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LUNA results on deuterium burning and implications for cosmology

Nuclear Astrophysics in a nutshell

Nuclear reactions determine the abundances of the elements and are responsible of
energy production inside stars
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LUNA results on deuterium burning and implications for cosmology

Nuclear Astrophysics in a nutshell

Consider a radiative capture reaction

Maxwell Camow
Boltzmann Feak

Tunnelin
throughg A+B—>C+ Y

Coulomb
barrier

The reaction rate is given by

Probability —e—

(r) = NaN j ) 50 v il
0

kT
“o E, is usually so low that the cross section in
Enerqy E —am the Gamow peak is awfully small!
The Gamow peak defines direct measurements on surface are often
the relevant energy range hampered by cosmic ray induced background

for such reactions to occur
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LUNA results on deuterium burning and implications for cosmology

Extrapolation uncertainties

Since it is possible to factorize the
cross section:

ag(E) = % e 2™S(E)

the cross section
drops faster than
exponentially!

one can measure it at high energy and
extrapolate the astrophysical factor
S(E) in the interesting energy range
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Big Bang Nucleosynthesis

The nucleosynthesis begins with the formation of deuterium through the Be
p(n,y)D reaction. As soon as some D is present, other reactions take place.
%
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Primordial abundances

The primordial deuterium abundance [D/H] can be obtained by:

* observations [D/H]ogs = (2.527 £ 0.030) x 10

from direct astronomical observations

 predictions [D/H]ggy = (2.587 £ 0.055) x 10
[D/H]ggy = (2.439 £ 0.052) x 10°5
depending on adopted x-sections

from BBN models (known the cosmological parameters and the cross
sections of the processes responsible for D creation and destruction)

To make a long story short: the comparison [D/H] s Vs [D/H] sy allows to
determine Q, and N
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Primordial abundances and
narion-to-photon ratio

baryon density parameter (ph®

0.27 Lo . . The “horizontal” bands show the standard BBN predictions
§ 026 - with state-of-the-art cross sections (95% CL)
‘_.E 0.25: /--f
£ 0.4 ] Yellow boxes indicate primordial abundances inferred from
g ]
F a3l ] observations

The'narrow vertical band is the CMB measure of the baryon

D/H

density (95% CL)
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“E- - The wide: vertical:band is the BBN D + *He concordance

) g range (95% CL)
10—9:

- Recent advances in the observations of D/H and the

E determination of cosmological parameters by Planck,
10-10| motivate an improvement in BBN calculations (i.e. cross

o ! ! ! ! S — .
10 10 section measurements) - LUNA

baryon-to-photon ratio i = np/n,

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update.
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http://pdg.lbl.gov/2019/html/authors_2019.html
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Primordial abundances and
effective number of neutrino species

baryon density Qh*
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= 103 primordial abundances of the light-elements
S - are also sensitive to the number of effective
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.015004
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LUNA results on deuterium burning and implications for cosmology

Previous state-of-the-art

Uncertainty on the predicted abundance of deuterium mainly due to the ?H(p,y)3He reaction

Only two datasets available at the BBN energy range with a systematic uncertainty of 9-15%

Imperfect agreement with recent ab-initio calculations (Marcucci et al. 2016)
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Towards the measurement:
expected counting rate

Counting rate = beam flux 10% pps (100 pA 1* beam)
X
target nuclei areal density 101> atoms/cm? (gas target)
X
Cross section 10-3% cm? (often smaller)
X
detection ef ficiency 1% (HPGe detectors)

1-10 counts/h

mukg_nnngm 4 Itis fundamental to strongly suppress the background!
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The Gran Sasso National

Laboratory (LNGS)

THEA, B AND C OF GRAN SASSO

Gran Sasso
Experiments at the Gran Sasso National e Eéf::éry
Laboratory are housed in and around three e

huge halls carved deep inside the mountain,
where they are shielded from cosmic rays
by 1,400 metres of rock. LUNA

Adriatic
coast

Image credit: Nature

Rock overburden > 1400 m (>3000 m.w.e.)

Reduction of cosmic-ray-induced background

muons: ~ 10°

neutrons: ~ 103 (see G. Ciani’s talk)
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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).

Rep. Prog. Phys 72 (2009) 08630]
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GOAL
* measurement of the cross section

* <3% uncertainty
e E_,=30-300 keV

SETUP

* high-intensity proton beam

* D, windowless gas target (P=0.3 mbar)
* HPGe detectors

ANCILLARY MEASUREMENTS

» Tand P profiles = density profile p(z)
 HPGe detectors calibration

e calorimeter calibration

 efficiency profile e(z,y)

* angular distribution effects W (z)
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Gas

target

. p | ~ 1 mbar S
3" stage AP3 2" stage AP2 'WC%E AP1 gas target calorimeter
OIS
co-l—lzl‘i?;ior Target chamber
AP1
Calorimeter
1 N e 8 IS
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V12 DOWN V purifier
Exhaust

* Extended gas target

« 3 differential pumping stages (no entrance window)

e Gas recycling and purification

* Need to measure temperature and pressure profiles -> density profile
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Commissioning — efficiency
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Commissioning

Angular distribution Current measurement
3
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The full energy peak is broadened by kinematics, while It is not possible to rely on electrical measurements of
its shape depends on the photon angular distribution the beam current in a gas target

The impact of angular distribution on the error budget The beam current has been continuously measured
has been evaluated by MC simulations assuming both  with a power-compensation calorimeter calibrated in
isotropic and ab initio distributions vacuum
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Signal and Background

E, = 50 keV with D, gas target (P=0.3 mbar) E, = 395 keV with D, gas target (P=0.3 mbar)
E, = 50 keV with 4He gas target (P=0.4 mbar) E, =395 keV with “He gas target (P=0.4 mbar)

Zoom 4.0-6.4 MeV

c D(p.y)°He
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Counting statistical error: below 1% at all beam energies
Main source of background: *°F(p,ay)'®0 above E =250 keV
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Uncertainty budget (systematics)

number of detected

cross section )
photons with energy E

Ny (E)
N, [ p(2) e(2,7) W (2) dz

o(E) =
number of projectiles

angular

efficiency profile distribution

along the target

density profile
of the target

Federico Ferraro
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Source Method AS /'S'

Beam energy Direct measurement <L 1%

Energy loss Low pressure <L 1%

T and P profiles Direct measurement 1.0%

Beam heating Direct measurement 0.5%

Gas purity Data sheet L 1%
Beam current Calorimeter calibration 1.0% very
Efficiency Direct measurement 2.0% . .

Instrumental effects Pulser method <L 1% impressive!
Angular distribution >eak shape analysis 0.5%
Total 2.6%

19
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Results — S-factor

Fit (this work)
Tisma (2019)

Marcucci (2016)
Adelberger (2011)

Casella (2002)
Schmid (1997)
Ma (1997)

Griffiths (1963)
Griffiths (1962)

—e— LUNA data (this work)

| | |

although the fit includes
all experimental data, it is
completely dominated by
the new results by LUNA
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Results — Q.

implications of LUNA measurements
on BBN have been investigated by
Ofelia Pisanti and Gianpiero Mangano

* Baryon density obtained with PARTHENOPE code by comparing (D/H)ygs @and (D/H)ggy
* N, =3.045, fixed

Mo
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our result is consistent
with Planck and is more
accurate and precise
than previus results
based on preceding
measurements

this new, independent
determination of Q,
further supports the
ACDM model
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Results — N

To further probe the existence of physics beyond the ACDM model: likelihood analysis

* both Q, and Nleft as free parameters
* (D + CMB) case: (D/H)ps (D/H) g, Q, (from Planck, Gaussian distribution, grey band=68% CL)
* (D+Y,)case: (D/H)ops (B/H)gans (Vo) opss (Yo)gens Qp completely free

4.0

3.5

No evidence of a sizeable
amount of any hypothetical
"dark radiation" (e.g. sterile
neutrinos, hot axions, etc...)

2.5

2.0
0.021 0.022 0.023 0.024

Qp h?
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Conclusions...

By measuring the D(p,v)>He reaction cross-section to an unprecedented
precision of better than 3%, LUNA settled the most uncertain nuclear physics
input to BBN calculations and substantially improved the reliability in the use
of primordial abundances as probes of the physics of the early Universe

...ahd outlook

The future shines bright for LUNA!
* new 3.5 MV accelerator
* rich experimental program

14N(p, y) 150
12C(C{, y) 160

13¢(a,n) 160

22Ne(oz, n)ZSMg

12C + 12C

September 5, 2021
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The baryon density of the Universe from animproved
rate of deuterium burning

. .| Further reading

o, lf
<4 Resolving conclusions about the early Universe requires accurate nuclear
"| measurements

Cyril Pitrou, Alain Cocl...] & Elisabeth Vangioni

Nature Reviews Physics (2021)
4403 Accesses | 168

Deuterium experiments reveal conditions in the early Universe

Zoe Budrikis
Nature Reviews Physics (2020)

commissioning, Standard Solar Model

Helium burning

n source for the main s-process (zirconium to bismuth)
n source for the weak s-process (iron to zirconium)

crucial reactions involved in Carbon burning
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Thank you for your attention!
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Extras
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The Gamow peak

At a given temperature, the average reaction rate per particle pair depends both on the
relative velocity distribution (i.e. the temperature) and the cross section:

1 3 o . : .
8\2/1\2 (S(E) _|k¢ _E Reactions take place in a certain
(ov)=|—| | —= e VE Ee kT dE = . _
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Wear = Wo — Wiy

beam

I . Po T P1 Wcal
b =
cam Ep _ AEtarget

Power compensation calorimeter

Copper cylinder. Hot side, cold side,
constant AT

2 heat sources: beam and resistors

beam OFF — beam ON measurements
to calculate the beam power W,4;

Systematic uncertainty: 1%
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Liquid cooling tubes
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Impact of primordial abundances
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Precise cross sections and BBN
calculations can challenge or
confirm the cosmological

parameters inferred by CMB
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.015004
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