

o
—_
(&)}

—_ — -
o o o
- - -
(2] ~ [os)

S*-factor [MeV b]

—_

o
-
[&)]

3.5
E[MeV]




-
D)
o)
2
=
-
o
B
=
D)
-




Important to:
1) cover a wide energy range, up to E = 1 MeV for improved low-energy

extrapolations and global data analysis, to address the issue of normalization
discrepancies;

2) access the energy of astrophysical interest;

3) minimize overall statistical and systematic uncertainties.

A study has been already completed at LUNA-400

_ ' Counters arranged in two rings
Linear Feedthrough o, *He counters INNER: 6 tubes ( 25 cm active lenght) at r1 from the target
T OUTER: 12 tubes (40 cm active lenght) at r2

Geant4 simulations in order to maximise the
PE moderator .
7 efficiency ( 40%)

Efficiency ~ 37%




Efficiency: calibration with p
and radioactive sources

Method :
At low energies: radioactive sources (13’Cs,%Co, 88Y of very precisely known activity
(<1%)
At medium-high energies : “N(p,y)™0 (resonance at E_,=259 keV)
In case of a 2 gammas cascade => coincidence with two detectors

12
Ey (keV) BR (%)

765+6791 22.9
1384+6172 57.8
2375+5181 17.1




Efficiency: calibration with p+'"N
and radioactive sources

Method :
At low energies: radioactive sources (13’Cs,%Co, 88Y of very precisely known activity
(<1%)
At medium-high energies : “N(p,y)™0 (resonance at E_,=259 keV)
In case of a 2 gammas cascade => coincidence with two detectors

12
Ey (keV) BR (%)

765+6791 22.9
1384+6172 57.8
2375+5181 17.1

1000 2000 3000 4000 6000 600




Neutron sources for the s-process:
13C(a,n)’®0 and 22Ne(a,n)*Mg

13¢(c,n)160 22Nle(o,n)25Mg 22Nle(o,n)25Mg

Photosphere
CONVECTIVE

ENVELOPE

The number of free neutron"S in AGB stars determines the abundances of
elements heavier than iron and their elemental and isotopic ratios




Data fit procedure

LUNA rules
the fit

e a’l) — Wk S’ik)z
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