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Why Underground measurements?
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Very low cross sections because of the coulomb barrier
>UNDERGROUND accelerator to reduce the background induced by cosmic rays
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LUNA 50 kV

1991: Birth of underground Nuclear Astrophysics.
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LUNA-400

2016: Still the only underground accelerator in the world.

14N(P,Y)15O
3He(*He,y)’Be
25Mg(p y)?e Al
15N(p,y)160
70(p,y)!8F
d(4He y)oLi
22Ne(p,y)?3Na
d(p.y)’He

E tear = DO - 400 keV
I, .=300uA protons, *He

Energy spread = 70 eV Long term stability = 5eV/h

(CNO T cycle)
(Sun, BBN)
(Mg-Al Cycle)
(CNO TII Cycle)
(CNO III Cycle)
(BBN)

(Ne-Na Cycle)
(BBN)



LUNA-MV

Funded by the Italian Research Ministry as a "premium project”.
First run scheduled in 2018.




I AVINEY program

S | UNA400 (2016-2018):
Stigriion NEEE & 13C(an)*0

‘O-ignition RS 2Cp.y)°N

i 13¢(p,y)1N

d(p,y)3He (this talk)

22Ne(p,y)>3Na (Ferraro's talk)

SLi(p,v)"Be

>  Hydrogen burning in massive stars

> BBN

LUNA-MV (2019-2022):

12c+12¢
126(0(, Y)160
22Nle(c,n)25Mg
: »  Star evolution after Hydrogen burning
For a 15 Mg, star: > S—pr'ocess
Reaction Timescale
|| Hydrogen burning | 10 million years
Helium burning 1 million years
Carbon burning 300 years Workshop at LNGS on LUNA-MV (1-2
OpSiEL BTty 2LUGE B december) + celebration of the first
Silicon burning 2 days

25-years of LUNA (" Silver Moon").
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n > p+et+v,
p+n > D+y
D+p = 3He+y
D+D -> 3He+n
D+D > 3H+p
3H+D -> “He+n
3H+%He > "Li+y
3He+n > 3H+p

Rl RN |eosynthesis

3He+D > *He+p

. 3He+*He > "Be+y

. "Li+p > “He+%*He

. 'Be+n 2 Li+p

. “H+D - SLi+y

. SLi+p > 3He+%He

. ’Be+n > ‘He+*He

. 'Be+D > p+*He+*He

BBN is the result of the competition between
the relevant nuclear processes and the
expansion rate of the early universe:

8
HQZ?WG[)

, 7 4 4/3
p=r (145 (1) Qe

| Calculation of primordial abundances only

depends on:

-Baryon density Q,

-Particle Physics (N,¢, o..)

-Nuclear Astrohysics, i.e. Cross sections of
relevant processes at BBN energies
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BBN predictions

-The BBN begins with the formation of Deuterium.

-Nearly all the free neutrons end up bound in the
most stable light element “He.

-Small abundance 7Li and °Li because of the
absence of stable nuclei with mass number 5.

-Negligible amount of heavier elements because
the lack of A=8 isotopes.

Accuracy mainly depends on nuclear cross
section knowledge
- Direct measurements at BBN energies.

BBN uncertainties:

‘He: Almost entirely due to At,

D: Mainly due to the D(p,y)*He reaction
3He: Mainly due to the 3He(d,p)*He reaction
6Li: Mainly due D(a,y)°Li reaction
Li: ..Many reactions of the BBN network

00 N0y U1 Ry R

n > ptet+v,
p+n > D+y
D+p > 3He+y
D+D -> 3He+n
D+D > 3H+p
3H+D > %He+n
3H+%He > “Li+y
3He+n > 3H+p

10

15//16

14

A4

4He

©
v
O

A4

3H

13

'Be

/ 12

oLi 4

1]

9. 3He+D - %He+p

10. 3He+%He > "Be+y
11. 7Li+p = *He+*He
12. 7Be+n 2> “Li+p

13. “H+D - SLi+y

14. SLi+p = 3He+%He

15. 7Be+n > *He+*He
16. 7Be+D > p+*He+*He

11



Astronomical observations

~ 15F ' ' ' ‘ 115

-Observation of metal-poor and faraway -
sites "o

Flux

-Extrapolate to zero metallicity:

Fe/HI O/HI Si/H 9 O -48|00 | 48150 | 49|00 | . 49|5 | 50I00 ‘ 50|50.

Observed Wavelength (4)

-Systematics mainly due to
post-primordial processes

1.0 g —_— e — — 10

0.5+ 0.5

Normalized Flux

0.0 = 0.0

I12001 | 112101 | I12|20I | I1230I
Observation errors: Rest Wavelength (A)

“He: Observation in Hi; regions, quite large systematics.

D: Observation of absorption lines in DLA systems. Accurate measurements.

3He: Solar System, very large systematics, not a powerful probe for BBN.

’Li: observation of metal poor stars absorption line (Spite plateau)

°Li: observation of metal poor stars absorption lines (controversial)

12



Theory Vs Observat

0.26

Isotope BBN Theory Observations
Yp 0.24771+0.00014 0.254+0.003
D/H (2.41+0.005)x10-° (2.55%0.03)x10-3
SHe/H (1.00£0.01)x10-3 <2.2x10-°
TLilH (4.68+0.67)x10-10  (1.23 *0-68 . )x10-10
SLi/7Li (1.5%£0.3)x10-° <102

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

’Li: Long standing “Lithium problem”
SLi: "Second Lithium problem"?

A coherent theory (Cosmology, Astrophysics,
Particle physics, Gravitation...) must provide
the matching between theory and observations
for all the primordial light isotopes.

D/H

SHe/H

"Li/H

0.25
0.24

0.23
103

10-10

o

00

<

Likeli

Likelihood
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3He(a.,y)’Be reaction @ LUNA 400

Isotope BBN Theory Observations
Yp 0.24771+0.00014 0.254+0.003
D/H (2.41£0.005)x10-5 (2.55%0.03)x10-5
3He/H (1.00£0.01)x10-5 (0.9+1.3)x10-5
Li/H (4.68+0.67)x10-1° (1.23 *0-68  ..)x10-10
SLi/7Li (1.5%0.3)x10-5 <~102
1. n > pt+e*+v, vi
2. p+n > D+y Be
3. D+p 2 3He+y 12
4. D+D -> 3He+n
5. D+D 2 3H+p
6. 3H+D = %He+n 10 6Li 7Li
7. 3H+%He > Li+y 15//16
8. 3He+n > 3H-'-p 14
13—
3He[——*He ;
AN N
8
3|14 6 - By g
[
p H—{ D —— 3H e e
12. 7Be+n 2> "Li+p
13. 4H+D - SLi+y
1 14. SLi+p - 3He+*He
n 15. 7Be+n > *He+*He
16. 'Be+D > p+*He+*He

Sy4[keV b]

06

05

04

Gustavino2016

—— Weizrn'ann Inst. 2004
—l— LUNA 2006, 2007
Seattle 2007
—&— ERNA 2009 B
—&— Madrid 2012
+—w— Notre Dame 2013
—7— ATOMKI 2013

Adelberger et al. 2011
- - Neff (2011)

| L PR TR W T |

0.01

0.1 1
E[MeV]

-LUNA data well inside the BBN energy
region

-Low uncertainty (4%)

-Simultaneous measurement of prompt and
delayed ys

- Consolidation of “Lithium Problem"

14



D(a,y)eLi reaction @ LUNA 400

1,0E-02
Isotope BBN Theory Observations e Anders2014
Yp 0.24771+0.00014 0.254%0.003 T GSIE1 Trezzi2016
GSI E2
D/H (2.41%0.005)x10- (2.55%0.03)x105 s © LuNA b
Gy © MOHR 94 g ?
*He/H (1.00+0.01)x10-5 (0.9+1.3)x10-5 © ROBERTSON 81 6
TLi/H (4.68+0.67)x10-1° (1.23 068 . )x10-10 - %
SLifTLi (1.5£0.3)x10°5 <~102 T 1,0£:04
B
1. n > p+e*+v, vi
2. p+n > D+y Be
3. D+p 2 3He+y 5 1,0E-05
4. D+D - 3He+n
5. D+D > 3H+p
6. 3H+D = %He+n 10 6Li 7Li
7. 3H+%He - "Li+y 15//16 1,0E-06
8. 3He+n > 3H+p 14 10 100 1000 10000
= 11 Ecm (keV)
3He—*He :
7 -LUNA data provide the first measurement
Jo N, in the BBN energy window
26 z:e*‘?H‘)_")HfB*P —>A nuclear solution is ruled out to
2 5 . e+’He e+y . .
P > D > 3H 11, 7Li+p > *HeHe explain the ®Li problem...

13. 4H+D -> SLi+y

15. 7Be+n > *He+*He
16. 'Be+D > p+*He+*He

15



D(p,y)*He reaction @ LUNA 50

Isotope BBN Theory Observations
Yp 0.24771+0.00014 0.254+0.003
D/H (2.41£0.005)x10-5 (2.55%0.03)x10-5
3He/H (1.00£0.01)x10-5 (0.9+1.3)x10-5
Li/H (4.68+0.67)x10-1° (1.23 *0-68  ..)x10-10
SLi/7Li (1.5%0.3)x10-5 <~102
1. n > p+e*+v, Be
' 3. D+p 2 3He+y / 12
5. D+D - 3H+p
6. 3H+D = %He+n 10 6Li 7Li
7. 3H+%He > Li+y 15//16
8. 3He+n > 3H+
P 14 s
3 J 54
He **He 7
3114 e A6
9. 3He+D - “He+p
2 5 10. 3He+*He > "Be+y
P 2 D 3H 11. 7Li+p - *He+*He
12. 7Be+n 2 Li+p
13. “H+D > SLi+y
1 14. SLi+p - 3He+*He
n 15. 7Be+n > *He+*He
16. 'Be+D > p+*He+*He

10

——Theory
© LUNA 2002
® SCHMID 97
® MA97

© GRIFFITHS 62

S-FACTOR (eV*barn)
(=Y

0,1

10

Casella 2002 ;

BBN

100 1000

(D/H)gpy error reduction of a factor 3
with low energy LUNA data

16



In progress: D(p,y)3He reaction @ LUNA4Q00O

Reaction |Rate Symbol|o2y /- 10?
p(n,v)°H R4 +0.002
d(p,v)’He Rs 10.062
d(d,n) He Rs +0.020
d(d, p)°H i +0.013

(Di Valentino, C.G. et al. 2014)

-The error budget of computed abundance of

deuterium is mainly due to the D(p,y)*He reaction
-measurements (9% error) NOT in agreement with

recent "Ab-Initio" calculations (1% error).

Measurement goal:

-Cross section measurement at
30<E_<260 with ~3% accuracy
-Differential cross section
measurement at 100<E_, <260

=)

10

——Theory
© LUNA 2002
SCHMID 97
;
® MA97

© GRIFFITHS 62

W
0,1

1 10
Ecm (keV)

S-FACTOR (eV*barn)
(=Y

LUNA400

€ >

BBN

100 1000

Physics:

-Cosmology: measurement of Q.
-Neutrino physics: measurement of N, ;..
-Nuclear physics: comparison of data
with "ab initio” predictions.

data taking and analysis in progress

17



D(p,y)3He: Baryon Density

g T 10
o gy ——Theory
o
i ?
z o © LUNA 2002
0;9' o R °
3 Standard BBN | ® SCHMID 97
o
— ® MA97
..... 3
8 © GRIFFITHS 62
: Planck TT+lowP+BAO] ¥
>
Y S U F— )
€ “ [ locco et al. (200 s 1
[To B e o e L
~ 5 E
~ b e
o | Cooke et al. I(2014) | &
0.018 0.020 0.022 0.024 0.026

Wh

BBN provides a precise estimate of Baryon
density Q, , through the comparison of e
(D/H)BBN and (D/H)Obs! T 10 100 1000

Ecm (keV)

Dpy data fit
\1' ‘1' From CMB data:

100Q, ;h?(BBN)=2.20+0.04+£0.02 (Cooke2013)
1009, xh?(BBN)=2.16+0.01:0.02 100Q, ch?(CMB)=2.22+0.02 (PLANCK2015)

r A

Dpy “ab-initio"”
D/H observations 18



D(P,’Y)3H€3 Neff

Deuterium adundance depends on the
density of relativistic particles, (photons
and 3 neutrinos in SM). Therefore it is a

tool to constrain “"dark radiation”. Assuming

literature data for the D(p,y)*He reation:

N.¢s (BBN) = 3.57+0.18 (CookedPettini 2013)

N, (CMB) = 3.36:0.34 (PLANCK 2013)
Neff (SM) = 3.046

2.0

I Planck+v|VP+BBN(AC;DM+N,_J~l,) I
Planck+WP+BBN+HST(ACDM+N, ;)
Planck+WP+BBN+BAO(ACDM+N, ;) |

Di Valentino et al. 2014

e = o
EN o =)
T T T

D(p,y)*He reaction rate A.U.
=
R

1.0f

2.4 3.0 3.6 4.2 4.8

s
N
A

N eff

104 : =
10-3 3
10-10 10-°
n
5.0 T T T
BBN only
Cooke&Pettini 2013
4.0 R e A

3 ; O B e S

2.0

0.021 0.023 0.025
Q,h* 19



Proton beam |—‘_—| D, gas target
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HPGe Preliminary results

The high resolution of Germanium detector allows to measure the angular distribution of
photons emitted by the d(p,y)3He reaction exploiting the doppler effect:

Proton beam ——

2 2 2
my, +mg — miy, + 2@md

2(Ep + mg — pycos(Oom)

INES

D, gas target

a.u.

0.0006

0.0005 +

0.0004 |

0.0003 -

0.0002

0.0001 i

= = =
e P

S

- Ep =162 keV

E p =200 keV
~ Ep =260 keV
Ep =340 keV *
*&*X
* ¥ xﬁu
X ]
xf;?if‘ L
P Il i g o ol
reliiminar A A
s Xx %
S
e . D %
g x
*
*
x
»*
*
*
*
%*
*
E
)

575(

yield (a.u.)

3000 |~
2000
S00
S00
egam
600 . - . T
experimental data
MonteCarlo "ab initio"
500 | MonteCarlo isotropic
400 | e ‘
Preliminar
300
200 +
100 r
w‘i‘w‘m%am&.. y
0 I ""'-‘\'A‘A'M‘A"v‘ﬁ?‘#‘v‘*’-'w 1 |
5400 5450 5500 5550 5600 5650
E, (keV) 21



BGO Preliminary results

Egy[keV]  E, [keV] J© T [keV]

BGO V il 2187 2484 g2 200

|:L| N, gas target
Proton beam 2 Beam stopper

> +
|:'_| \ 987 8284 3 | 36

)/ 5% 7556 127 1,
1297 7276 1
PMT “N+p 6859 W sn”
—S07— 6793 T
6176 \ 4 32
COMMON /PAWC/ in memory
600 F o 3
I H H E::rines 337?*92 5241 A si2”
- Preliminar = el =
i 5183 12
500 |-
400 -— Data -
St MC —— 0 vvvy vy 12|
i 150
300
Ey (keV) Branching (%)
518142375 (14N)  17.1%0.2 (1.2%)
- 5241+2315 0.6%0.3 (50%)
. 6172+1384 57.8+0.3 (0.5%)
6791+765 22.9%0.3 (1.3%)
ol B G R s 7556+0 1.6%0.1 (6.2%)

0 L 1 L N A 2
4000 4500 5000 53500 86000 6500 7000 7500 €000 8500 9000 22



Systematics error budget

Source BGO HPGe
phase phase
Angular <<1 % 2.0 %
distribution
Detector 1.0 % 3.0 %
Efficiency
Beam 1.5 % 1.5 %
current
Target <1.0 % <1.0 %
density
Target 2.0 % 1.0 %
lenght
Gas <<1.0 % <<1.0 %
purity
Beam <<1.0 % <<1.0 %
energy
TOTAL $3.0 % <4.0 %

Systematics will be evaluated through
dedicated measurements, minimazing the
use of simulations and literature data

* Temperature profile measurements

* Pressure profile

* Reaction yield Vs Pressure

* Reaction yield Vs Current

e (Calibration with °Co, 8%Y, 137Cs
 Calibration with “N(p,y)°O

* Interplay between BGO and HPGe results

23



Conclusions

There have been tremendous improvements in recent years in the determination of
cosmological parameters from astrophysical measurements. In particular:

-The cosmic density of baryons Q, is now known to percent level thanks to the PLANCK
mission.

-The primordial abundance of deuterium has been deduced from observations

of pristine gas at high redshifts with similar accuracy.

These measurements offer the means to test sensitively cosmology and particle physics.
Of particular importance are:
-The comparison of Q,(CMB) and @, (BBN).

-The precise estimate of effective number of neutrino families N .

The most important obstacle to improve present constraints is the poorly known
S-factor of the d(p,y)°He reaction at BBN energies.

...But a precision study of d(p,y)’He reaction at BBN energies is in progress at
LUNA.

Data taking with dedicated setup: sept 2016 < T < may 2017

STAY TUNED!
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SHe(a,y)’Be at LUNA: prompt v's

C I I
F E=93 keV T=31,2 days
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gw
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1
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Li

HpGe detector
- Removable beam stopper for offline "Be counting

. Anti-Radon Box and Pb-Cu shield around detector
+ Chamber in Oxigen Free copper




3He(a,y)’Be at LUNA: delayed v's
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D(a,y)eLi reaction @ LUNA 400

10°

Main problem: beam induced background

Silicon
Detector

Radon Box (N, flushing)

Deuterium /.
inlet

" Calorimeter

Alpha beam °

T
Tinge
198

D+alpha Rol at E,,=400 keV =——>

QOSPD

1

T 40008 ——
lab backglound

|

|

I |

| HPGe /1

| 1 Detector I

g |

Deuterium : :
exhaust , Lead shield I f0?

Method:

200

Measurement with E =400 keV on D, target. Signal

is expected in a well defined Rol (1587-1625 keV).
Same as 1., but with E, =280 keV. The Background
is essentially the same as before, while the

gammas from the D(o,y)Li reaction are expected
at 1550-1580 keV.

—>D(a,y)eLi Signal is obtained by subtracting the two
spectra

counts
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=7
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1623 keV

400 keV Rol

1500 1520 1540 1560 1580 1600 1620

Energy [keV]

)



Beam Induced Background

D(a,&x)d Rutherford scattering

& beam
> ‘ Deuterium
gas target
‘ E..(He)= 0,820 MeV
@;

d(d,n)3He reaction
Q=3.269 MeV

E..(n)=2.450 MeV

(n,ny) reaction on the surrounding materials (lead, s‘reel, copper and germanium)
y-ray background in the RoI for the D(a,y)Li DC transition (~1.6 MeV)
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The Lithium problem(s)

« Observed ’Li abundance is about 3 times
lower than foreseen: Well established

“Lithium problem".

« Debated claim of a huge abundance of

°Li (Asplund2006).

-Systematics in the measured “Li, 6Li and
abundances in the metal-poor stars of our

Galaxy.

*Unknown processes before the birth of

the galaxy

‘New physics, e.g. sparticle annihilation/
decay (Jedamzik2008), long lived negatively

charged particles (Kusakabe2010)

»..Nuclear physics, i.e. the lack of
knowledge of the relevant nuclear
reactions.

Relative flux
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Low energy measurements / 1% statistical error:
« 137Cs (662 keV)

« 60Co (1173 keV — 1332 keV)

« 88Y (898 keV — 1836 keV)

d position [mm]
0 22,4
1 32,4
2 42,4
3 52,4
4 62,4
5 72,4
6 82,4
7 92,4
8 102,4
9 112,4
10 122,4
11 132,4
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Fast BGO phase preliminary results and HPGe phase status of the art

2. HPGe PHASE
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Particle Data Group:
Review of Particle physics (2014).

The nuclear reaction cross sections important for BBN have all been
measured at the relevant energies. We will see, however, that recently
there have been substantial advances in the precision of light element
observations (e.g., D/H ) and in cosmological parameters (e.g., from
Planck). This motivates corresponding improvement in BBN precision
and thus in the key reaction cross sections. For example, it has
been suggested [30] that d(p,’y)3He measurements may suffer from
systematic errors and be inferior to ab initio theory; if so, this could
alter D/H abundances at a level fthat is now significant.

E. Di Valentino et al., PRD 90, 023543 (2014)

provides some piece of information on the radiative capture
reaction d(p,y)3He, converting deuterium into helium. The
value of the rate for this process represents the main source
of uncertainty to date in the BBN computation of the
primordial deuterium abundance within a given cosmo-
logical scenario, parametrized by the baryon density Q,h?
and effective neutrino number N ;. The corresponding
cross section has not been measured yet with a sufficiently
low uncertainty and normalization errors in the BBN
center-of-mass energy range, 30-300 keV. In addition to

PLANCK collaboration, arXiV:1502.01589v2
[astro-ph.CO] (2015).

The posteriors for A, are shown in Fig. 37. These results sug-
gest that the d(p,y)*He reaction rate may be have been under-
estimated by about 10 %. Evidently, tests of the standard BBN
picture appear to have reached the point where they are limited
by uncertainties in nuclear reaction rates. There is therefore a
strong case to improve the precision of experimental measure-
ments (e.g., Anders et al. 2014) and theoretical computations of
key nuclear reaction rates relevant for BBN.

R. J. Cooke, ApJL 812, L12 (2015).

New experlmental data for the crucial d(p, )/)3He reaction,
whlch Lonlrlbules the dominant uncertainty for both the D/H
and 3He/*He abundance ratios, are currently being acquired
by the Laboratory for Underground Nuclear Astrophysncs
(LUNA Broggini et al. 2010; Dl Valentino et al. 2014). New
data for the remaining reaction rates are now needed.

A. Coc et al., Eur. Phys. J. A51 34 (2015)

lithium problem. We just point out that if the new obser-
vations of deuterium are confirmed, high precision (~ 1%)
will be required on the main cross sections involved in deu-
terium destruction [171]. The most recent measurements
concerning these cross sections have been done directly
at LUNA (?H(p,v)3He) [21] and TUNL (?H(d, n)*He and
2H(d,p)*H) [172]. These latter were very recently, deter-
mined using the Trojan Horse Method [173] and theoret-
ically through ab initio calculations [174].

L. Marcucci et al., PRL 116, 102501 (2016).

tent during BBN. Of course, our results ought to be con-
firmed by direct measurement of the d(p,v)*He S-factor,
as it is planned at the Gran Sasso National Laboratories
(Italy), by the LUNA Collaboration. Such a measure-
ment will therefore turn out to be crucial in this context
and an improved accuracy at few percent would provide
an independent handle to assess the overall consistency
of the standard cosmological model. Finally, it should be

R. H. Cyburt et al., Rev. Mod. Phys. 88, 015004 (2016).

which yield high precision D/H abundances. Moreover, the
nuclear physics uncertainties in D/H now dominate the error
budget. Thus there is strong motivation for future measure-
ments of the rates most important for deuterium: d(p, y)*He,
as well as d(d,n)’He, d(d,n)t, and n(p,y)D (Nollett and
Holder, 2011; Di Valentino et al., 2014). We can hope that



