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| The @riginofithe [Elements
'
Burbidge, Burbidge, Fowler & HoyleRBl): Rev Mod. Phys. 29 (1957) 547

Synthesis of the Elements in Stars®
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| Direct evitlenee oOf micleosynthesissinrstars
'

V Solar Neutrino Detection at Homestake in 1960s
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V 1982:discovery ofL.8 MeVgraysassociated witi¥°Al decay(T,,= 7x10Y)
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| TheOriginof the Elements
'
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The abundances of the elemen
follow everywhere the same
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| Big BangINuelegsynthesis
'
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V'  BBN occurs 3 minutes after Big Bang

V After BBN we have mainly and*Heplus smalbmountsof D, 3He, SLiand’Li
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| The IRrotore Proton ¢hain
'
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| Helium Hhurning
'

Helium-4
@ Energy
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Mass gap can be bridged in stars!

Carbon ash
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| Later Burning Stages
'
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| The |LifeCGyelefof Stars
'
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| Nucleosynthesis beyond: Fe
'

V Nuclear fusion reactions are only responsible for the synthesis of the
elements up to Fe
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Nucleosynthesis beyond:Fe

V The formation of nuclei with A > 60 occurs through neutron and proton
captures

V The absorption of neutrons producesunstable nuclei. They transform to
stable isobar with higher Z:

(Z,A)+™ (Z, A+1)
(Z, A+1H (Z+1,A) +e+’

V These nuclel can again undergo neutron capture lartecay

V The stellar matter is hit by neutron fluxes of different intensitiesdpw-s» or
«rapid-r» neutron captures if the flux is high or weak respectively
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Nucleosynthesis beyond:Fe

< <

Inthe sprocesst, ,>>t,. Un unstable (Z,N) nucleus capture2 fieutrons at
maximum before thér R § O FYR 65S02YSa | ydzOf

The sprocess closely follows the valleytostability. Neutron flux (10n/cm?)

The process continues until a magic number of protons (Z) or neutrons (N)
reached

In the r processt(,<<t,) several neutrons are added to the initial nucleus
(Z,N) producing a nucleus far from the stability line befbrdecay
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How do we measure these reactions in th

laboratory?



| A typicall layout of anticle aagtro) physics-experniment
'

_ Detectors
A target areal density

Cross section measured in barn
1 barn = 14 cm?

22/06/2022 Francesca Cavanna XXX Giornate di Studio sui Rivelatori



Nuclearrreactionswith astrophysical gmpact

V 12C +2C = 2Ne +a  12C{2Ca)*Ne

x Relevant reaction in massive stars

V D +p =»3He +g D(p,g)°He

x Relevant reaction during Big Bang Nucleosynthesis

V 13C+a = 180+n  13C@,n)0

X Relevant reaction for the production of neutrons responsible for the
nucleosynthesis of the elements heavier than Fe

V In general:

x A+xsp B+w can be written asvAB and we can define the Q
value as:

Q= (m+ m¢mggm,)c
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Source-of radiation

The radiation originating in atomic or nuclear processes can be divided into
three general typegchargedandunchargeq:

V Chargedoarticles all energeticharged particlegalpha particlesprotons,
fissionproducts and electrons)

V Electromagnetic radiationXrays from atomic electron rearrangement and
gammarays from transitions in the nucleus itself

V Neutrons thermal or fast (e.g. emitted in nuclear reactipns
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Charged particles



Interaction @fcharged partictesiwith amatter

V Charged particles interact with matter through:

1. inelastic collisions with atomic electron$ absorber atoms
2. elastic collisionsvith absorbemuclei

x process 1. is far more likely except at very low projectile energies
x cross sections for such collisians 10-10° b

x energy transfer in collision results indxcitationof electrons to higher
orbits, or complete removal of electroro(iization

x energy transfer per collision typically small, but very many collisions per
pathlength

x almost continuous energy loss until charged particle is stopped

x linear stopping powes$ is defined as the energy loss per unit path length

in a material
) dE

dx

S =
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BetheBlochfeormula

V  Energy loss of a charged particle in an absorber material:

A% taUA. .
AG 1 O ™

fcl o A\ . .
" I(q )r )Idpr)r

V  with (v,2 the velocity and charge state of the incident particlegnd Z are the
mass densityand atomic number of absorbem, electronQ rest massand| average
lonisation and excitation energy absorber. Iy Avogadro number

V  Higher density materials have greater stopppayver

A 0/8 U o U Heavy particles
AQG O 0—/0 lose energy faster
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DE ¢ E technigue

V ADEE telescope comprises two or more detectors which the particle traverses
In sequence, usually being stopped in the last one

thin transmission detector

/ / thick final detector

incoming particle ‘

DE Eres

DE = fraction of energy lost in thin detector
E..= residual energy deposited in thick detector

E :DE +Eres

< < < <

DE ~MZz%E A DExE-Mz2 A different hyperbolae for different Z
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How dlog-rays|interactyvuth\NMatter?

V Gammarays (photonsgan interact with matter throughhree primary
processes

X Photo-electricabsorption
x Compton Scattering
x PairProduction

V  Photon transfers part or all of its energy to an electron in absorber medium
a single interaction

V  Photon eitherdisappearor issignificantly deflectedrom its original direction

V  Photon intensityreducedas photons pass through matter

V The linear attenuation coefficiemh(= Ns) depends on the target material and
gammaray energyg,
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Photo-electricabsonption

V  Collision between a photon ando®mund electron

. . . . . O
V  Photon disappears; (photelectron emitted with energy: o ©
ik @) ®
E. =E,- E p
e g
X ,\/\ ERaNiNLiTa f\o N @ i 1
E,= energy of incoming photon VAVAVEAVAVEVAVAVAVAY o
E, = binding energy of atomic electron o Bk e
. 2
V Photoelectric effect cannot take place on free electrons =
(need to conserve energy and momentum) GEORIREH

V _Most ti%htly bound electrons are more likely to contribute to
PE effec

V Photo-electriccross section:

S e ~ ZIE3S
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Comptonsseatiering

Collision between a photon andfieee (loosely boundglectron
The photon transfers part of its energy to a recoll electron
Energy of electron depends on scattering angle

Incoming gammaiay is scattered at an angtpwith respect to its original
direction

< < < <

A\
0\0
A
_\\\c‘ E=hv
E=myc" ¥ p=hv'le
incident photon p=10 )
E = hy ()
p=hvle target
electron = ——
E =~/mgc" + p“c*

O A

.

scattered
electron

V Energy of the scattered photon after collision:

V' Comptonscattering crossection: s, ~ ZEJ
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Pair ppratuction

® PAR
V Forgamma rays with energi€gx M ® 1 ppair . ODUCTION
production becomes possible Electron
e Atom /K&
V' Agamma ray disappears in the Coulomb field of Imk;’em .Q_-g .............
nucleus and is replaced by alectron-positronpair  photon \Posmn

V The excess energy above 1.02MeV goes to the kinetic energy of the electron an
positron:

K+K=F¢2me

V After slowing down in the absorbing mediupgsitron annihilategproducingtwo
annihilation photons (51keVeach)emitted in opposite directions

V Pairproduction cross section:
S pair ~ Z In(Eg)
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Relative inpporiance of | atbeontributions

V The total cross section for photematter interaction has contributions
from all three processes

S :Spe+scomp +Spair

R R R’ [T VTN

120 —

| —

100 — —

L = Photoelectric effect Pair prqduction =

.g SOL- dominant dominant -

Qo

2 r n

: 60 -

© = %/ Compton effect o\\ i

N 40 5 dominant = N

20 ]

n ol

0l { LI R R
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Av in MeV

V The lines show the values of Z amufor which the two neighboring
effects are jusequal
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Gammarays attenuation

V Fora wellcollimated photon beam, all three processes can take place,
leading toattenuation of beam intensit@s it passes through matter

V Photonsundergoing photeelectric absorption or paimproduction
disappear altogether; those which are Compton scattered are deflected

from incidentdirection
V Beamintensity is reduced exponentially as:
| = | exp(-nx)

with m(=Ns) linear attenuation coefficienflength?)
being N the number of targets per unit volume ¢he cross section
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| Gammaray spectrum:and Detectorrgsponse
'

V' HighZmaterialsare typically [
chosen for gammaiay detection [ F""e"e'wve\

V Eachof the three interaction
processes will leave an electron
with finite energy In Energy
semiconductor material

A Pai -
T air production peak 107
No. of >1022 keV
counts : counts / E
Compton E
comtinuum

Energy 511 keV Energy E,
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| Interaction in| largeldetectars
'

V Alarge detectoris one in which we can ignore the surface of the detector

V' Various successive photoelectric absorption, Compton scattering and pair
production interactions will occur

V The result is complete absorption of the gammag and a single gammray peak,
referred to as the full energy peak

Energy absorbed
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| Interaction inzassmall detector
'

V Asmall detectoris one so small that only one interaction can take place within
(small compared to mean free path of secondary radiation)

V  Only the photoelectric effect will produce full energy absorption
V Compton scattering events will produce the Compton continuum

V  Pair production will give rise to the double escape peak due to both garaysa
escaping

PP

only
Double
escape

Energy absorbed
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| Interaction inzar teal detector
'

V Within areal detectorthe interaction outcome is not as simple to predict as
the small or large detector cases

V' Compton scattering may be followed by other Compton scatterings before
the gammaray photon escapes from the detector

V Also, pair production may be followed by the loss of only one annihilation
gammaray, resulting in a single escape peak as well as a double escape pe

1022keV Eg—511keV
e PP

D ouble
escape

Single
ESCape

Multiple Comgton - II."I
EVEILS .

Energy absorbed
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| Gammaray spectrum
'

Full Energy
Peak

1

Annihilation Single
Peak Double Escape Peak

Escape Peak

___-/\“ Continuum

- e an an o OP o o=
R Lk I Bl

Primary photon
continuum

S
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RDEI= e e e - oo 3

- - A - ————— e -
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Neutrons



Neutron Detection

V Likegrays, neutrons cannot be detected directly, but througgtondary
radiationproduced in interaction of neutrons with matter

V In contrast tograys,secondary radiatiofrom neutrons interactions is
almost always heavy charged particles

V Neutron interaction probabilities depend on neutron energy

V Fastneutrons g,> 0.5 eV)
x low capture cross sections ¢ 1/v)

x |lose energy via collisions, mostly withcleiin absorbing material until they
becomemoderated

x most efficient moderator islydrogenbecause ofts comparable mass with n

% o A
A v AF(A—>
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Neutron Detection

V Slowneutron to thermal neutron (0.025 eVE < 0.5 eY
X main interaction throughr{,g) (n,p) (n,a) and (,fissior) reactions
x typically large Qalue reactions preferred
x typically reactions producing charged particles preferred
n +6LiA a +3H (Q=4.782 MeV)

n+19BA a+7Li  (Q=2.790 MeV)
n +3HeA p +3H (Q=0.763MeV)

1000

100

Cross section (b)

98(n,e) Li

0.1 I | l | ! ;
1 eV I keV 1 MeV

Neutron energy
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Neutron dletection

Tahle 7: Some Reactions Useful for Slow-Neutron Detection

reaction * C-value (Mel) cross section (in barns)
for thermal (0025 eV nentrons

WELn —=7Li+ o 231 % 840
"li+n—=3H+ o 475 s%ly
He + n —= 3H+p 0,764 5330
e - W4+ Y ~200) 575

(fizzion fragments)

*n represents a neutron, pa proton, and o an alpha particle.
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Penetrationpowelr doridifferentaadiation

V Range of Radiation

x Alpha: Small shield with a piece of paper

x Beta: Smal€ishé: shield with afew cm orso ofPb

x Gamma: Long shield with aseveral cm oPb

x Neutron: Verylong shield with manycm of paraffin
w== A |pha rays

e———=Beta rays
e Gamma rays and X-ray
e===Neutron radiation

. T T
B

B

L~ /
Z} /
pap :
The substance which

Thin metal, The thick

such as board of a containing hydrogen
aluminum lead or iron (water, concleat,
and so on)
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Type ofddetectors

V Gasfilled detectors

V Solidstate (semtconductor) detectors

V Organicscintillators(liquid & plastic)

V Inorganicscintillators

Note: scintillators operate with photsensor (i.e. another detector)
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Gasffilledidetectors

V Consisin volume of gas between two electrodes, with potential
difference (voltage) applied betwedhem

V lonizingradiation produceson pairsin gas

V Positiveions(cations) attracted to negative electrodeathode);
electrons(aniong attracted to positive electrodeaiode

V Typically cathode ighe wallof the container anode is a wire inside

meter

/ anode (+)
incident —‘ |
charged

particle cathode () battery
power supply

ar
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| Semicondutodetectors
'

V Singlecrystal of semiconductor
X p-n junction(typically, Si)
X Intrinsic detector(typically, Ge)

V HighZA better material forgray
detection

V lLargecrystals needed for high efficienc

V Ge detectors have better resolution
than scintillators

V Mustbe cooled to LNtemperatures

V Proneto radiation damage
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| Scintillators
'

V Scintillator= organic or
Inorganic material transparent

to its own fluorescentight - glass tube
+100 volts +300 volts &~
V Incomingradiationexcites
electrons inscintillator visible ) .
light » | |— signal to
. . photon
V Deexcitationleads to preamp
. . . +200 volts +400 volts
emission of light, collected by : v oA o4 A
L photocathode / anode
photo-multiplier tubes(PMT) 0 volts dynodes +500 volts

which converts light into electric
signals
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Key features for detectors




| Detector resolution
'

V Resolution
X in energy (FWHM/peak position)*100%
X in angle/position (depends on setup)

©
=
=
] max
-
© J 682-635
e : _ - o _ 0
g Enﬂrgy resolution = "-"""“—EEE x 100% = ¥V.1%
7))
el
e
=1
(]
O Full width at 1/2 max 1/2 max
(FWHM)
I
I
I
1
1
:
| | |
] 100 200 300 400 500 &o0 BE2  TO0

Photon Energy (keV)
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| Detection <fficiengy
'

V Efficiency
X intrinsic(100% for charged particlefew % forgray9
X geometrical (dependsn thesetup)

Y
FERN
detector detector

detector

I AIABDOT OAADT OAAA
T Oi AIA@A AE ANORITAID £ OB ERA OOAA
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Efficiency in ithe case’ gispectioscopy

V The most common type of efficienaysedfor gray detectords the
peak efficiency

dN
dH

“Full—energy
peak "’
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Experimental challenges of

nuclear astrophysics experiments



| Relevant-energies to) measure cf0sst8ections
'

Stellar reaction rate at a given temperature
l,j \

[ " , (L)L%BEL)V) 7 7 » U

d)_c‘)/ \

Density of interacting nuclei _ _
Relative velocity 1., wellc Boltzmann distribution

Cross section

-

= | Maxwell-Boltzmann

-2 | distribution Tunneling through
8 | x exp(-E/KT) Coulomb barrier
| .

ol « exp(-[(Eg/E)**]
2

et

L]

Q

o

Gamow peak

AE
[} 1
kT Eg Energy
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| Experimental Chiallenges ofrBirect Measurement
'

Reaction Rate N, X N, x cross sectiox detection efficiency

|

10 pps(~100mA g=1+ typical stable beam intensities

v
10 atoms/cn? typical solid state targets

v
10*?barn (often even smaller)

l

~1-10%for gammarays (HPGe detectors)
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| Rate andbackground
'

The rate Rhas to be compared with backgrouid

V BeaminducedY NBIF OUA2Y&a gAGK AYLIzZNAGASaE A
processes

V B, : hatural radioactivity mainly from U arichchains

V B . mainlymuons

cosmic-

100

typical y-ray spectrum at surface lab

Q
o

—
o

counts /h/keV
3

-

i ——
ambient
0.1 !
neutron induce
0.01
cosmic rays
1E-3 000 000 000 000 000 G000 000 8000
E, [keV]
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low cross sectiong, poor signaito-noiseratios

How to improve the signdb-noise ratio?




Laboratory fforUndergrountNuclear Astrophysics
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|Nuclear Astrophyisicsridndergretinebbaboratories

Nuclear Astrophysics Underground Laboratories

A e - <$'§C,?‘fm_‘v - g P —r =
= e — - ~ == 3 B aaadiege. . |
. . w*i%‘is% - S - - -

- e g
- P o ff\@/;\ Felsenkeller (110 m.w.e.) P
- i R = By =
T ¥ - 5 MV tandem: H, He, C, N y: ¥
>
LSC (2450 m.w.e.) 0
=~{ CUNA _ )
esngn stu ies for acce erator ) S
f D dies for accel g WA
“ Wpad L\k ARy 50 LNGS (3800 m.w.e.)
S fff...i-‘ __________ & _ g '
Sal | _| |LUNA 50 Y
URF(4300 mwe)~ -------- ,J: ANDES (4500 e ) - 7 | | decommissioned (2003) JPL (6720 m.w.e.)
DIANA % ( | Lab under construction ; I 0.05 MV single-ended: H, He jUFfA
proposal (currently defunded) | | - Design studies for accelerator construction / commissioning | |
| 0.4 MV single-ended: H, He, C | | == y - LUNA 400 installation underground 2019 | | |
1 3.0 MV single-ended: H, He, C ! ) 4 active (since 2001) 0.4 MV single-ended: H, He WS
f }’ 0.4 MV single-ended: H, He ~ y
® \
CASPAR ) Y LUNA MV P /
active (since 2017) { = under construction a'\‘."f : j{?
1 MV single-ended: H, He ﬁ&’ (;"“ commissioning 2019 w (;;:’» :
( 40 3.5 MV single-ended: H, He, C :

courtesy: A. Boeltzig

22/06/2022 Francesca Cavanna GiorHxt¥ di Studio sui Rivelatori




| Gammabbackground:reduction att ENGS
'

- 10
g
E 1 surface unshielded
E 1t underground,unshielded
-
% 1o M underground,shielded
2
E 1w
5
1w
> cosmic rays
.+ LENnvironmental radioactivity "
" ||
]“'1 11 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 LINL 1

1 |
SiH) 1000 1500 2000 2500 3000 3500 4000 4500 5000
‘ 7 Energy in keV
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Keyetlemenisdor alowocountingtraterexperiment

To study nuclear reactions with astrophysical impact we need:
High beam currents

Prolonged run times

High target density and purity

High detection efficiency )

Large solid angle coverage

~N
< < K IK <K<K <

Need to identify reaction channels for proper background subtraction
- /

!

Related to detectors
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LUNAexperimentalsetup
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| The :aceelerator
|

V' E,, = 50- 400keV
V. lyoun= 300400mA
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| Most commonttargets
'

V Solid targets:

x Solid target can be produced by evaporation, implantaton

x Typically thdarget consists of a chemical compound
containing active (N and inert (N atoms
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Most commonttargets

V Gas targets:

22/06/2022

Proton Beam

Windowless gas target:
A3 differential pumping stages
A Gasrecirculation and purification system

AP3=25mm

Third
Pumping Stage

Second

Purmping Stage

AP2=15mm APl1=7mm

First
Pumping Stage

N

\

N

AL EER I LN (A1 SR AR ELES L LEN,]

/A

7

Francesca Cavanna

Target Chamber
Target Gas Bottle

Purifier Buffer
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The future



| LUNAWIVA 3 51WMVaceelerator
| ,

UNA MV Accelerator room

(AR)

LUNA MV Control room (CR)

IH+ (TV: 0.3 3.5 MV): 5001000 >A

4He" (TV: 0.% 3.5 MV): 306600>A

12CH (TV: 0.%; 3.5 MV): 150>A
12CH+(TV: 0.5 3.5 MV): 100>A
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| LUNAWMYNnext steps
|

H, He, C+, C++ beams with high intensity
3.5 MV terminal voltage
Commissioning summer 2022

Final authorizations end of 2022

First scientific beam planned in 2023

Age ofGlobularClusters and AGBucleosynthesis 1“N(p,)*°0O -> WG Leader Gyurky Atomki, HU.

Main neutron sources:*C@a,n)¢0 -> WG Leader A. Formicola, INFN Roma
2?Ne(@,n)*>Mg -> WG Leader A. Best (SHADES ERC prbjeittdg Napoli
Advacedburnings °C{°C,p)?*Na, ?C{°Ca)?°Ne -> WG Leader A. GuglielmettiniMi, Milano
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Charged particle detectors




| 12C#2C:the scientificccase
|

V 12CH2C rate determines which stars explode as Supernovae and which
die as White Dwarfs

V Energyfal y R 1+3d.5MeV

12C+42CA Ne+ E,= 1634keV
12C41206, >Na+ Eg 440keV

Particle yleld Gamma yield
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| GAssSilicomilwbayers¥stemGASTLY)
|

V' The array consists of a two stage detection
system:
X lonisationchambers DE stage)

x Large area (6x6 cihsilicon strips
detectors (E stage)

V Up to 8 individual modules

V Detectors provided by the CIRCE group in
Caserta

Gas flow system

\ Frisch grid f ."_—_\
7\ CATHODE (ENTRANCE WINDOW)

IN fifl Havar
W entrance window
HV Si e,
HV grid
HV anode 25 GUARD RINGS
lonization Chamber (IC) ] i 1\

Signal Si 116mm of CF, [ \
Signal IC - |\ FRISCH GRID
Preamplifier / J ——— / ANODE
Gas flow system —— / ———— *’Jl—‘-

ouT IC PVC housing » == SILICON STRIP DETECTOR (SSD)

\

of I.‘"I‘I I.‘"I
L Ul = I F
y Al housin g N « READ-OUT ELECTRONICS BOARD

Courtesy of L. Morales
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| Emergysspectra
'

V DEE matrix obtained with #C beam on a graphite target

a-particles

T T T T T [ 1T T LRt T gl |

[

L ‘i-h‘l-f:r “| L | PR A i I T ™ T R A L ' '_E?-":-.,%"-'.-"'.‘.‘"{':.';-"f'*!: L5 e i i i
05 1 16 2 25 3 35 4 45 5 55
Erest [MeV]

Courtesy of L. Morales

o
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| Backgrouncpecira
'

T T T | T |
10'F .
A =+ Underground .
ol — Underground+Pb 7
[ \ —
_ 10 AN Overground 3
“= \\ Overground+Pb 1
> 10" E
e : E
2 i ]
S 10°F E
5 ]
= -3
“ 10T E
107§
% | | | | |
0 1000 2000 3000 4000 5000 6000

Energy [keV]
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Gamma detectors



| D(p,0)°He the scientificcease

V It occurs during Big Bang Nucleosynthesis
Be

V A crucial reaction for the determination of the primordial abundance of
deuterium

V Poorly known cross section in the relevant energy range for astrophysics
(30-300keV)
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| D(pg)He: @xperimental setup
|

Measurementgoal: Experimental setup:
V Crosssection measurement with ~3% V Proton beam
accuracy

V D, windowless gagarget (P=0.3 mbar)
V' Eq= 30300 keV V HPGe detectors fagrays
V'  E,=5500¢ 5800keVo v £ pkgV) n
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| D(p,9)°He: determination of the crossection
'

Number of reactions
(gamma rays)

(6 ) @ O @Q

Target density

. (O

Number of projectiles

Gamma detection efficiency
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V' Spectrumobtained@ E = 50 keV withD, gas target (P=0.3 mbar)
V' Spectrum obtained @,E 50 keWvith “Hegas targe(P=0.4 mbar)

22/06/2022 Francesca Cavanna GiorHxt¥ di Studio sui Rivelatori



