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Outline

« Radiation Interacting with Matter

* Cross Section (0)
 Mean Free Path (M)

* Energy Loss
« Electrons
* Cherenkov Radiation
» Bremsstrahlung
* Phontons
* Neutrons
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Charged particles going through matter

« Two things happen most of the time:
* Inelastic collisions with the target’s electrons
 Elastic scattering of the target’s nuclei

* More interesting things happen less often
 Cherenkov radiation emission

 Nuclear reactions
* Bremsstrahlung

The reason
we’re in
business

1 barn = 1024 cm?
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ldealized Cross Section (o) — 1 scatterer

* Probability per unit
solid angle that the
beam will scatter.

« Unit analysis forces do
to be In units of area

* Not really a
dimension
« Total cross section
o(E)
 Integrated over all
solid angles
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do (E.Q) = 1 dN,
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Thin sheet of material

« Assume a large, thin

target N.(Q) = FAn&xE
. Atgt > Abeam = A dQ
* Thickness = 6x
- Density of scatterers = N;ot = FAno - 6x
n
* P(x) = Prob. of having
interaction by X in P(§x) = no ' Ox
material.
e P(0) =0
e P(c0) =1
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Interaction probabilities

P(x + 6x) = P(x) + \[1 — P(x)]anSx
|
The probability of
not interacting
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Interaction probabilities

P(x + 6x) = P(x) + |1 —P(x)]|nodbx

P(x + 6x) — P(x) 11— PCOno
ax

Definition of a
derivative

2015
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Interaction probabilities

P(x + 6x) = P(x) +[1 - P(x)|nodx
P(x + 6x) — P(x)
Ox

= [1—P(x)|no

aP
— = |1—-Plno
dx

2015
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Interaction probabilities

P(x +6x) = P(x)+[1—P(x)|nodx
P(x + 6x) — P(x)

= [1—-P(x)]|no
Ox
P P]
dx : ne
dll =Pl _ —[1 - Plno
dx

« The change in the probabllity of noninteraction is
necessarily the negative of the change Iin the
probability of interaction.
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Interaction probabilities

P(x +6x) = P(x)+[1—P(x)|nodx
P(x + 6x) — P(x)

= [1—-P(x)]no
Ox
@ - P]
dx [ ne
dll =Pl _ —[1 - Plno
dx

[1 — P] —_ Coe_no-x

* From the initial conditions, P(0) =0so (C, =1
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Interaction probabilities

Prob. of
interaction
between 0 an x P (x)

1 — P(x)

1 — p—NOX

—Nnox

Prob. of not
interacting between 0
and x

e
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Mean free path - A

* Given a P(x) we can
get W(x) —the
Probability density
function

« Aslong as the
cumulative distribution
function of P(x) Is
continuous.

 From there, 1 Is just
the expectation value

of x
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Mean free path - A

* Given a P(x) we can
get W(x) —the
Probability density
function

« Aslong as the
cumulative distribution
function of P(x) Is
continuous.

 From there, 1 Is just
the expectation value

of x
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Charged particle energy loss

Dealing with 2 regimes

T

- +
NATIONAL LABORATORY

A romitore s

.__3-:.'-" :

Mesons qq

Mesons are bosonic hadrons.
There are about 140 types of mesons.

Quark Electric Massl Spin

Symbolll iNawe content charge GeV/c

ol e Z L&
© © = ©o o

) etac | CC 2.980

Just about
everything else
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Let’s look at the classical picture

Heavy Particle Passing Through Material

« Heavy Particle:

e Mass— M > m,

 Charge -z

+ Velocity — 8 = -

* Negligible deviation from path
« Electron is:

* Free

* Initially at rest
 Small movement due to interaction

Sept XX, @ TRIUMF Detector Physics - Lecture 1
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Let’s look at the classical picture

Detector Physics - Lecture 1
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Let’s look at the classical picture

All other

N L ____ A/
/ components
of E cancel

I=det=efEldt= out

= ej —dx = ef—dx
\—‘ v is not a
function of x

Sept XX, RB Detector Physics - Lecture 1 17
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Let’s look at the classical picture

_ fE at —ejEd
= e J'dxx_v J‘i
Apply

Here

2ze
JELZﬂbdx=4ﬂze—>fEldx=T
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Let’s look at the classical picture

=ej —dx—ef—dx

2ze>

b
2ze
JELZﬂbdx=4ﬂze—>fEldx=T

Detector Physics - Lecture 1
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The energy gained by the e Is:

L 2ze?
B bv
2 2
D |
AE(b) = — =
(b) 2m  2m,
B 27%e%
~ b2vZm,

2015
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV
27%e*

b’v?m,
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV
2z%e*

~ bZ2v2m,

2z%e*

b’v?m,

ne dV

Nne21b db dx
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV
2z%e*
b’v?m,
_ 2z%e*
~ b2v2m,
_ 4mze*n, db

v’m, b

ne dV

n.2mb db dx

dx

« Complications:
e Can't integrate over b=0
« Have to Integrate from by in = bmax

Sept XX, RB Detector Physics - Lecture 1
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV
B 2z%e*
~ bZ2v2m,
_ 2z%e*
~ b2v2m,
_ 4mze*n, db

v’m, b

ne dV

n.2mb db dx

dx

dE _ 4-7'[22847’13 bmax

I . .
dx vem, bmin
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bmin bmax
« Head on collision « Assume bound,
« e gets AEpax = 2y2m,v? orbiting electgl Frequency,
_ 1 not velocity
Interaction| e tint <T1T=-
22284 time v
pz - A mev” b b
m,v :
e min , f =0 —
b ze v Yy
min — ymevz
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bmin
e Head on collision

* € gets AEmax = 2y°m,v?

27%e% , ,
IV 2Y“mM,v
MeV"Omin
ze?
bmin — >
ymeyv

Sept XX,

oS '~ TRIUMF

bmax
« Assume bound,
orbiting electron

1
*lintST=
b b 1
t=—>—<17==
v yv v

Avg. orbital freq.
over all orbits
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bmin
e Head on collision

* € gets AEmax = 2y°m,v?

27%e% , ,
IV 2Y“mM,v
MeV"Omin
ze?
bmin — >
ymeyv

Sept XX,

Sent XX & TRIUMF

bmax
« Assume bound,

orbiting electron
1

*lintST=
b b 1
t=——>—<7=—
v YV V
) 4%
b -
max v
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So the energy lost by the heavy ion Is:

—dE(b) = AE(b)n, dV

B 2z%e* v
~ bZ2v2m, fle
2z%e*
= bZvZm, n.2mb db dx
Amtz?e*n, db
= > dx
vem, b
dE _ 4-7'[22847’13 bmax
dx vim, bmin
dE  4mz%e*n, y*m,v3
—— = In =
dx vim, zesv
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Charged particle energy loss — Due to e

gyThe Bethe-Block Equation for

Ener
ossunitlinear energy transfer
eng
Max E
Beam transfer T\ Correitri]c?:: R
to e
Targetr_\
_d_E_ZT[NT m C ( ) Zme)/zCzBZWmaX —Zﬁz 5(ﬁ)—2
dx Ale MC™P A /
" B Zme (U)/)Z DenS|ty
max — correction
1+ 20 \/1+(,3 )%+ Mean
excitation
~2m,(vy)* —diiM > m, energy (eV)

C. Leroy and P. Rancoita, Principles of radiation interaction in matter and detection, World Scientific (2004).
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Energy loss in air [keV/cm]

Charged particle energy loss — Due to e

70
L
60 particles
i mesons R
S0 % mesons :
40 \
Protons ~
30
20
Electrons
4—-—————
10
0 Ry " | 2 3 4
10" 10 ] 10 10 10 10
Kinetic energy [MeV]
Electrons
don’t have
much mass

| s @ TRIUMF

1000
3
S 100 Bragg
— peak
k<!
& 10
Qw
==
wi

0 10 20 30 40 50

Distance travelled [cm]

Range: The distance a
narticle travels in medium

pefore coming to rest
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Cherenkov Radiation

Image taken from Tavernier
(who took it from Jackson 13.4)

&
J v . vt
vl <

Vacuum 1.000000000000000000000000000000000
Air (@ STP) 1.00028

Water (@ 20° C) 1.333

Sodium lTodide 1.736

Silicon 3.443

Germanium 4.065
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Cherenkov Radiation

ct
cos(O,) = (3) -

< AN
7 / \\ nZ
2

AN, Fmin =

VLW

ll/’
Material Neutron | Electron
e S

Air (@ STP) 38,772 21
- vt ~|  Water @ 20° C) 481 0.262
/ ct Sodium Todide 209 0.114
/0 i Silicon 42 0.023
V> Germanium 29 0.016
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Bremsstrahlung

 Emitted whenever a Total radiated power:
charged particle is
P = 2 X
accelerated 6ngo . [[3 /3 ﬁ)
 Collisions
- B&E Field deflections Linear acceleration:
Since: 2.,6
P"'m_6 — P = €Y EZ
61TEYC

dE/dx [MeV - cm?/gm]

62)/4

P~m*= p=
61TEYC

Energy [MeV]

Sept XX, RB Detector Physics - Lecture 1
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Charge Particle Overview (100 keV — 10 MeV)

T | Interaction Description

a’s ~1000 MeV/cm/(mass density). Range ~10 um in solid and cm in
gas. Straight trajectory

B’s ~2 MeV/cm/(charge density). Significant loss due to
bremsstrahlung, Multiple scattering creates “random walk”
trajectory. When @7 stop, they annihilate -> 2 x 511 keV vy

Protons Range ~ 1 mm in solid and ~1 m in gas. Straight trajectory.

Nuclear fragments  Similar to o’s but more massive so motre energy loss/distance. ~1
pum in solid. Straight line trajectory.
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Photons Interacting with Matter

* Photons primarily interact with matter in 3 ways:
1. Photoelectric Effect
2. Compton Scattering
3. Pair Production

« Some others as well:
 Photodisintegration: (y,n), (y,p), (y,x)

« Longer range in matter
* Photons experience no energy loss (absorbed

or not)
« But beams can be attenuated: I(x) = Ije™*

Sept XX, @ TRIUMF Detector Physics - Lecture 1
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The Photoelectric Effect
EXinetic = "® — EBinding

* The photon is totally absorbed.

o |f

° hw > EBinding - Free electron

* hw < EBjpding - EXcited, bound electron

e Dominates for E, <100 keV

Sept XX, ﬁbﬁTRlUMF o TR T T Detector Physics - Lecture 1
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Compton Scattering - Elastic collision
between y & e

. hw
/ [1 + — (1 — cos 9)]
For
homewqu, recoil electron
derive
VAV o o N D N Y Y e T i
incident photon m
0
!
scattered photon o'
do 71} 1

¥?(1 — cos 8)? >

— 1 ‘0
d() 2[1+y(1—cos€)]2( T cos +1 y(1 — cos 0)
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Pair Production

* WhenE, >m,- +m,+ = 1022 keV
» my- +my,+ = 211,316 keV
* my, +m; = 1,876,544 keV

« For the production to last, it must occur near the
nucleus.

 Otherwise, momentum would not be conserved
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Complete Photon Interaction Range

(a) Carbon ( Z =10)

o - experimental O,

I GeV

I kb~

Croass section (barns/atom)

| b —

10 mb

% g (b) Lead (Z = 82)

4 Fcompton

I I I

2 -experimental O,

[ eV

I ke 1 MeW
Photon Energy
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Neutrons -» Strong Interaction only

Slow < 0.5 eV

« Elastic Scattering
« Neutron capture followed

Sept XX,
2015

(n,p)
(n,d)
(n,0)
(n,b)
(n,ap)
(n,f)

\H Fission

R TRIUMF

Fast = 100 keV = 10 MeV

« Elastic Scattering

Neutron capture followed

by....
« Radiative neutron capture

(n,y)
* Inelastic scattering

* Nucleus is left in an excited
state and emits a:
* Photon
« Charged particle
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Neutrons -» Strong Interaction only

High Energy > 100 MeV

. . 103

* High energy hadronic i

showers —
c
o
=y
5
See: =

$ 10"
LHC, the ;
S
G
o
E

10"1 L sl L1 il 4w gl SR ERT
1073 107" 10’
Energy (MeV]
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