nuclear astrophysics experiments

XXX Giornate di studio sui rivelatori

13 - 17 June 2022, Aosta-Cogne INFN

F ra n c e s ca cava n n a Istituto Nazionale di Fisica Nucleare




| Nuclear Astrophysics: an interdisciplinary field
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| The Origin of the Elements
'
Burbidge, Burbidge, Fowler & Hoyle (B%FH): Rev. Mod. Phys. 29 (1957) 547

Synthesis of the Elements in Stars®

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLIAM A. FowreRr, aNp F. HoviE

Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institute of Technology, Pasadena, California
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| Direct evidence of nucleosynthesis in stars
|

v" Solar Neutrino Detection at Homestake in 1960s
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direct proof of ongoing
nucleosynthesis in our
Galaxy

R i A e ¢ Diehletal., Nature 439 (2006) 45

Courtesy of M. Aliotta
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| The Origin of the Elements
|

Relative elemental abundance
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| Big Bang Nucleosynthesis
|

Minutes: 1/60 ] 5 15 60
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v" BBN occurs 3 minutes after Big Bang

v After BBN we have mainly H and *He plus small amounts of D, 3He, 6Li and “Li
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| The Proton — Proton chain
|
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HYDROGEN BURNING nucleosynthesis
(15t equilibrium) 4H - “He + 2[3* + 2v
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| Helium burning

'
Helium-4
@ Energy
\ HELIUM BURNING 3a0 2 12C
Helium-4 (2" equilibrium) 12C(ar,y)e0
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| Later Burning Stages
|
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'°C/*°0 BURNING 12C ashes = Ne, Na, Mg

160 ashes = Al, ... Si

28Si MELTING major ash = >°Fe

.. A=40-65

No further fusion reactions
\”

gravitational collapse
—> catastrophic explosion
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| The Life Cycle of Stars
|
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| Nucleosynthesis beyond Fe
|

v Nuclear fusion reactions are only responsible for the synthesis of the
elements up to Fe

25T 3,
Most stable nucleus
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Region of very
stable nuclides
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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 produces - unstable nuclei. They transform to
stable isobar with higher Z:

(Z,A) +n — (Z, A+1)
(Z, A+1) — (Z+1,A) +e + v,

v These nuclei can again undergo neutron capture and - decay

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

v In the s-process: Tn, >> Tg. Un unstable (Z,N) nucleus captures 1-2 neutrons at
maximum before the - decay and becomes a nucleus withZ' =7 + 1

AN

The s-process closely follows the valley of 3-stability. Neutron flux (108 n/cm3)

AN

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

v" In the r process (t, << T ) several neutrons are added to the initial nucleus
(Z,N) producing a nucleus far from the stability line before - decay
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How do we measure these reactions in the

laboratory?



| A typical layout of a nuclear (astro)physics experiment
|

[ Accelerator J

Nreac/t
Nproj/t Ntarget/A

A target areal density

g =

Detectors

Cross section measured in barn
1 barn = 1024 cm?
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Nuclear reactions with astrophysical impact

22/06/2022

12C+12C = 0Ne+o  12C(*2C,a)°Ne

/

%* Relevant reaction in massive stars

D +p =3He +v D(p,y)3He

/

%* Relevant reaction during Big Bang Nucleosynthesis

3C+o = %0 +n 13C(a,n)te0

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

In general:

/7

<% A+x = B+w can be written as A(x,w)B and we can define the Q
value as:

Q=(m, + m,—mg—m,,)c?

Francesca Cavanna XXX Giornate di Studio sui Rivelatori



Source of radiation

The radiation originating in atomic or nuclear processes can be divided into

three general types (charged and uncharged):

v" Charged particles: all energetic charged particles (alpha particles, protons,

fission products and electrons)

v Electromagnetic radiation: X-rays from atomic electron rearrangement and

gamma-rays from transitions in the nucleus itself

v" Neutrons: thermal or fast (e.g. emitted in nuclear reactions)
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Charged particles



Interaction of charged particles with matter

v' Charged particles interact with matter through:

1. inelastic collisions with atomic electrons of absorber atoms
2. elastic collisions with absorber nuclei

L)

0

» process 1. is far more likely except at very low projectile energies

4

D)

» cross sections for such collisions o ~ 107-10% b

L)

4

L)

L)

» energy transfer in collision results into excitation of electrons to higher
orbits, or complete removal of electron (ionization)

4

D)

» energy transfer per collision typically small, but very many collisions per
path length

D)

*

L)

L)

» almost continuous energy loss until charged particle is stopped

4

L)

D)

» linear stopping powerS is defined as the energy loss per unit path length
in @ material
_dE

S=-==
dx

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



Bethe-Bloch Formula

v' Energy loss of a charged particle in an absorber material:

dE  4mz%e*N, Z

dx mgv? = A

2.2
B =1n<2rr128 - )—ln(l—BZ)—BZ

I

v with (v,z) the velocity and charge state of the incident particle; p and Z are the
mass density and atomic number of absorber; m, electron’s rest mass; and / average
ionisation and excitation energy of absorber. N, Avogadro number

v Higher density materials have greater stopping power

dE z4 Mz? Heavy particles
X — X —— lose energy faster
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AE - E technique

v" A AE-E 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 ‘

AE E

res

v AE = fraction of energy lost in thin detector

v’ E, = residual energy deposited in thick detector

v E=AE+E,,

v' AE~ Mz%/E > AEXE ~ Mz? > different hyperbolae for different Z
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How do y-rays Interact with Matter?

v' Gamma-rays (photons) can interact with matter through three primary
processes:

J

** Photo-electric absorption
+* Compton Scattering
¢ Pair Production

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

v" Photon either disappears or is significantly deflected from its original direction

v" Photon intensity reduced as photons pass through matter

v The linear attenuation coefficient u (= No) depends on the target material and
gamma-ray energy Ey
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Photo-electric absorption

v Collision between a photon and a bound electron

v" Photon disappears; (photo-)electron emitted with energy: ® e @
- @)
E.=E -E, \ ¢ .
Y 0 ®
c'/\\ :/ \ c’/\\ ;/\n ’/\\v ;/\": ;“f\"‘, ‘«'/\\ :‘/\‘. c/\ @
E, = energy of incoming photon Jvuyuyuuyyyy ".\V,"‘i‘g‘f’ o
E, = binding energy of atomic electron L >
2
v" Photo-electric effect cannot take place on free electrons ‘Q/

(need to conserve energy and momentum) photoelectron

v" Most tightly bound electrons are more likely to contribute to
PE effect

v" Photo-electric cross section:

~ 3.
Goe ™ Z5/E 35
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Compton scattering

Collision between a photon and a free (loosely bound) electron
The photon transfers part of its energy to a recoil electron
Energy of electron depends on scattering angle

AN NN

Incoming gamma-ray is scattered at an angle 6 with respect to its original
direction

\\\\\0‘\
N
_\\\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:

E = 5

g E
1+ —(1-cosg)
m,C

v" Compton-scattering cross section: &, ~Z/Ey
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Pair production

® PAIR

v' For gamma rays with energies E, > 1.022 MeV, pair PRODUCTION

production becomes possible Electron

E, fg"g”_/“*

v' A gamma ray disappears in the Coulomb field of the —
ncKien
nucleus and is replaced by an electron-positron pair  photon \F, o

v" The excess energy above 1.02MeV goes to the kinetic energy of the electron and the
positron:

K +K,=E, —2m.?

v’ After slowing down in the absorbing medium, positron annihilates producing two
annihilation photons (511 keV each) emitted in opposite directions

v Pair-production cross section:

Gpair ~ 2% In(E))

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



Relative importance of all contributions

v" The total cross section for photon-matter interaction has contributions
from all three processes

G = Gpe + cScomp + Gpair

R R R’ [T VTN

120 — —

| -

100 - —

L = Photoelectric effect Pair prqduction ==

.g SOL- dominant dominant -

C

2 F n

: 60 —‘

© = ., %/ Compton effect o\\ &

N 40 5 dominant = N

20 ]

n ol

0l { LI R R
0.01 0.05 0.1 05 1 5 10 50 100
Ahv in MeV

v The lines show the values of Z and hv for which the two neighboring
effects are just equal
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Gamma-rays attenuation

v For a well-collimated photon beam, all three processes can take place,
leading to attenuation of beam intensity as it passes through matter

v" Photons undergoing photo-electric absorption or pair- production
disappear altogether; those which are Compton scattered are deflected

from incident direction
v" Beam intensity is reduced exponentially as:
| =1, exp(-px)

with u (=No) linear attenuation coefficient (length)
being N the number of targets per unit volume e ¢ the cross section
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| Gamma-ray spectrum and Detector response
|

v High-Z materials are typically A

No. of Full energy peak

chosen for gamma-ray detection counts \

v Each of the three interaction
processes will leave an electron
with finite energy in Energy
semiconductor material

6= 180" Compton edge A

i J = Pair production peak e
MNo. of : No. of >1022 keV
counts counts / f

i

Compton ; i
comtinuum | i
E

Energy

511 keV Energy E,
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| Interaction in large detectors
|

v" A large detector is 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 gamma-ray and a single gamma-ray peak,
referred to as the full energy peak

Energy absorbed
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| Interaction in a small detector
|

v" A small detector is one so small that only one interaction can take place within it
(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 gamma-rays
escaping

PP

only
Double
escape

Energy absorbed
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| Interaction in a real detector
|

v" Within a real detector the 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 gamma-ray photon escapes from the detector

v Also, pair production may be followed by the loss of only one annihilation
gamma-ray, resulting in a single escape peak as well as a double escape peak

E,-511 keV
PP
Single
ESCape

E,-1022 keV
PF

D ouble
escape

Muitiple Compton
EVents | &

Energy absorbed
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| Gamma-ray spectrum
|

Full Energy
Peak

1

Annihilation Single
Peak Double Escape Peak

Escape Peak

‘/\_ Continuum

- e - - -
- -
e - o e e e e e e e e e W e e e e e e e e e e e e e e e e e e e e e

Primary photon
continuum

- -

-

Secondary photon continuum

St TS
- -
- - e - ----—-- H
B B e B I pp——
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Neutrons




Neutron Detection

v"  Like y rays, neutrons cannot be detected directly, but through secondary
radiation produced in interaction of neutrons with matter

v"In contrast to y rays, secondary radiation from neutrons interactions is
almost always heavy charged particles

v" Neutron interaction probabilities depend on neutron energy

v' Fast neutrons (E, > 0.5 eV)

/

¢ low capture cross sections (o ~ 1/v)

/7

%* lose energy via collisions, mostly with nuclei in absorbing material until they
become moderated

/7

+* most efficient moderator is hydrogen because of its comparable mass with n

, A-1\°
En—min = En A—-I-l
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Neutron Detection

v" Slow neutron to thermal neutron (0.025 eV < E_ < 0.5 eV)

¢ main interaction through (n,y) (n,p) (n,a) and (n,fission) reactions

s typically large Q-value reactions preferred

/

%+ typically reactions producing charged particles preferred

n+6Li > o + 3H (Q=4.782 MeV)

n+ 18 > o +Li (Q=2.790 MeV)
n+3He 2> p+3H (Q=0.763 MeV)

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 detection

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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| Penetration power for different radiation
|

v Range of Radiation

s Alpha: Small: shield with a piece of paper

% Beta: Small-"ish”: shield with a few cm or so of Pb

s Gamma: Long shield with a several cm of Pb

** Neutron: Very long shield with many cm of paraffin
s A | pha rays

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

. T T
B

B

L e
ZThln metal, ; T

The thick he substance which
such as board of a containing hydrogen
aluminum lead or iron (water, concleat,

and so on)
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Type of detectors

v"  Gas-filled detectors

v Solid state (semi-conductor) detectors

v Organic scintillators (liquid & plastic)

v Inorganic scintillators

Note: scintillators operate with photo-sensor (i.e. another detector)
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Gas filled detectors

v" Consist in volume of gas between two electrodes, with potential
difference (voltage) applied between them

v"lonizing radiation produces ion pairs in gas

v Positive ions (cations) attracted to negative electrode (cathode);
electrons (anions) attracted to positive electrode (anode)

v" Typically, cathode is the wall of the container; anode is a wire inside

meter

/ anode (+)
incident —‘ |
charged

particle cathode () battery
power supply

ar
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| Semicondutor detectors
|

v Single crystal of semiconductor

/

** p-njunction (typically, Si)

/

%* intrinsic detector (typically, Ge)

v" High Z - better material for y-ray
detection

v’ Large crystals needed for high efficiency

v' Ge detectors have better resolution
than scintillators

v Must be cooled to LN, temperatures

v Prone to radiation damage
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| Scintillators
|

v Scintillator = organic or
inorganic material transparent

to its own fluorescent light

v" Incoming radiation excites

electrons in scintillator

v De-excitation leads to
emission of light, collected by
photo-multiplier tubes (PMT)
which converts light into electric

signals

=
glass tube
+100 volts +300 volis _~

visible I

':g?t = signal to
photon preamp

200 vaolts +400 volts
‘ +, Wi ‘I l ‘
photocathode ‘ / anode
0 volis +500 volts

dynodes
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Key features for detectors




| Detector resolution
|

v" Resolution
s in energy (FWHM/peak position)*100%

/

s in angle/position (depends on setup)

max

J Energy resolution = E%%éiﬁ ®x100% = 7.1%

Counts per Channel

Full width at 1/2 max
(FWHM})

1/2 max

4] 100 200 300 400 500 600 662 700

Photon Energy (keV)
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| Detection efficiency
|

v’ Efficiency

¢ intrinsic (100% for charged particles; few % for vy rays)
s geometrical (depends on the setup)

| source source
Y
FERN
detector detector

detector

number of pulses recorded

€= — ;
number of radiation quanta emitted by the source
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Efficiency in the case of y spectroscopy

v" The most common type of efficiency used for y-ray detectors is the

peak efficiency
dN
dH
"Full—energy
peak "’
!
H
Ev
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Experimental challenges of

nuclear astrophysics experiments



| Relevant energies to measure cross sections
|

Stellar reaction rate at a given temperature
(0]

Ny

"= Ve

~

Density of interacting nuclei

Cross section

= PaPa

0

Relative velocity

j c(W)d@)A(V) = paps < oV >

Maxwell — Boltzmann distribution

Relative probability

22/06/2022 Francesca Cavanna

Maxwell-Boltzmann
distribution
x exp(-E/KT)

Gamow peak

Tunneling through
Coulomb barrier

« exp(-[(ES/E)Y*]
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| Experimental Challenges of Direct Measurement
|

Reaction Rate = N x N, x cross section x detection efficiency

|

10%* pps (~100 pA g=1+) typical stable beam intensities

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

v
1012 barn (often even smaller)

l

~1-10% for gamma rays (HPGe detectors)

R.sp = 1-10 counts/day
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Rate and background

The rate R has to be compared with background B:

Bieam induced : F€@ctions with impurities in the target, collimators,... secondary
processes
v’ B, : hatural radioactivity mainly from U and Th chains

B osmic - Mainly muons

100

typical y-ray spectrum at surface lab

Q
o

—
o

counts /h/keV
3

-

i ——
ambient
0.1 !
-—::'i
neutron induced
0.01
cosmic rays
1E-3 UOU DOU UOU 4000 UOU HOOU UOU U000
E, [keV]
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low cross sections = poor signal-to-noise ratios

How to improve the signal-to-noise ratio?




Laboratory for Underground Nuclear Astrophysics
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|Nuc|ear Astrophysics Underground Laboratories

Nuclear Astrophysics Underground Laboratories
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courtesy: A. Boeltzig
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| Gamma background reduction at LNGS
|

- 10
=
E 1 surface unshielded
=
E 1t underground,unshielded
-
Sl
f o underground,shielded
2 Jﬁm
s
S
1w
15 cosmic rays
.+ LEnvironmental radioactivity "
}‘l ]“'1 IIIIIIIIIIIIIIIIIIIIII 1 |||||

1 |
SiH) 1000 1500 2000 2500 3000 3500 4000 4500 5000
‘ 7 Energy in keV
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Key elements for a low counting rate experiment

To study nuclear reactions with astrophysical impact we need:

High beam currents
Prolonged run times

High target density and purity

SN X[ N X

High detection efficiency
Large solid angle coverage

Need to identify reaction channels for proper background subtraction

J

22/06/2022

!

Related to detectors
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LUNA experimental setup
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| The accelerator
|

v E,,=50-400 keV
v = 300-400 pA

Ibeam

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



| Most common targets
|

v" Solid targets:

+*» Solid target can be produced by evaporation, implantation...

s Typically the target consists of a chemical compound
containing active (N,) and inert (N,) atoms
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Most common targets

v' Gas targets:

Windowless gas target:
3 differential pumping stages
* Gas recirculation and purification system

AP3=25mm AP2=15mm AP1=7mm

Third Second First Target Chamber

Pumping Stage | Pumping Stage| Pumping Stage Target Gas Bottle

Proton Beam \4 \4 \/
(AR E XL RS LR LE] R ARREIEES AR (L] RS AR R L RES (0] LENSEERLLEN [LE] ZLLRSELESLLESN) or
A A N

Purifier Buffer
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|LUNA MV: A 3.5 MV accelerator
|

LUNA MV Accelerator room

(AR)

LUNA MV Control room (CR)

1H*(TV: 0.3 -3.5 MV): 500-1000 pA

“He* (TV: 0.3 — 3.5 MV): 300-500 pA
12C+ (TV: 0.3 — 3.5 MV): 150 pA
12C+ (TV: 0.5 — 3.5 MV): 100 pA
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|LUNA MV: next 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 of Globular Clusters and AGB nucleosynthesis: *N(p,y)**0 -> WG Leader G. Gyurky, Atomki, HU.

Main neutron sources: 3C(c,n)'%0 -> WG Leader A. Formicola, INFN Roma

22Ne(a,n)**Mg -> WG Leader A. Best (SHADES ERC project), UniNa, Napoli

Advaced burnings: *2C(*2C, p)*3Na, *2C(*2C,a.)>*°Ne -> WG Leader A. Guglielmetti, UniMi, Milano
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Charged particle detectors



| 12C+12C: the scientific case
|

v' 12C+12C rate determines which stars explode as Supernovae and which
die as White Dwarfs

v' Energyofcandp=1-2.5MeV

12C+12C—> 20Ne + + E, = 1634 keV
12C4+12C—> 23Na + + E, = 440 keV
Particle yield Gamma vyield
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| GAs Silicon Two-Layer sYstem (GASTLY)
|

v" The array consists of a two stage detection
system:
** lonisation chambers (AE stage)
¢ Large area (6x6 cm?) silicon strips
detectors (E stage)
v" Up to 8 individual modules

v Detectors provided by the CIRCE group in
Caserta

Gas flow system
IN

\ Frisch grid [ .-‘_—_"\
7\ CATHODE (ENTRANCE WINDOW)

Si detector
il Havar

lonization Chamber (IC)

HV Si

HV grid
25 GUARD RINGS

HV anode

Signal Si 116mm of CF,

Signal IC / FRISCH GRID
. ANODE

== SILICON STRIP DETECTOR (SSD)

Preamplifier

| Iz

Gas flow system CFa
out

i UL IC PVC housing h = ——
| y Al hosing T I < READ-OUT ELECTRONICS BOARD

Courtesy of L. Morales
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| Energy spectra
|

v" AE-E matrix obtained with a 12C beam on a graphite target

0.5

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

i, ta

L "i-*é‘l"":'i"‘l- PR N S G o T

0 05 1 15 2 25 3 35 4 45 5 55
Erest [MeV]

Courtesy of L. Morales
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| Background spectra
|

T T T | T |
10'F .
A =+ Underground .
ol — Underground+Pb 7
[ \ —
_ 10 AN Overground 3
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> 10" E
e : E
2 i ]
S 10°F E
5 ]
= -3
“ 10T E
107§
% | | | | |
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Energy [keV]
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Gamma detectors



D(p,y)*He: the scientific case

v It occurs during Big Bang Nucleosynthesis

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
(30-300 keV)

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



| D(p,y)3He: experimental setup
|

Measurement goal: Experimental setup:
v" Cross section measurement with ~3% v Proton beam
accuracy

v D, windowless gas target (P=0.3 mbar)

v Ey=30-300 keV v HPGe detectors for y-rays

v' E, =5500 - 5800 keV (Q=5500 keV)
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| D(p,y)*He: determination of the cross section
|

Number of reactions
(gamma rays)

Number of projectiles

Target density

Gamma detection efficiency
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| D(p,y)*He: typical spectrum
|

10* &= )
= Al
[ gl D(p,y)°*He
- Al .
10° & l,
— — Ty |
o E 1P
= — -_'Ll-'-I_.. ]
C — P |
2 10° 1
é : I\Wm
10 =
y [ I | T I I
1 2 3 4 5 6

E, [MeV]

v’ Spectrum obtained @ E, = 50 keV with D, gas target (P=0.3 mbar)
v' Spectrum obtained @ E, =50 keV with “He gas target (P=0.4 mbar)
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| D(p,y)*He: typical spectrum
|

D(p.
10*
|
I

(p.y)*He
II

M Hmh
||'-L

\

y

10°

Counts / Q [1/C]

10° II--I

e

o v by by b by L b Ly
48 50 52 5654 b6 58 60 62 64

E, [MeV]

o[ T 1 7T

~
I~
]
N}
-b—
N
(@)}

<

Spectrum obtained @ E, = 395 keV with D, gas target (P=0.3 mbar)
Spectrum obtained @ E, = 395 keV with *He gas target (P=0.3 mbar)

AN
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|D(p,y)*He: Gamma detection efficiency
|

v" The photons emitted by the reaction have an energy far away from the
commonly used radioactive sources (Ey = 5500 — 5800 keV)

v" Having an extended gas target the efficiency should be measured also
as a function of the position z along the beam axis

v" How do we perform this measurement?

$9Co

5272 a 0.31 MeV B™ 99.88%
0.12%
1.48 MeV B~ 1.1732 MeV y

1.3325 MeV y

8N

Ny—detected

E = .
Solution: we use a very well known

resonance emitting y rays in the desired
energy range to determine the efficiency

Ndecays
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| What is a resonance?
|

v A resonance is excited when:

* 8284 apt
“ —_ SO = =
¢ EIeveI O~+Ecm
1556 ! '-';
i . |zeme : : : e
6859 : : : mpf
-
6791 : : @ o'
- ?‘; L ]

6172 : : : @

UN + p == 150 + oo | | ;e

5181 : : : 12"

Q=7297 keV

' y ¥ iy
15 IV 12
O T =172
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|D(p,y)3He: Gamma detection efficiency
|

E,=E, =5500—-5800 keV -> efficiency calibration:
v E; =259 keV resonance of *N(p,y)*°0

6172 + 1384 58.3
6792 + 764 23
5181 + 2375 16.9
7556 +0 1.5

number of pulses recorded

€= — :
number of radiation quanta emitted by the source
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8284 apR
7556 12°
7276 : : : 7.2
6859 : : i st
6791 : : : mp'
Ly
6172 § : : a2
5241 i i '512‘“
5181 : : : 12"
vV iy
15 Ia12”
0 T=12
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| A segmented BGO detector
|

v For very low counting rate
reaction a high-efficiency detector
is needed

v 41-BGO (Bi,Ge,0,,) detector an
inorganic scintillator with very

large y-absorption efficiency
(Z(Bi)=83, p=7.13 g/cm?3)

v Array of 6 optically independent
segments (prismatic crystals)

Gas inlet

Water cooling BGO

Beam me——) Suppr. ring Calorimeter
]

Water cooling =

Pressure gauge

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



| A segmented BGO detector
|

v Used as y-ray calorimeter to derive the total cross section: when two
gammas are detected in coincidence, their energy is summed

v' A peakis formed in the y-ray spectrum at an energy corresponding to the
total excitation energy:

E, = Q+E,
3 small detector
Ex=Em*Q
entry state

Yol T2 Y4
gamma summing technique
’Ys‘ Q T

TIY3

Y 4 A 4 Y

ground state
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Neutron detectors




s process nucleosynthesis

Main s-process 90<SA<210

TP-AGB stars 1-3 MQ

shell H-burning He-flash

Ty~ 0.1K 0.25<T,<0.4K

107-10% cm?3 1010-1011 cm?3

13C(o,n)0 22Ne(o,n)*>Mg
Dtea%e'“?

A
ang
pur®
Oum“
not®

|| Convective Envelope

He burning shell /

H burning shell
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Weak s-process A<90

massive stars > 8 MQ

core He-burning C-burning
3-3.5:108 K ~ 10° K
10° cm™3 10%1-1012 ¢cm?3
22Ne(a,n)**Mg
. Photosphere
W, (star's surface)

|b J C ()re\
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http://observe.arc.nasa.gov/nasa/space/stellardeath/graphics/redgiant.jpg

123C(a,n)160: experimental setup
|

Neutrons produced with an energy of approximately 2.5 MeV

v Neutrons are slow down by the polyethylene and captured by the 3He tubes
v 3He+n->3H+p (Q=764keV)

Anode wire Wall
|
| PP —
Q L_"‘ —
& D —
O —__*"_9__
- 4‘: = _-/_' 3*He(n,p)
O+ K
ﬁ B
O 1 B
= | ; o~ &-decay
= - o
e |
< |
I Radial direction
>

v 10 atm pressurized 3He counters with a stainless steel case with low intrinsic background
v' 12 3He steel counters 40 cm length

v" 6 3He steel counters 25 cm length
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| 3He counter spectra
|

v' Comparison between spectra acquired underground and at the Earth surface with 3He
counters of different materials

-1
10 Surface
) — LNGS, Al counter
107° &
= il —— LNGS, Steel counter
w
ol
c
c
©
=
ot
@
[= B
2
[=|
=
0
O

200 400 600 800 1000
Channel

v Comparison between spectra acquired underground and at the Earth surface with 3He
counters of different materials

v" Environmental background: neutron flux reduction of a factor 1000 in Underground
Laboratory

v Intrinsic background: o particles source of intrinsic background from U and Th impurities in
the case of the counters
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The 2°Ne(a,n)>>Mg reaction

v" Low energy neutrons are produced: E_ < 700 keV

v Several beam induced reaction with impurities in the target can
compromise the measurement

v" Very low cross section compared with contaminants
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| Possible contaminants
|

v" A proper reduction of the beam induced background is crucial

100 T | T T T T T | T T T | T |
10_2_ Lﬂ}Y\:
N e
2 10k /\/ )
)
=
< 10-6_ N~ a
=
2
8 10_8_ 10 13 1
« o — "B(an) N
§ 10 - llB(OL,Il)MN
Q T 13(:(.3“[1)16O
10 22 25 I
— Ne(a,n) Mg
-14 _
10 | | | 1 | | I | I | | 1 | 1 |
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6

Laboratory a-Particle Energy (MeV)

Courtesy of A. Best
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| SHADES Detector array
|

Scintillator-3He Array for Deep-underground Experiments on the S-process
ERC starting grant. P.I. Andreas Best

Need to measure very low event rate

Require some sort of energy sensitivity

N XX X X

Hybrid detector array: 3He counters and liquid scintillators

High efficiency e g

v 12 organic liquid scintillator
detectors

v" 18 3He counters

v" Anticoincidence between the signal
of the liquid scintillators and 3He
counters to reject beam induced
background Courtesy of A. Best

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



Conclusions

v" Nuclear fusion reactions power stars and they are responsible for the
creation of the elements which build up our Universe

v' A significant reduction of the cosmic and environmental background is
needed to study their cross sections. This can be obtained by going
underground and with a proper shielding of the detector

v In low counting experiments it is crucial to have an high beam
intensity, high target density and suitable detectors

v" Depending on the radiation we want to detect we use different kind of
detectors and we arrange them to maximize the detection efficiency

v" The energy resolution is also crucial to disentangle different nuclear
transitions
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Conclusions

Making experiments is not only an hard work....
we have also a lot of fun
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