Interaction of radiation with matter

1- Interaction of charged particles with matter

a) Energy loss by excitation and ionization
b) Bremsstrahlung

c) Multiple-Scattering

d) Cherenkov Radiation

e) Transition Radiation



Relativistic mechanics
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Interaccao das particulas carregadas com a matéria

Z, electrons, q=-¢,

N
M, q=2, e, i

Interaccdo com o0s electroes atbmicos:
a particulaincidente perde energia e 0s
atomos sofrem excitacdo ou ionizacao.

Interacc&o com o nucleo:

A particula incidente é deflectida pelo campo
eléctrico do nucleo, sofrendo dispersao
elastica (multiple scattering). A particula é
acelerada e radia fotbes Bremsstrahlung

Radiac&o de Cherenkov

Se a velocidade da particula ao atravessar um
material for superior a velocidade da luz nesse
material é emitida radiacdo electromagnética.

Radiacdo de Transicao:

Radiacao electromagnética (raios-X) emitida
guando uma particula atravessa a fronteira
entre materiais dieléctricos diferentes.



Table 30.1: Summary of variables used in this section. The kinematic
variables 3 and ~ have their usual meanings.

Symbol Definition Units or Value
a  Fine structure constant 1/137.035999 11(46)
(€2 /4meghe)
M Incident particle mass MeV/c?
E  Incident part. energy vMe2 MeV
17" Kinetic energy MeV
mec? Electron mass x ¢ 0.510 998 918(44) MeV
re  Classical electron radius 2.817940 325(28) tm
e? [dmeqime >
Na Avogadro’s number 6.022 1415(10) x 1022 mol !

ze  Charge of incident particle
7 Atomic number of absorber

A Atomic mass of absorber g mol~!
K/A 47&N_4?’§m.ecg /A 0.307075 MeV g~ cm?
for A =1 g mol™!
I Mean excitation energy eV (Nota bene!)
0(3v) Density etfect correction to ionization energy loss
hwp, Plasma energy VP I(Z]A) x 28816 eV
(\/AT N3 mec? /o) (pingcm?)
N,  Electron density (units of 7)™

w;  Weight fraction of the jth element in a compound or mixture

n; o< number of jth kind of atoms in a compound or mixture
dar?Ny /A (716.408 ¢ cm~2)"! for A =1 g mol !

Xp Radiation length g cm 2

E. Critical energy for electrons MeV

Eye  Critical energy for muons GeV

E¢  Scale energy (/47 /a mec®  21.2052 MeV

Ryr  Moliere radius o cm 2




Perda de energia por excitacao e ionizacao

O caélculo da perda de energia de uma particula carregada ao atravessar um
material, tendo em conta a mecanica quantica, foi feito por Bethe e Bloch.

202,72
_id_E—K ZZ 1 In 2rne(:ﬁ7/-|-max

o dx A B |2

2/ —5—2%+ zL, +2°L, |[MeV/(gem ?)]

K =2zN_r’m.c® =0.1535 MeV/(glem?)

r. Raio classico doelectrio (r, = 2.817 x 10~ '° cm) I Energia media de excitagdo
Fa — -i.'; = - '
4meg mpc2 J 12 +.2 leV] (Z<13)
m,. Massadoelectrdo (i, = 0.511 Mevic™)

0.76 + 58.8Z 119 [eV] (25=13)
N Niamero dc Avogadro (Ng = 6.023 x 1022 moi— 1)

n DNensidade do mein material afravessadn /3 Velocidade da particula Incidente (/3 = _)
Carga eléctrica da particula incidente

2

7y Faclor de Lurenles (";.-‘_' = \.--"l — 3%

Numero atomico do meio material 5 Correcg3o de densidade

= N

Numero de massa do meio material
Tm aT Energla maxima transferida na colisao

Traz ~ 2 mec® 8° 42 (M >35> me)

Z
PXN ><—/—4— densidade de electrdes




Iﬂdj .-"I VA [Eﬁh‘r}

22

8
0

Mean Excitation Energy

"‘-IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII LI

3 |
i * "h% |
g *-‘q / Bichsel 1992

ICRU 37 (1984)
(interpolated values are
/ not marked with points)

Barkas & Berger 1964

|||||fﬁ’|||+

“"ﬂ

IIIII'!IIII|IIII|IIII|IIII|IIII|IIII

0 20 30 40 50 60 70 80 90 100
Z



Stopping power [MeV cm?2/g]
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Fig. 30.1: Stopping power (= (—dFE /dx)) for positive muons in copper as a

function of v = p/M ¢ over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at 84 =~ 0.1 are taken from ICRU 49 [4],
energies are from Ref. 5. Vertical bands indicate boundaries between different

approximations discussed in the text. The short dotted lines labeled “p= 7 illustrate
the “Barkas effect,” the dependence of stopping power on projectile charge at very
low energies [6].

and data at higher



Perda de energia por excitacao e ionizacao

Interpretacao :
2
1k .2 2In(2mec2 /n) o, A(py)
p ax A B B

Para velocidades da particula na regiao gy <3-3.5
(B<0.95-0.96): 10 -
E -
dE 1 sk

oC

dx B~ 5k
4 -

Para a regiao By >3-3.5 a particula tem um

comportamento relativista (>0.95-0.96) e a perda

-dE dx (MeV g-lem?)
Cad
|

de energia € dominada pelo termo que depende de

In(By) ~ In(y).

L | |
10 100 1000 lDT]DD
Pr=pibe

P~

O minimo da distribuicdo — minimum ionizing value -

é aproximadamente independente do material e

corresponde a By~ 3-3.5 para Z € [100,7].

Na regiao 0.01<B<0.05 a teoria ndao se aplica



Perda de energia por excitacao e ionizagao:
a formula de Bethe-Bloch
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Nota:
perda de energia por unidade de comprimento em [MeV/cm] = dE/dX [MeV/(g/cm?)] *p [g/cm?]



Perda de energia por excitacao e ionizacao

Exemplo de aplicacdo da féormula de Bethe-Bloch:
alguns numeros para particulas relativistas

Considerando:

« dE/dX perto do minimo (Ry =~ 3)
« Z=~05A

Para o Ferro : p = 7.87 g/cm3

_/ 1/p dE/dx ~ 1.4 MeV/(g/cm?)

dE/dx=1.4* 7.87 [MeV/cm] = 11.02 MeV/cm

[ o B ] oo
||I||||| | I I

-dEdx (MeV g-lem?)
Caa
|

Um muao perde ~11 MeV por cm ao
atravessar um bloco de Fe.

T e i Um mudo de 1 GeV (1000 MeV) pode
By = piMc atravessar 1 m de Fe!

Nota:
perda de energia por unidade comprimento de [MeV/cm] = dE/dX [MeV/(g/cm?)] *p [g/cm3]




Perda de energia por excitacao e ionizacao

Exemplos de aplicacao

Raios cosmicos: chegam-nos ides de diferentes valores de z:

e
..h::il;
o, Small energy loss
v.}%\“l.:’lon - Fast particle
e

Large energy
loss
-> Slow particle




Perda de energia por excitacao e ionizacao

Range 50000
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- dE-dy [MeV g lan®)

Perda de energia por excitacao e ionizacao

Pico de Bragg

Para a regiao By >3-3.5 a perda de energia é praticamente constante:
plateau de Fermi.

Para velocidades da particula na regidao By <3-3.5 a perda de energia
aumenta com a 1/p?, tornando-se cada vez maior, a medida que a
particula perde velocidade. Este comportamento traduz-se no pico de
Bragg com aplicagcdes em radioterapia.
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Perda de energia por excitacao e ionizacao

Range: approximation in the low velocity region

dE _ " 1

Low velocity region Cdx B
2 2.2
E —(Mc)

E2

with ,82 =

Average range:

R e e
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dx

— 2
R=——1[cm] with k=,x0.1535x zzxiXZIn[zmleC j




Perda de energia por excitacao e ionizacao

Exemplo: Estimativa do alcance medio de particulas « no ar:
« M, ~ 4*M 1GeV/c2) ~4000 MeV

T, ~3-7 MeV -> consideremos 5 MeV

proton (~

z,=2
p(ar) (PTN) = 1.2048 x 103 g/cm?
I(ar) = 85.7 eV

1. E,=T,+M,c2=4005 MeV
2. PB=Sqgrt(E,>-(M_ c?)?)/ E,~ 0.05 : very slow particles!! By ~1

2m,c?

k ~0.1535% px z° x%x 2 In( J =0.1535x1.2048x10° x 4% 0.5x 2 x 9.39 ~ 0.0069MeVcem™

T? 1 52
= X ~1lcm
E 0.0069 4005

Nota:
uma melhor descricdo dos resultados experimentais é: R (cm)= 0.32 E(MeV)3/2 (2-5 cm para T~ 3-7 MeV)



Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
i1s determined by cosmic-ray absorption.

Luis W. Alvarez, Jared A. Anderson, F EI Bedwa:

James Burkhard Ahmed Fakhry Adib Gugs. Asy Goned
Fikhgyr Hassan. Dennis Iverson. Gemld Lynch, Zemab Miligy
Al Hilmy Moussa Mohammed-Sharkaw: Lauwren Yazolmo

Fig. 2 (bottom right). Cross sections of (a)
the Great Pyranud of Cheops and (b) the
Pyramid of Chephren, showing the kgown
chambers: (4) Smooth limestonecap. (8)

the Belzomi Chamber, (¢) Belzoni's en-
trance, (D) Howard-Vyse's entrance, IH
descending passageway, (F) ascending
passageway, (G) underground chamber,
{/-1) Grand Gallery, ¢/ King's Chamber.
() Queen's Chamber, (K) center line of
the pyramid.

6 FEBRUARY 1970

Luis Alvarez used
the attenuation of
muons to look for
chambers in the
Second Giza
Pyramid 2 Muon
Tomography

He proved that
there are no
chambers present.

Fig 13 Scamer plots showing the three stages m the combined analyne and wvisual
analysts of the data and a plot with a sigulated chamber, (a) Sigulated “x-ray photo-
graph” of uncorrected data. (b) Data corrected for the geomwtncal acceptance of the
?{nums (c) Data correctad for pyramad structure as well as geometncal acceptance
(d) Same as (c) but with sygulated chambgr, as 3 Fig 12

W. Riegler, Particle

Detactnre
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