d(o,v) reaction measurement at LUNA
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THE BIG BANG NUCLEOSYNTHESIS ERA

Only after about three minutes and half after the Big Bang the temperature of the
Universe was lower enough to produce deuterium (deuterium bottleneck)

1. n—> p+€+9% 7
2. +n=—> D+ Be
: E’“Biiﬁ“z . PRIMORDIAL NUCLEI HAD BEEN PRODUCED
5 DiD—Hip DURING THIS PERIOD (2H,3He,*He,5Li and 7Li)
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1 11. 7Li + p —*He +*He
12. /Be +n — ‘Li+p
n 13. *He + D— SLi +y
14. SLi + p — *He +*He
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LOOKING THE PAST

Chemical evolution of the Universe destroyed
primordial abundances information
Searching for high redshift astrophysical
objects

Up to now, no Lithium can be detected in
extra-galactic objects

HALO STARS

METAL POOR

Lithium abundance in
Stellar atmospheres

)
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°Li abundance measurement in
ancient low-metallicity stars*

*located in our galaxy halo

HD 84937

5/l = b5.2%
no SLi 7|_T‘
A&)
| L | | | | L
6707.4 6707.6 6707.8 6708 6708.2 6708.4

6Li / TLi isotopic ratio

=0.05}=

Search for metal poor stars*

Obtain an high resolution absorption
spectrum

Fit the Lithium (®Li+’Li) absorption line in
order to obtain the °Li (stellar
atmospheric) abundance

Use a detailed model of stellar
atmospheres and calculate the °Li
primordial abundance. > °Li/H = 1071}

0.10p=

0.05=

M. Asplund et al., Astrophys. J. 644 (2006)
Mean : 0.0212 P phy ( ) =

Sigma: 0.0208




BIG BANG
NUCLEOSYNTHESIS

The abundance of primordial light
nuclei at the beginning of the Universe,
during the Big Bang Nucleosynthesis
era, can be estimated by means of:

COSMOLOGY

PARTICLE PHYSICS

NUCLEAR PHYSICS

* Cosmological Model (ACDM)
* Measurement of the cosmological parameters - CMB
e Particle Physics

* Measurement of the involved cross sections > HEP
* Nuclear Physics

* Measurement of the involved cross sections - Nuclear Under/Over ground labs
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PRIMORDIAL LITHIUM-6 ABUNDANCE

LITHIUM'G PRODUCTION 107 |k Flobertson etal. [1981], data = g =
E Mohr et al. [1994], data © &
Kiener et al. [1991], upper limits — = ‘EP

: Cecil et al. [1996], upper limits -~ 50 P “ﬂﬁ
I i Hammache et al. [2010] - it aE T
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“He + 2H — ®Li +y wE .F.)b cross sections
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LITHIUM-6 DESTRUCTION

O
@"p@

Li+1H - 3He + *He

S-factor (Mel-b)

The main source of uncertainty is
coming from the 2H(a,y)®Li reaction
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THE %H(a,y)°Li MEASUREMENT AT LUNA*

*Laboratory for Underground Nuclear Astrophysics

The LUNA 400 kV accelerator features

requested for the 2H(a,y)°Li:

* The beam energy is within the BBN
energy range 40-400 keV (absolute
value +0.3 keV, spread < 0.1 kel/)

* High a current for low cross section
measurements (< 500 pA)

* Long term stability in order to have long
runs (5 eV/h)

5.65 1*:0
KL bl
The ZH(av)ﬁLl in the ,Zl- ‘,3,1,’,’/////,‘////,2,39
----------------- BBN energy range “is” a 3.563 01
direct capture reaction
‘*He+*H - °Li+y = 2.186 340
2
o Matmg—mi; +2ma(Bg +mg) |
Y 2[Eq + mg + mg — pg c0s(6y4p) o1 i 10
1
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THE ZH(Q,V)GLI EXPERIMENTAL SETUP

2, " g ;
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THE %2H(a,y)eLi EXPERIMENTAL SETUP

0 -

B
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THE %2H(a,y)eLi EXPERIMENTAL SETUP

PRV
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THE LUNA GAS TARGET

= 107 ~ 10 = 10° ~ 1073 ~ 101!
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THE 2H(a,y)5Li GAS CHAMBER
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THE 2H(o,y)°Li HPGe Detector

e 137% efficiency High Purity
Germanium Detector.

* Close geometry in order to
increase the geometrical
efficiency.

* Doppler effect: peak shape
analysis.

_mg +mj —mp; + 2my(E, +myg)
e Z[Ea T Mg + My — Py Cos(elab)

Region of interest

Energy

Rol position and width depend on
the beam energy: 1.5-1.6 MeV

Davide Trezzi



THE 2H(o,y)°Li HPGe Detector

Ge (100% relative efficiency) [\/\/ BGO (scaled for equal volume with the Ge detector)
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Deep Underground Laboratory is mandatory - Laboratori Nazionali del Gran Sasso (LNGS)
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THE 2H(a,y)5Li GAS CHAMBER
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THE 2H(a,y)5Li GAS CHAMBER

This reaction exhibits a huge beam induced = & '
background (BIB):

elastic scattering ‘)‘d) —> G O
2om % e

with (n,n’y) reactions

on surrounding
materials

7.0 —

T
measured, 400 keV
6.0 - simulated. 400 ke ———
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| i
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THE 2H(a,y)5Li GAS CHAMBER
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M. Anders et al., Eur. Phys. J. A 49 (2013) 28
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’H(a,y)°Li GAS TARGET SHIELDING

In order to minimize the natural

background and to prevent any possible
increasing of the LNGS neutron background
the follow passive shields have been
implemented:

* Lead castle

e Anti-Radon box

 Borated HDPE

M-

*ﬁ -
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THE %H(at,y)°Li CALORIMETER
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THE LUNA CALORIMETER

In order to measure the beam current a constant
temperature gradient calorimeter has been used.

Resistors Power Supply

Source Systematic uncertainties

Angular distribution 9%
Detector efficiency 8%
Beam current 3%
Temperature 3%
Pressure 1%
Target length 1%
Gas purity 1%

Beam energy < 1%

| total 13%

=100 W

Beam
Power (P)

9]
3
o Pp=Py—P
Time
P
[]=—F5
E — AFE
EEEEER
a beam
(PB) <

»
>

Constant Gradient Temperature (70°C)

J
?

11

T,<0°C
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THE %H(o,y)°Li MEASUREMENT AT LUNA

Four different beam energies have been investigated (240, 280, 360 and 400 keV).
Seven (4 in lab) years has been spent in order to take and analyze the data.

counts

. 400 keV ———
[ 280 keV ——
3000
2500
]
2000 280 keV 400 keV
1500 ey F
1000

1500 1520 1540 1560 1580 1600 1620
Energy [keV]

_mg +mi —mf; + 2my(E, +myg)
v 2[Eq + Mg + myg — py c05(04p)

counts

. 360 keV ———
1400 240 keV ——
1200 3 PRELIMINARY
L
1000
240 keV
360 keV
800
600 %’ﬁp l
400 =~ _

1500 1520 1540 1560 1580 1600 1620
Energy [keV]

E [keV] | E, [keV] | P[mbar] | Q[C] | t[h]
80 240 0.306 2115 | 217.7
93 280 0.308 538.9 | 490.9
120 360 0.306 2527 | 205.2
133 400 0.306 5143 | 437.7
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THE %H(o,y)°Li MEASUREMENT AT LUNA

Four different beam energies have been investigated (240, 280, 360 and 400 keV).
Seven (4 in lab) years has been spent in order to take and analyze the data.

200 T @
5 400 keV —— | 5
a 280 keV ——— wor i ]
3000 . 1k
! awl] LRomso .'
2500 = . 1 2 1 N s 2 a
» O 1540 1560 1580 1600 1580 1600 1620 1640
€ E, [keV]
g 2000 280 keV 400 keV
ﬂ N
1500 Eﬂ:b_‘—.‘_f: Mukhamedzhanov
‘—'ﬂrb : et al., arXiv:
1000 1602.07395 T /S % Y
1500 1520 1540 1560 1580 1600 1620 (25 Feb. 2016) R &
Energy [keV] S I
0_ (deg)
2 2 2
L = Mg +mg —my; + 2ma(Eq + mq) E[keV] | E, [keV] | P [mbar] | Q[C] | t[h]
2[Eq + Mg + Mg — Py €05(614p) 30 240 0306 | 2115 | 217.7
93 280 0.308 | 538.9 | 490.9
120 360 0306 | 252.7 | 205.2
133 400 0306 | 514.3 | 437.7
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THE %H(a,y)°Li MEASUREMENT AT LUNA

T
T
Robertson et al. [1981], data
Mohr et al. [1994], data
1 -3 L
O L Kiener et al. [1991], upper limits

Hammache et al. [2010] theory
Mukhamedzhanov et al. [2011] theory
Mukhamedzhanov et al. [2011] theory (E1 only)
Mukhamedzhanov et al. [2011] theory (E2 only)
LUNA [2014]
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M. Anders et al., PRL 113 (2014) 042501
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1

The S-factor of the 2H(a,y)Li nuclear
reaction has been measured,
providing the firs data points at BBN
energies. Using the new 2H(a,y)°Li
cross section a relative BBN lithium-6
abundance:

6Li/H = (0.80 + 0.18) x 10~14

is obtained. It is 27% lower than the
value obtained when using the CF88
rate for 2H(a,y)OLi

Sy, (134keV) = (4.0108610 40 56¥30) x 10~ ke V b,

S4(94 keV) = (2,716 4 0 30650 x 1070 keV b.

Davide Trezzi (for the LUNA collaboration) | 2" CUNA WORKSHOP




THE SECOND LITHIUM PROBLEM IN 2016

PRELIMINARY D‘IU'-— Mean : 0.0212 —-'
10'11: : Sigma: 0.0208 7
HD 84937 o % + ﬁ

] 102 a g : +

S s [ o % """""""" ‘%%‘}%

E 6 E 000f==d === ----? ----- t}'— ------ % -----------

= 1003 ¢ Z I

n 5 | i

Alt, e : -

erBBN+LUNA o IRy B T S ,. O?[G[NA.L P -
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* Using AlterBBN code + LUNA all data we obtain ' 0.05f ;
a three order of magnitude difference between - I I B l I
observed and calculated °Li primordial 3 [ I [ {I I g [ !]1 [ ] ]
abundance - Second Lithium Problem 2 - '"h""f'll'""}"} """ S B i

* Using different stellar atmosphere models, in [ I | ]
one (1D) or three (3D) dimensions and with or oosk H h
without Local Thermodynamic Equilibrium T L. e
(LTE/NLTE) different results have been obtained (Ferr

Davide Trezzi (for the LUNA collaboration) | 2" CUNA WORKSHOP



CONCLUSIONS: THE SECOND LITHIUM PROBLEM

* LUNA data firmly ruling out standard BBN
production as a possible explanation for the
reported 6Li detections.

e As a result, possible remaining scenarios
explaining the observed °Li abundance may
be, under very special conditions, a stellar
flare in situ production of ®Li or nonstandard
physics solutions.

Cosmic lithium-6 is clearly a high interesting
probe of physics beyond the Standard Model
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