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Introducao

Programa do Curso:

Aula 1: De Rutherford ao LHC: Desenvolvimento dos detectores ao longo da
historia da fisica das particulas elementares. (22f. 17/07)

Aula 2: Interacdes das particulas com a matéria. (32f. 18/07)

Aula 3: Detectando particulas carregadas & neutras. (52f. 20/07)

@ Cintiladores: detectando particulas via luminescéncia. (62f. 21/07)

—

Aula 5: Detectores de semicondutores: medidas de alta precisao. (22f. 24/07)
Aula 6: Detectores de gas: medindo particulas em grandes volumes. (32f. 25/07)

Aula 7: Calorimetros: eletromagnéticos & hadronicos. (52f. 27/07)

http:/ /cern.ch /amoraes

Aula 8: Exemplos de aplicacoes dos detectores em varias areas. (62f. 28/07)
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Aula 4

Interacoes de particulas neutras com a materia

http:/ /cern.ch /amoraes
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Interacao de fotons com materia

Caracteristica das interacdes de fétons com I
a matéria: uma interacdao simples
remove o foton do feixe!

causas: absorcao total ou espalhamento

p
| N
i /
/ ¥

dl = —uldx

Efeito fotoelétrico | [ = absorption coefficient |
P e depends on
@ @ E,Z, p
y +atom — atom™ + & S
\J/ Espalhamento Compton
vV p p —>» Beer-Lambert law:

Produgdo de pares ete- I(x) = Ipe "

W\éé with A=1/p=1/no |
| mean free path

v+ nucleus — e e +nucleus

http:/ /cern.ch/amoraes
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Interacao de fotons com materia

from PD
100 § I T TTTTTI I T TTTTII I T TTTTII I T TTTTTI I T TTTTTI }
10 = =
& 4L ]
5 : -
5 f ]
- 0.1 E_ _E
= - .
) | _
=
< - 7
.S - .
‘é 0.001 = —
3 - -
< 4 }
o 10 " —=
oD} = -
g : :
-5
E 107 =
e - -
@] - -
S 10_6 [ R [ R [ R L Lt [ [ R [ EEE R [N
§ 10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV
~ Photon energy
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i
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Interacao de fotons com materia

Photon Total Cross Sections

b Q| | | | | | | ! | | | | | | |
B

1 Mb _% o Carbon (Z — 6) | B %?’0?3?00 Lead (Z _ 82) |
i !% IMb o R
B A R

. production

g 3 Photo effect SN _
= g
< ] O
I : 4 E .
5 2 —  ORayleigh u —
g : 2yl 1 MeV
~ 1kb 3, é .
g _ lkb Pair
g g
7 5
7] O
n 7]
o »n
— [72]
O =
O

n . '," /

% Rayleigh - 1b—

g scattering g \ S Compton

© // o | — /

E / Compton y /|

2 0mb = my L T R ompl 17 I | AW
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= Pair Production '

A Compton scattering
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Interacao de fotons: efeito fotoeletrico

http:/ /cern.ch/amoraes

Dr Arthur Moraes (CBPF)

Energy of
outgoing electron:

Ee=hv—1lp

™ Binding energy

Photon ene'rgy [strongly Z dependent]

Typical energy dependence:
2 4 75 2
2rrs o Z° (mce”) /) E,
[for Ey » mc?]

opn = amap Z° (Ig/E,)"/?
[for lo « Ey « mc?]

O'ph

Example values:

ag=0.53-10""m; lp =18.6 eV, @ =1/137; 1 b = 10%* m

use Ey = 100 keV
> opn(Fe) = 29 barn

oph(Pb) = 5000 barn

A Fisica dos Detectores de Particulas - Aula 4

Electron
\7 (0]

Photon /

‘———s———%.

Naive \b
picture

i

| y+atom+e +atom+

|

Electron Electron

Feynman
diagram

Nucleus
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Interacao de fotons: efeito fotoeletrico

Energy of Oph A |
outgoing electron: \ Absorption
ﬁ ~edges
Fe=hv—1Ip 105 - "
™ Binding energy |
Photon energy [strongly Z dependent]
Typical energy dependence: 1081

opn = 2772 ot Z° (mc?) / E,

[for Ey » mc?]
g Oph = QT 4B Z° (IO/E7)7/2 1
: -

« « 2 :

E [for o « By « mc7] | Cross Section
E. Example values: | Photoelectric Effect
E as = 0.53-107° m: lo =13.6 eV: & =1/137; 1 b = 1024 m | P
5 use Ey = 100 keV " — : S e
&l > Opn(Fe) = 29 barn 1 keV 1 MeV
k2 Gon(Pb) = 5000 barn Ey
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Interacao de fotons: espalhamento Compton

http:/ /cern.ch/amoraes

Dr Arthur Moraes (CBPF) A Fisica dos Detectores de Particulas - Aula 4 Rio de Janeiro, 21 de Julho de 2017.

Photon
Energy of y-Angle w.r.t. direction | Shoton >y
outgoing photon: of incoming' photon ‘ > e <
B — L, Naive 3
Y 14+ E,y2 (1 oS 9) | picture Clectron
MecC

Simple 4-vector algebra;
[Ansatz: p4? = (012 + P2? - P39)]

Kinetic energy of
outgoing electron:

E2 Electron Electron
15(1 — cos 0)
Te — mecE
1+ =5 (1 — cosb) \\
>

Forward Scattering: Ey = Ey'; Te =0

Backward |

Scattering:  Ey' = Yamc*(1 +mc?/2E)" y Feynman v

:
Te = Ey(1+mc/2Ey)" aren
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Interacao de fotons: espalhamento Compton

Cross Section:
[use QED ...]

do re 1

dQ 2 [14+~(1 —cosB)]?

v%(1 — cos 0)?
1+ v2(1 — cos )

(1 + cos® 0 +

[Klein-Nishina Formula]

Substitution/integration yields:

do _ _
dTe = ... oCc — ...

Small photon energies [Ey « mec?]:

Thomson
_ cross Section

oc = Ow (1 - 2Ey/mc?)
[with ot = 8T/3 re?= 0.66 barn]

OCc &« (|ﬂ Ey)/Ey

http:/ /cern.ch/amoraes

Large photon energies:
[Ey » mec?]

Dr Arthur Moraes (CBPF)

Photon Total Cross Sections

<
o

1 kb

Cross section (barns/atom)

Ib

(b) Lead (Z=282)

o -experimental Oy

A Fisica dos Detectores de Particulas - Aula 4

1 MeV 1 GeV
Photon Energy

100 GeV
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Interacao de fotons: producao de pares

Energy threshold: | Electron

| Photon
2 | ——— /
Ey = 2mec?(1+me/mn) \ N
" Positron

Kinetic energy |
2 X electron mass transferred to nucleus | Nucleus

Cross Section:

Rises above threshold, but reaches saturation for
large Ey [screening effect] ...

Positron

§ For Ey » meCQ:
S
z 7 183 1
= wir=47Z%ar? | = In — —
g P ‘ (9 73 54)
= 7 183
gl ~ 477 ar? (—ln 1)
£ 9 Zs Nucleus
[also electron] Electron
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Interacao de fotons: producao de pares

Cross Section: Electron

[for Ey » mecC?] | Photon / 7
| —_—>
7 5,9, 183 3
Opair ~ 5 (4 04T€Z In Z% Positron
= —~— — : Nucleus
A/NaXo
[Xo: radiation length]
[in cm or g/cm?] p [g/cm?] Xo [cm]
Absorption coefficient: | Ho [fl.] 0.071 865
g H = N0 [with n: particle density] C 2.21 18.8
O 1
=
< U = p-Na/A Gpair Fe 7.87 1.76
: 1 Pb 11.35 0.56
L =7/9 B
= 0 Air 1.2-108 30-108
= [where now Xo is in cm]
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Interacao de fotons: producao de pares

http:/ /cern.ch /amoraes
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) ‘/’_ ,::\\
Ny
_J,./’ vy + nucleus - e* + e™ + nucleus’
//.-‘ \ h \\"\N ———
f(@) I \ Iy -
N \\\ T

vy+e 2>e"+e +e

A Fisica dos Detectores de Particulas - Aula 4
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Interacao de fotons: producao de pares

from PDG
| | |
1.00 : :
: Pair production

bt
3
. 0.75

2 .

2 — -
¢ | Awnlentode | TGy
o
< 0.50
S
R N R e
»& 0.25

-
-
-
--"
-
--

.—’—
—
— —

s = ek e — e e— e — — o — —
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Interacao de fotons: producao de pares

Photon Total Cross Sections

S Y .
=

1Mb_% 0
B
.

Cross section (barns/atom)
B
o
|

Rayleigh # |

N

¢ h"
5 scattering .
& L /

© /

i /

= 10 eV 1 keV
Q

~

55

_84

i
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Carbon (Z = ©6)

Photo effect

.
'

1 MeV
Photon Energy

Pair  —
. production

| | o
\
| \Sc?o
- e}
o 18,0?%)
| ‘\ (@]
1 Mb[— (5\ Xs}
p.e. A
z -
o
1 3
2 —  ORayleigh
3
<
1 kb—
o
g
3] -
2
A ~
A 7
o y
S - s’
@) R4
b
/ GCompton
— /
. - // g
~ S
N R S 10 mb . —
1 GeV 100 GeV 10 eV "~ 1keV

Pair Production
Compton scattering
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Interacoes eletromagneticas

e Photoelectric effect « |onisation
AN \>
® ©®
¥ +atom — atom™ + e~ - 3
\\ +f |
>
E ’E

O
O
3
©
—
O
-
@®
—
@®
O
—

Bremsstrahlung

Gammas
SU0J)09|3

Q
—
v

m

dE/dx

A/

7%

M’m'é< « Pair production

O
¥ +nucleus — e e +nucleus T /—
>

~
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Dependencia do material

17

Increasing Z

]

Gammas

http:/ /cern.ch/amoraes
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o(b/atom)
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N 1 a) E \ d) i m
0 wﬂm 10—2 IR RTTT R EEReRTT| L a1l —
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Detectando Neutrons

e Particulas eletricamente neutras ndo interagem via
forca eletromagnética

e Néutrons sao detectados via interacdao nuclear.

e Interacgdo a ser escolhida para a deteccdo de néutrons depende do
intervalo de energia que se deseja investigar.

http:/ /cern.ch/amoraes
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Detectando Neutrons

e Néutron de alta energia: Calorimetro hadronico

(mede-se a energia depositada em forma de chuveiro hadrénico; neutralidade
da particula tem pouco efeito)

e Néutron de energia moderada: Espalhamento n-p

(detecta-se os néutrons através do espalhamento em material contendo
hidrogénio em grandes quantidades; detecta-se o recuo dos prétons.)

e Néutron de baixa energia: Processos Nucleares Exoérgicos

(utiliza-se material com alta taxa de captura de néutrons para néutrons de baixa
energia; processo de captura de néutrons resulta em nticleos instaveis.
Decaimentos desses nicleos produzem sinais que podem ser detectados.)

http:/ /cern.ch /amoraes
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Detectando Neutrons

Nuclear reactions used for haroed Q-values
neutron detectors ... ke
Helium:  n+3He > 3H +'H + 0.76 MeV extray
Lithium:  n+ 8L > “He +°H + 4.79 MeV
Boron: n+9B > 7Li* +“%He + 2.31 MeV + 0.48 MeV (93%)
> 'Li +%He + 2.78 MeV (7%)
Kinetic energy
of decay products:
‘ D1 = —Do | = ML R 1 =
P2 p p E(*He) = em——— 7@ =177 MeV
pE P P mi\ | - A
L oy 2w 2, (1 " m_2> - ¢ | B(L) = — mee ~ Q= 1.01 MeV
Gadolinium:

n + ™°Gd > Gd* > y-ray spectrum - conversion electron spectrum
n+ °’Gd > Gd* > y-ray spectrum - conversion electron spectrum

http:/ /cern.ch /amoraes

Uranium: n + 23U fission fragments + ~160 MeV
Plutonium: n + 23°Pu fission fragments + ~160 MeV
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Detectando Neutrons

Cross Section

(V)
for neutron capture process ... o(FE) =o0(FEn) - _th
4 = ' = i —t + bt
= 10 % it ] y i | il |
| |
g ® SHe [n,p] |
c 10°50 O 8L [n,af .
g ﬂ o B [n, i
= 4 »r [N, ]
e En
D 10° =
9p) I
D 1
O
© 10 + ]
. :
: I %He : o(Ew) = 5330 barn AN i i
% Interpretation: 1+ °L : ofEn) = 940 bamn ™ —+
3 - | i 108 : g(Ew) = 3840 barn NP
¢ Xx-Section increases with 1 e % T
S time the neutron is close e
—|  to absorbing nucleus ... R | I I l | l l
= 102 10" 1 10 10° 103 104 10° 100 107
e > v-dependence ...

En [eV]
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Detectando Neutrons

Scintillation Detectors ... neutron

Detect scintillation light produced
IN capture process ...

—glass
g NN
' . . ++ }/
e.g. Lithium glass: \M ctons
N+ 5Li > “He + °H + 4.79 MeV .

Common scintillators p hotomul tp er

used for neutron detection ... /\M
Qé Density Scintillation Photon Photons per /\M
g of 6Li atoms  efficiency  wavelength neutron
Y [1022 cm] [in %] [nm]
-
3,
C: .
3 (LC"eg)'aSS 1.75 0.45 395 ~ 7000
E* Lil (Eu) 1.83 2.8 470 ~ 51000
i

Ei”FS Ad - 44g 9.2 450  ~ 160 000 1

Dr Arthur Moraes (CBPF) A Fisica dos Detectores de Particulas - Aula 4 Rio de Janeiro, 21 de Julho de 2017.
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Detectando Neutrons

(Gas Detectors ...

Standard Geiger counter with He or BFz as counting gas ...

e.g. Helium: n + 3He > 3H + 'H + 0.76 MeV
[About 25000 ionizations produced per neutron; charge = 4 fC]

25

anode Neytron
\\Cathode

http:/ /cern.ch /amoraes
/
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Detectando Neutrons

e Néutrons rapidos

deteccao baseia-se na observacao de reacao nuclear induzida pela absorcao de
néutrons;

secdo de choque de absor¢do de néutrons rapidos é pequena se comparada com
néutrons de baixa energia: Gcap ~1/Vv

Duas possibilidades:

1- Termalizar /moderar antes de promover a captura dos néutrons (permite
apenas a contagem do fluxo de néutrons);

2- Espalhamento eldstico em prétons de altas-energias (prétons sdo “faceis” de
se detectar). Permite que a energia seja medida.

http:/ /cern.ch /amoraes
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Detectando Neutrons

Neutron moderation ...

Moderate neutrons to increase efficiency in conventional
slow-neutron detectors ...

® O

Moderation with hydrogenous materials such
as polyethylene or paraffin ...

Optimum thickness between few cm to tens of cm for
energies of keV to MeV ... Moderator

Trade-off between sufficient slow down and
detection cross section ...

\’\ [ — @@; 7

Thermal neutron detector

o
a
|

2

(@]

o«
w5
S =
5 &
e . /
S 2 085t B SO SR
o X ! .
E © e A
— w { ;
g 2

=
: éo.zﬁF l .
i
< . Relative response

12 . .
0o L= : ——— 1 vs. energy for different absorber thicknesses
107 10°% 090 0% 1072 .90°% 107 0 900 K o
ENERGY (MeV)
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Detectando Neutrons

Neutron
o Neutron  Incident Detection Gamma-Ray
Detector : - - Active - Neutron  Efficiency® Sensumty
- Type g Sizc Matenal Energy (%) (R/h)

Plastic scintillator 5 cm thick R -1 MeV 78 0.01
Liquid scintillator - Scm thick ~ 'H 1 MeV - 78 0.1
Loaded scintillator Immthick  SLi  thermal 50 1
Hornyak button | 1 mm thick g 1 MeV B 1
Methane (7 atm) S ¢cm diam Iy 1 MeV 1 1

YHe (18 atm) | Semdiam YHe 1 MeV 1 1

3He (4 atm), Ar (2 atm) 2.5cmdiam  >He  thermal 7 1

3He (4 atm), CO, (5%) 25cmdiam -~ 3He - thermal ki 10

BF; (0.66 atm) Scmdiam 1B thermal 29 10
BF,(1.18atm) Scm d1am - 105 thermal 46 10
108.lined chamber 0. 2mg/cm - U3 thermal @ 10 100
Fission chamber 20mg/em? 235U thermal @ 0.5 10% — 107

4Interaction probability for neutrons of the specified energy striking the detector face at right angles.
bAppronmate upper lmnt of gamma-ray dose that can be present with detector still providing
usable neutron output signals. - S

http:/ /cern.ch /amoraes
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Detectando Neutrons

Cascade Detector ...

Setup: Multi Boron Layers on GEM foils ...

GEMs:

can be operated to be transparent
for produced charges ...
can be cascaded ...

each can carry two Boron layers ...

last one is operated as an
amplification layer ...

The GEMs inherently introduce
high rate capability ...

http:/ /cern.ch/amoraes
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[107 Hz/cm?]

Cascade
Neutron Detector

GEM: Gas electron multiplier

Capture Process:

n+ B > 7Li* + “He + 2.31 MeV (93%)
> Li +4He + 2.78 MeV (7%)

Boron la}rer
J, readout-
— — — — S— m—  ctructure

A Fisica dos Detectores de Particulas - Aula 4

=== Kapton mmsmm COPPEl e Boron iDnizaticm track

=)

20
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Detectando Neutrons

Cascade Detector ...

CASCADE-GEM Module
GEM-foil glued onto a frame

Pgi | CASCADE Module
| //6 Several GEM-modules
- stacked together with readout

T — structure and drift electrodes

to form a detector module

| T a—
i ‘\’
\ —

http:/ /cern.ch/amoraes

First 200 x 200 mm?
Cascade neutron detector
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Detectando Neutrinos

2%

e Neutrinos sao detectados via

interacdo fraca.

Charged Current

Reactions:
Ve + N —
Ve + P —
" vy,+n —
o) —
e
£ Vrtn —
<
S Vr+p —
D)
O
>y
i
& -
-~
e

Ve +€¢ — T U,

Dr Arthur Moraes (CBPF)

Charged
Current

V

W

N

Neutral Current
Reactions:

Ve +€ — Ve+e€

l

V’u—|—€ Vu+e

Remark:

Neutral Current vN-interactions not
usable due to small energy transfer

A Fisica dos Detectores de Particulas - Aula 4

\/e

Neutral
Current

\Y
\/
70

N
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Detectando Neutrimos

Neutrino nucleon x-Section:
l[examples]

10 GeV neutrinos: o =7-10"38 cm2/nucleon

Interaction probability for 10 m Fe-target: R = 6-Na [mol'/g]-d-p = 3.2-10710
with Na = 6.023-102 g'; d=10m; p = 7.6 g/cm?

Solar neutrinos [100 keV]: o = 7-10* cm?/nucleon

Interaction probability for earth: R = -Na [mol'/g]-d-p = 4-10°4
with Na = 6.023-1028 g'; d = 12000 km; p = 5.5 g/cm?

http:/ /cern.ch /amoraes
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Detectando Neutrinos

http:/ /cern.ch /amoraes

e Neutrinos solares
: [_als_q CNO cycle]

[Pp-neutrinos] [pep-neutrinos]
p+p>°H+et+v, p+e +p>2H+v,
‘ 99.75 % 0.25 %

!

H+p>SHe+vy

85% ‘ ~15% ~105 % [hep-neutrinos]
lo f lo > SHe + p > *He + e* + v,
*He + °He > “He + 2p *He + ‘He > 'Be + v
|
| 15.07 % 0.02 % |
‘Be+e > "Li+Y+V, Be+p>%B+y

["Be-neutrinos]

l

Li+p~>o+« 8B > 8Be + et + v,
[8B-neutrinos]

Sl
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Neutrinos solares
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in Total Rates: Solar Standard Model vs. Experiment
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Superkamiokande Detector
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Catching Neutrinos

About once avery 80 minures, a neutrino in‘eracts ir the deteclor
chamier, generatng Charenkov raglaton. This optcal eguivalent of
2 sonic beom crestes a cone of light that is registered on the
photomullipliers that line the tank. Characteastic ring patterns tell
physicists what kind of neutrinos inksracted and in which direction
ey were headed
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Water tank
1.6 km below ground

50 Million liter
ultra-pure water

1 Neutrino-interaction
every 1.5 hours

Neutrino detection
via Cherenkov light
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Mounting of
Photomultiplier Tubes

Total: 11,146 20" pmts
1,885 8" pmits
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SK-I: 8B Solar Neutrino Flux
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uper-Kamiokande
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5-20 MeV

[May 31st, 1996 — July 15, 2001]

N
I

Ve + € > Ve + € &

[comparably high x-sec. due to Z-exchange]

Event/day/bin

.................................................................

.................................................................

.................................................................

...................................................................................

-----------------------------------------------------------------------------------

...................................................................................

...................................................................................

.................................................................................

http:/ /cern.ch/amoraes

Dr Arthur Moraes (CBPF) A Fisica dos Detectores de Particulas - Aula 4 Rio de Janeiro, 21 de Julho de 2017.


http://cern.ch/amoraes

38

Detectando Neutrinos

The sun seen
through the earth
IN neutrino light
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Muon event

[603 MeV]

Observation of
| clean Cherenkov ring
|  with sharp edges

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light olbserved in PMTs
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