Passage of particles
through matter
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Overview

For “interaction of particles with matter” we mean the phenomena we can use
to build detectors.

Interactions of particles with matter are qualitatively different depending on:
type of interaction: electromagnetic or strong; weak is relevant only for neutrinos
charge of the particle
mass of the particle
energy/momentum of the particle
A,Z of the target (incident particles see the structure of the target matter)
(we will be typically interested in interactions of “high energy” particles (E>MeV))

Because of this we typically group them as:

Heavy particles Electrons

(heavy = not electrons) Photons

Transition
Radiation

Cerenkov
Radiation

Hadronic
Showers

Electromagnetic
Showers
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One remark

The passage of particles through matter is a very complicated process to model. We get an
good description only in very idealised situations.

There are zillions of empirical formulas to describe specific cases.

We will provide only the most useful ones and focus on the physics of the interaction
Processes.

ETH auo Donega 116



Bethe Bloch
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lonization: heavy particles

Main macroscopic effect:
— > deflection of particle trajectory
—— energy loss of the particle

Main microscopic processes:
elastic scattering from nuclei

inelastic scattering from electrons
(ionization excitation of target electrons)

We'll focus first on the inelastic scattering.

—> the fraction of energy of the incident particle transferred to the electron in each
collision is very small, but the number of collisions is so large that we obtain a
macroscopic effect

e.g. a 10 MeV proton gets stop by 0.25 mm of copper

We want to get to the value of -dE/dXx, i.e. the specific (per unit length) energy loss,
also known as stopping power

The first computation of the -dE/dx has been performed using classical
electromagnetism by Bohr, then Bethe and Bloch gave the QM formulation
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lonization: heavy particles

Bohr derivation of the -dE/dx: classical derivation
(no QM, no relativistic treatment of the electric field of the incident particle)

119



lonization: heavy particles
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lonization: heavy particles




lonization: heavy particles
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lonization: heavy particles

;'.Exeroise: compute the max :
:energy transfer in the :
:“low energy” approximation: :

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

E'H Mauro Donega 123



lonization: heavy particles




Bethe Bloch
< dE> 57 1 lllnzme(;?gjg@_ﬁz_é(m)]

= K222 |Z 2D

dx ApB2 |2 2
Where
z  charge number of incident particle
Z  atomic number of absorber
A atomic mass of absorber g mol~!
K AnNgrimec? 0.307 075 MeV mol~! cm?
I  mean excitation energy eV (Nota bene!)

d(07) density effect correction to ionization energy loss

e W . 2m662 52’7 2 energy transfer to an electron MeV
P 4 2yme /M + (me/M)? in a single collision
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Bethe Bloch
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2

| = mean excitation potential = hvmean ; Where vimean is a (logarithmic) weighted average

of the orbital frequencies of the target atoms.

“The determination of the mean excitation energy is the principal non-trivial task in the evaluation of the
Bethe stopping-power formula”

for this reason we use measured values (fit | in a dE/dx measurement)
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Bethe Bloch

Density effect correction to ionization energy loss.

The electric field of the incident particle polarize atoms on its way. Because of this,
electrons far from the trajectory of the particle are shielded from the electric field and

contribute less to the energy loss.

Typically the Sternheimer parametrization is used:

(2(In10)z — C if © > x1;
5(B) = + 2(In10)x — C +a(zy —2)F ifxg <z < x1;
0 if z < g (nonconductors);
L do 102(z—20) if © < g (conductors)

x = logygn = logyo(p/Mc)
All parameters in the expression are material dependent and are tabulated (see e.g. PDG)
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Bethe B|°Ch P < minimam onizaton parce
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Bethe Bloch
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Range of validity of the Bethe Bloch

--------------------------------------------
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In class demonstration:
Cloud Chamber



SRGUBRENd U dadudddddgnyl
Cloud chamber

with Blcohol

\ -«
Cold alumaifilum

~_platé covered
< with black tape! .
~for contrast
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SRSUBUBRU U0 dddduddynyy
Cloud chamber

The sealed environment contains a supersaturated vapour of alcohol (in our case
ethyl alcohol). On the cold plate at the bottom a thick fog builds.

When a charged particle goes through the vapour it ionizes the alcohol (Bethe-Bloch).
The ionized atoms act as condensation centres around which a trail of small droplets

is visible by naked eye. The trails persists for a couple of seconds and, while falling to
the bottom by gravity, dissolve in the cloud because of diffusion.

Charles Wilson (1869 —1959)
1927 Nobel prize in Physics

BSc in biology then moved to physics/meteorology and got
interested in cloud formation.

Thanks to him it was possible for the first time to see single
particles !

Academic advisors J. J. Thomson
Doctoral students Cecil Frank Powell

https://www.nobelprize.org/nobel_prizes/physics/laureates/1927/wilson-lecture.pdf
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What_particles could these be?
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RN NN EER
What_particles could these be?
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45 -‘ PEFCRO .
S WOHIE :._éher‘gy electrons or muons

e

Proton with « delta ray »
(electrons)
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Momentum dependence

The stopping power -dE/dx is “universal” as a function of the speed of the particle,

it you plot it against the momentum, you bring in a mass dependence
By = p/m 1000 _— . - ALICE TPC

900 —

(00}

o

o
|

negative particles,
PbPb, 2011 run,
Vs =2.76TeV

D ~
o o
o o
| |

TPC ionization signal (arbitrary units)
(&)

00 -
400 —
300 —
200 —
"'(-)rderof ............. ‘: 100 _::J'[:_‘, sk~ 2, - N s
: magnitude of the : e
lowest momenta & 0 I I T T [l
e B > 0.1 02 03 2 3 4 5
measured with  : p
LHC tracker (GeV/c)

s . http://cerncourier.com/cws/article/cern/50561

PID = Partlcle identification —> get the mass and charge of a particle
Knowing momentum of a particle and measuring its dE/dx you can infer its mass

This only works at low momenta (velocity) where the 1/32 rise strongly depends on the mass.

At high momenta there is no separation
E'" Mauro Donega
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o-electrons

Delta electrons (or secondary electrons) are electrons from the target knocked out by the
incident ionizing particle which have enough energy to further ionize.

2
d°N le2g L F(T) for | <<T << Whax

dldz 2 A B2 T?

The factor F(T) is about unity to T<<Wmax and it depends on the spin of the incident particle
F(T) = 1-32 T/Tmax (for spin 0)

The angle of emissionis cost = (Te/pe)(Pmax/Wmax)

with pe, Te momentum, energy of the emitted photon; pmax momentum of an electron emitted
with the maximum energy trasfer Wmax
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Bragg peak

-dE/dx vs. penetration depth: at the beginning of the path the particle will have its higher
energy and sit on the relativistic (log) rise. Then it will slow down and rolls down in -dE/dx to
the minimum ionizing point and finally, when very slow enter the 1/32 rise.

Q: Can you plot the dE/dx as a function of the depth in matter ?
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Bragg peak

Q: Can you plot the dE/dx as a function of the depth in matter ?

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)

Stopping Power [MeV/cm]

Path Length [cm]
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Bragg peak

-dE/dx vs. penetration depth: at the beginning of the path the particle will have its higher
energy and sit on the relativistic (log) rise. Then it will slow down it and roll down in -dE/dx to
the minimum ionizing point and finally, when very slow enter the 1/32 rise.

The 1/B2 rise you might have noticed with the cloud chamber:
(see movie at min 01:57)

.-

slowing down |
more persistent condensation at

the end of the track (larger ionization)
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Bragg peak

An important application of this is used in cancer treatment (R. Wilson 1946).

Example proton Bragg curves,
with energy and range straggling

2 —100 MeV

5 —150 MeV|~ _
o 15| 200 MeV
S —250MeV| =
o
2 1 z
e 5
o :
05 E
Q <
Q . L3

0O 005 01 015 02 025 03 035 04

Distance in water (m)

The target material for these measurements is water as a proxy for human body
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Mixtures and compounds

Tabulated values for the -dE/dx for mixtures and compounds come from direct
measurements, but a good approximation can be obtained by the weighted average of the
-dE/dx of the elements (Bragg additivity):

1 dE _ w <dE>+w2 <dE>+
p dx py \dx /i pr \dx)

where w; are the fractions by weight of the elements in the compound

We will see that the weighted average will be used to get to the behaviour of compounds
given the values of the single elements for several microscopic quantities.
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Range

Q: how would you (ideally) measure the range of a proton in copper ?
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R EEEEEEE
Range

Q: how would you (ideally) measure the range of a proton in copper 7

particle at a
given energy
> detector

thicker and thicker material
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Range

The range can be easily obtained integrating the stopping power curve

T -1
[ dE .
S(7Ty) = S —— ) dFE T = kinetic energy
dx

0

(ignoring the fact that the particle doesn’t go straight, but it bounces around in a zig-zag path)
A
The smearing observed at the end of the curve, 10} rER-DISTANCE CURVE
comes from the fact that the energy loss is a
statistical process (“range straggling”). 5
The range is typically given as the 50% point,  §05F---====---=--=----- STRAGGLING
l.e. where 50% of the particles are adsorbed. i /
/
I/

Important to get a first estimate of the size of L N
detectors / shielding etc.. (i.e. before running Absorber thickness VA EXTRAPOLATED
a complete simulation —> see later in the course) RANGE = RANGE ...

.
.
.
.

Q: how would tracks from an (~monocromatic) . # particles = background
alpha emitter appear in the cloud chamber ? - level of the detector :
Mauro Donega Gt a s E s EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE I '45



RN NN RN
Alphas

Q: how would tracks from an (~monocromatic) alpha emitter appear in the cloud chamber ?

432.2y

21 Am % BINp + 4ot + 4 59.5409 keV
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Range

Example of calculated

range for different heavy V
particles in Al
102 TT £ ll/l
Al density = 2.7 g/cm3 ’L/% it
AL T
Vr ‘_'/-I.
E A
L fi
2 YA 1
o i
(9)] 7. AN
C s (S S
& 10° A
-'/ /
;. / l.
-./.-
v .',/ < e
7 7
Ny
/J 241%
-/' ,-'
4%
w2V

1.0 10 100 1000
Energy [MeV]
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Electrons: bremsstrahlung and
radiation length
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Electrons/Positrons

(Here, unless otherwise specified, | will say electrons to mean both electrons and positrons)

_d_E_> _(4E) dE)
dx Jiot dx /rad dx /coll

On top of energy loss by collisions (as heavy particles) electrons also lose energy by
bremsstrahlung. We will define “critical energy” the energy where the energy loss by
collisions is equal to the energy loss by bremsstrahlung

dx Jrad dx /con
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Electrons/Positrons

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

dE> _(dE\ ,[(dE\
dx /ot dx Jrad dx collg

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

Collision loss

You can follow the same computation of the Bethe Bloch, but:

- mass incident particle = mass target = me (i.e. incident electron will bounce around)
- Incident particle and target are indistinguishable

The maximum energy transfer is now W.« = T./2 where Te is the kinetic energy of the

incident electron

——@:27:Narf;meczpz ! In
dx A B

P+ | pyos-2C 7= Tofmec?
2(I/m.c*)?

2
——2r+1)In2

8
F(t)=1-p8*+ fore™
(t+1)*
2
F(r)=21n2—’3— 23 + 14 + 10 5+ 4 3 fore™
12 T+2 (t+2) (t+2)

E'H Mauro Donega
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Electrons/Positron

----------------
.

dE> _(dE\ -, (aE
dx /ot dx radé dx /coll

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

. . . 62 2
Radiation Loss : Bremsstrahlung Ohrem X (W)

The only particle for which radiation loss is not negligible (up to several hundreds of GeV)
is the electron. Already for muons the contribution is 40000 times lower (~100MeV/ 0.5MeV)2

Bremsstrahlung depends on the electric field seen by the Eo
incident electron: the screening of the electrons around :\
the nucleus play an important role. . hv=Eo-E
Screening is described with
100 m.c2h v E=0 Eo-E—>0 small screening ®
_ e
E,EZ' £>1 E—>0 no screening nucleus
[the contribution of bremsstrahlung on electrons can be neglected “oE
but in the lightest nuclei. e-e bremsstrahlung goes as Z instead of Z2] &
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Electrons/Positrons

The complete quantum mechanical description was first performed by Bethe and Heitler
Cross section for bremsstrahlung emission:

do=4z4% @ 1o 2@ 117 sz —38[(’)2(5) —ian—f(Z)B
A 4 3 4 3

3

.....

WHEIE:
- ri=(e*/mc?’
- & = E/Eo

- (), d2(€) = screening functions. Empirical expressions:
d1(&) = 20.863 — 2 In[1 +(0.55846 £)2] —4[1 — 0.6 exp (— 0.9 &) — 0.4 exp(—1.5¢)]

¢>2(f)=¢1(€)—%(1+6.5£+652)‘1, (2.69)
where
$1(0) = ¢2(0)+ 2 =41n 183 as £ 0

P1(0) = @p(0) »>19.19—-41n & as é— oo,
- f(Z) = correction factor to model the interaction of the emitting (a = Z/137)
f(Z) =a*1(1 +a*) " 1+0.20206 — 0.0369 a>+ 0.0083 a* — 0.002 a®]
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Electrons/Positrons

The complete quantum mechanical description was first performed by Bethe and Heitler
Cross section for bremsstrahlung emission:

do—472rq D {(1 +82){¢1(é) —ian~f(Z)} _38[%(«:) —ian—f(Z)}}
Y, 4 3 3 4 3

The energy loss by bremsstrahlung can be computed as:

Y0
- <f£> =N | hv_d_”_(Eo, v)dv
rad 0 d

where dx v
N = total number of atoms/cm3 =pNa/A
Vo = Eo/h

Note that do « 1/v = the v dependence in the integral vanishes

W""TEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREEREES
.

e et e eaeaeeraaereeraaaaeaaas d
(Pradz_é_Shv__a_(Eo,v)dv =4er§a<ln 2By _ ; —f(Z))

2
0 dv mec

[the contribution of bremsstrahlung on electrons can be neglected

but in the lightest nuclei. e-e bremsstrahlung goes as Z instead of /2]
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Electrons/Positrons

Compare bremsstrahlung with collision loss:

electrons in copper ﬁ Material Criealencey
- increase ~linearly : Pb 9.51
103: : 2 ....... Al 51.0

- withenergy and Z2 " Fe 27.4
A O I > 24.8

'EI - Air (STP) 102

o Lucite 100

NE | Polystyrene 109

o - Nal 17.4

l ~ p Anthracene 105

2 - . H,0 92

= ol hlung |

x 10" Bremsstrahlung loss £~ 800 MeV

S ; O Z+1.2
|~ \e : L P —.:.‘:.‘.'.:.71

Tt - T :/i‘ ---------------- v.'
- Collision loss " |
B ; Critical energy * relativistic log rise :
10-1 Lo /7 o ; N R B

107 10' 103 10°

Energy [MeV]
Energy loss by collision loss comes from the sum of a large number of scatterings.
Bremsstrahlung energy can be emitted all in one or few photons —> much larger
fluctuations the energy in electron beams
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Electrons/Positrons

I T T T T T TTTT] T T TTT1TT]
B . —0.20
- W Lead ( Z =82) -
10 __Electrons ]
{\ ' —0.15
g Bremsstrahlung :
% S ——0 10
~||LU Ionization 4
05~  Mgller (¢7) :
B ee —>ee _
Bhabha (e™) —0.05
/e+e- —> ete 1
Positron > .
eter —>\8/ annilhilaltiolnI e -
1 10 100 1000

E (MeV)
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Radiation length

Radiation length = distance over which the electron energy is reduced by 1/e due to
radiation only

- <£> = NEg Praa —> E = Eyexp _—x> Xo =1/N®pyq
dx /rad Xo
An approximated formula to compute it is useful to see what it depends on:

_ T16.4g/cm° A
Z(Z+1)1In (287/V2)

The concept of radiation length is used to express material thickness in detectors,
because s it roughly independent from the material type:

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

- (d_E> = NEy P,y —> —(dE/dt) = E| with t = x / Xo
rad
“fraction of a radiation length”

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

For mixtures/compounds we can use the same weighted average as for ionization:

1 1 1
= wl( > +Wz< ) t... wi = fraction by weight of the element in the mixture
Xo - Xo /1 Xo /2
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Radiation length

The radiation length Xo[g/cm2] is an intrinsic characteristic of the material, x/Xo is a
normalized unit of length used to measure the size of a piece of material.

Amount of material in the CMS
tracker simulations expressed
in “fraction of radiation length”

40% of a radiation length

We express the amount of material in a detector in fraction of a radiation length because it
can be immediately translated to the effect it has on the traversing particle.

The actual physical size of the detector depends on the material used:

for the same radiation length you can have a short/thin (e.g. solid) or long/thick (e.g. gas)

detector.
E'" Mauro Donega
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Range of electrons

Range comparison for electrons = ey
, : o — heavy particles in Aluminium i
vS. heavy particles in Aluminium — L1 Lt
1 1.
/lll" ,.f
107 £ 162 T
E L2 A
/! fif
;IK ."//,- i
- Ll // 4 |
/’ //l"l' F;
10'E > Zaiil APl |
/’/ 4 y ,‘11 T
T~ ‘//, ,l o
S : & % 7 7
) R N | It by
(] - // . i
g C E /,;74 T L7
& A e
[ LT Polyethylene ||| |
107" = 7777, Aluminum
—— —— Lead
D / ZRE
102, 1072 /¢
01 "o ) 1900 1000

Because of the much lighter mass electrons trajectories in matter are more affected
by multiple scattering —> Path from the integral of dE/dx is not accurate and the
energy fluctuations are large.
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Multiple scattering

Elastic (Coulomb) scattering of the incident particle with nuclei (without spin effects) is simple
Rutherford scattering.

do _ 2,22 (m.c/Bp)* most of the collisions only

——2221 e IR PR . .
dQ 4sin”(6/2) : make a small deflection

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

Mhnucleus >> Mlincident
energy transferred to the nucleus is negligible

The typical description of the scattering is divided in :
- Single scattering —> thin target/foil, mostly one scatter described by Rutherford

- Multiple scattering —> thick targets, many small-angle scatters: scattering
distribution is Gaussian. Less frequent “hard” scatters produce non-Gaussian tails.
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Multiple scattering

The typical description of multiple scattering is given the the gaussian approximation:

Defining Og = OIS — 1 Qrms 02 .~ (62

2
plane \/i space space ™ \"plane,z +0 )

plane,y

we found that a good approximation for the 98% core of the gaussian is given by:

13.6 M
oo = O MV TR 1+ 0.038In(x/Xo)]
v

................................ . Bep

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

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

accurate to 11% or better for 10—3 < x/X0 < 100.

Assuming the deflections in the two planes are independent and identically distributed

1 62
21 90 2«90

1 leane
Varty [ oz | Wetane AR dfplane,z dplane,y
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Energy loss distribution

So far we looked at the mean energy loss by an incident particle in a layer of material.

Now we look at how the energy is actually statistically distributed.

The distribution is qualitatively different when thick or thin layers are considered:
- thick layers: distribution mostly gaussian created by several scatters
- think layers: gaussian core with large high energy tail created by single scatters

Defining k= A/W_,, as the ratio between the mean energy loss and the maximum
allowed in a single collision, we talk about thin layer when k< 10 it's considered.

CLT: Central Limit Theorem

This is probably the most important theorem in statistics and it is the reason why the
gaussian is so important

Take n independent variables z;, distributed according to p.d.f.’s f; having mean pu; and
variance o2, then the p.d.f. of the sum of the x;, S = _ x;, has mean _ u; and variance
S0 and it approaches the normal p.d.f. N(S;> u;, > 0?) as n — oo.

CLT is valid when none of the variables dominate the sum - Lindberg criteria

E'H Mauro Donega

61



Energy loss distribution

CLT: Central Limit Theorem

Sum of random variables from a uniform

“ distribution in [-2,2] after the iterations 1 to 4.
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Energy loss distribution

Thick layers: the total energy loss is the sum of a large number of collisions, none of which
Is dominating the sum,

In this conditions the energy is distributed as a gaussian:

_ A 2
f(A)ocexp< 4 ‘”)

2
where 20

A is the energy loss in the material
A is the mean energy loss
O is the standard deviation

The standard deviation can be computed (Bohr) for non relativistic incident particles as:
2 2 w2 L L Z 2
g3=4nN,r2(m.c? p=rx= 0.1569/)74-— x [MeV?]

Na = Avogadro’s number, re is the classical electron mass, me electron mass,
X,0,Z,A = thickness, density, Z, A of the target

and extended to relativistic particles as
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Energy loss distribution

Thin layers: the number of collisions is small and CLT does not apply. There is the possibility
that the energy deposited by a single scatter (with delta electrons emission) dominates the
energy distribution.

In this case the distribution of the energy loss is given by the Landau-Vavilov theory:

NB: the mean and variance are not defined.
For this reason in practical applications the
distribution if often truncated at some high
value of the energy.

1 o0
p(x) = — / e t1081t gin (1t) dt
T Jo

A/x (MeV gt em?)

0.50 1.00 1.50 2.00 2.50
I T T T T I T T T T I T T T T I T T T T I
1oF P00 MeVponimsihicon - Bacause of the large high energy tail, the
I 640 um (149 mg/cm®) . . . . !
A A 1 ) R— 320 um (747 mgem?) | diStribution is asymmetric (skewed) and the
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Photons
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Photon interactions

The photons we are interested in have energies > few keV (X-rays, gamma rays).

Photons are neutral, so there are no multiple small interactions with matter,
when the photon interacts is gone. A practical consequence is that a photon beam cannot
be degraded in energy, only in intensity:

I(x) = Ipexp(— ux)

where X is the thickness of the absorber and p is the absorption coefficient which depends
on the absorbing material and it’s related to the total interaction cross section.

The main interactions above a few keV are:
photoelectric effect
Compton scatttering
pair production (photon conversion)

Low energy interactions (Thomson - classical scattering with free electrons, Rayleigh -
scattering with the whole atom or coherent scattering) are not relevant for the energy
range we're interested in.
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Photoelectric effect

Q: can you draw the Feynman diagram for the photoelectric effect?
%{, O/ O/

@GGéGQ
©% @ 0 6
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Photoelectric effect

Q: can you draw the Feynman diagram for the photoelectric effect?

e
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time




Photoelectric effect
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Energy [MeV]

The cross section for the photoelectric effect shows

the typical pattern of the binding energies of the
various shells, K, L,M, ...

For energies above the K-line the cross section goes as:

Dphoto = 4 ot ]/iZ5 @o(m, c?/hv)"? per atom ,

with ¢o = 877r2/3 = 6.651 x 102 cm?; @ = 1/137..

Note the dependence on the Z of the absorber: /5
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Compton scattering

Q: can you draw the Feynman diagram for the Compton scattering ?
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Compton scattering

Q: can you draw a Feynman diagram for the Compton scattering 7

Ry Ao

time

Gl



Compton scattering

Applying momentum conservation, you get that the energy of the scattered photon and
electrons are:

- hv=05MeV
The energy of the photon
By = hv , i S cannot be totally transferred
1+ y(1 —-cosB) 3 to the electron
_ 21 S 27
T=hv—hv' =hv y(1~cosf) R ‘é ' %_ Tmax:hy
1+ y(1—cos 8) 13 c 1+ 2y
£ Q
cosf=1-— 2 > °
(1 + y)Ztan2¢+1 ’ L‘% i hv = 1.0 MeV
. )]
The electron is stopped 0 ot hy = 1.5 MeV
: cotp =(1+y)tan —, T
by the material. 2
T
O““O.ISH i I‘IfS

Energy [MeV]

The cross section for this process p ) 1 » .
can be computed in QED and it is 7;’2—=—rze— TR I <1+c0529+ 1V+( (:cis)e)>
given by the Klein-Nishina formula: A Teo Y

or integrated over the full solid angle:

6. =271 {1 had {2(1 ) —iln(1+2y)]+_1_1n(1+2y)—_1_i”7}
Y 1+2y y 2y 1+2y)
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Pair production

A photon producing an electron-positron pair in HEP is typically called a converted photon.

Q: can you draw the Feynman diagram for the pair production ?
what is the energy threshold for this process 7
Can it happen in vacuum 7
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Pair production

Q: can you draw the Feynman diagram for the pair production ?
what is the energy threshold for this process 7
At least twice the electron mass

Can it happen in vacuum ?
No because of energy momentum conservation

time
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Pair production

A photon producing an electron-positron pair in HEP is typically called a converted photon.

Cross section [barns/atom]

3

T T T T T
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The pair production raises steeply above twice the
electron mass and it is practically flat above 1 GeV.

dO' o A 4

E =energy of the e-(e+)
K = photon energy

r=FE/k

The probability for a photon “to convert” is:

P=1- e’/ X/XO
The conversion probability in the nuclear electric field is

at least one order of magnitude larger than in the
electron field (the ratio depends on the materials)

The probability distribution for the energy of the
outgoing electron wrt the energy of the converting
photon is almost flat at low energy while it peaks
at 0/1 at very high energies

The e+e- tracks are parallel at the conversion vertex,
because of the massless photon. For any decay of
massive particles there is a finite angle between
the decay products.
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0g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance
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In these interactions, the target nucleus is broken up.
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Electromagnetic Showers
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Electro-magnetic showers

The combined effect of photon pair production and electron bremsstrahlung creates the
so called electromagnetic showers.

AV AY

W aVala
\‘Jl\" AV VAV
v

\'_\\)»\ e Y

T~ -

e

The shower can be initiated by either a photon or an electron.

The process continues until the energy of the electron-positron pairs drops below the
critical energy. At that point the electrons will lose their energy mostly by collisions instead
of bremsstrahlung and the shower dies out.

Q: how deep is a shower created by a 10 GeV photon wrt a 100GeV photons ?
Can you build a simple model for it ?
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Simple shower model

Q: how deeper is a shower created by a 10 GeV photon wrt a 100GeV photons ?
Can you build a simple model for it ?

Begin with a photon of energy Eo
On average after 1 Xo the photon will convert into an e+e- pair.
Total 2 particles each with energy Eo/2
after 2 Xo the e+ and e- will both emit a photon with half the energy of the
initial particle
Total 4 particles: 2 photons, e+ e- each with energy Eo/4
after 3 Xothe photons will have converted into other e+e- pairs and the
original pair emitted other 2 photons
Total 4 particles: 4 photons, 2e+ 2e- each with energy Eo/8

After n Xo the number of particles will be N = 2neach with energy Eo/2n
Assume the shower stops when Eg/2nmax = E; then
nmax = |n (EO/Ec) / |ﬂ (2)

and the maximum number of particle produced is Nmax ~ Eo/Ec

The depth of a shower grows logarithmically with the energy of the incident particle.
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Electro-magnetic showers

To have a better description of the electromagnetic shower we need to use Monte Carlo
techniques.

To understand what is a Monte Carlo let’s write a simple piece of pseudo-code for a photon
initiated em-shower:
- set the energy of the incident photon

- slice the target in portions on depth dx: dx1...dxN (this is the granularity of the
description)

fori=1..N:
for each photon:
compute the probability Pc for a photon to convert in dx;.
throw a random number x in [0,1]
if X > Pe:
add an electron positron pair in the list of particles
throw a random number in [0,1] and assign the electron energy as Egamma*x and for the positron
Egamma(1-x)
for each electron / positron:
compute the probability Py to emit a bremsstrahlung of energy Ep
throw a random number x in [0,1]
if X > Pp:
add a photon to the list with energy Eb

The use of random numbers allows to bring in the probabilistic component.
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Electromagnetic showers

When describing the evolution of an electro-magnetic shower we usually use two scale
variables: depth in radiation length and energy in terms of critical energy

t=x/Xo,
- Simulation

: T T T T | T T T T | T T T T | T T T I__
N o 30 GeV electron ]
0.100 — . go® incident on iron = _]
S 0.075 . " _
':% N . :\Energy .. e ]
R 0.050 — : AN -
=t B o Photons *el T, ]
B o 1/6.8 . o ]
0.025 [~ <1/ OO
C oo Electrons *ey %o, ]

0.000‘: | | | | | | | | | | | | | | | | | ?

0 5 10 15 20

t = depth in radiation lengths
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Q0
e}

op}
e}

N
[e)

DO
)

0

Number crossing plane

y:E/ECa

The shower (after the first couple of
radiation lengths) can be parametrised by:

dE

dt

(bt)a_le_bt
I'(a)

(1)

— Eob

The depth at which the maximum energy
is deposited (shower max) is:
(2)

tmax = (@ —1)/b=1.0 x (Iny + Cj) , j=-e"

where Cj = -0.5 (+0.5) for electron(photon)
initiated showers

[to use (1), one finds (a — 1)/b from (2), then finds a either
by assuming b =~ 0.5 or by finding a more accurate value
from tabulated data]
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Electromagnetic showers

The transversal development of an em-shower can be described by the Moliere radius:

where Es = 21 MeV and Ec is the critical energy.

Ryr = Xo Es/Ee

For mixtures and compound materials you can use again the Bragg additivity.
About 90% of the em-shower energy is contained within 1 Rv and 99% within 3.5 Rwu.
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o
b
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Transverse energy profiles
for 1 GeV shower in lead,
taken at different depths
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Hadronic showers

E'" Mauro Donega 183



Hadronic showers

Another cascade phenomenon is the production of hadronic showers.
The incident particle interacts through the strong force or electromagnetically with a
nucleus creating hadrons and photons in the final state.

::mt;:n The hadronic shower has a more complicated
D v, x, '—pions|  Dehaviour than an em shower. Typically we describe
i, i —muons : .
' i R the total cross section as:
e —positron
v —neutrino

y —gamma-ray Otot = Oelastic + Oinelastic

The inelastic cross section is modelled by the
nuclear interaction length: Ai = A/(NA O Cinelastic)
which play the same role as the electromagnetic
interaction length

Hadronic showers tend to have a more complex
shape than em showers

http://inspirehep.net/record/1416209/files/Hadron-Shower.png

Because of the production of neutral pions (which decay to 2 photons) showers will always
have an electromagnetic component.
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Hadronic showers

100 GeV 100 GeV
photon proton

https://inspirehep.net/record/1399130/plots

(more about hadronic showers later in the course)
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Cherenkov radiation

E'" Mauro Donega 186



Cherenkov radiation

Cherenkov radiation is emitted by charged particles travelling faster than the speed of
light in a material. If the refraction index of the material is n:

fc=v=c/n Uparticle >c/n

l.e. there is a velocity threshold for the light to be emitted that depends on n.

Above that threshold the an electromagnetic shock wave (like the sonic boom) is
created and a conical wavefront is emitted at a given angle '

fn(w)

cos Oc =

Q: where does the cosine comes from ?
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Cherenkov cone

Q: where does the cosine comes from ?
a) Figure 2 shows a sketch of a typical Cerenkov wavefront. Suppose the particle travels from
O to A in t seconds. The radiation sent out while it is at O froms a spherical suface with
center at O and radius ct/n. The Cerenkov radiation wavefront which is tangent to all such

spherical surfaces is a conic surface . In the triangle AOB, OB=ct/n, OA=vt = fct, and so
cos = OB/OA = 1/(np).
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Cherenkov radiation

Consider a particle of charge ze, incident on a piece of material of length L
(simplified to a 2D problem)

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

2 - 2
d’E =z2gnﬁzsin20 wlL siné(0) :
2npc £(0)

g  dwd? ¢
5 L
where E(0) = b (1—pfncos )
2fc

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

[derivation e.g. Ch.14 Jackson]

VAS

As a function of the angle you see a diffraction-like pattern Sirgl(ée()e)
1
with a maximum at the Cherenkov angle  cos 6c =
pn(w)
Narrow peak if L >> A —> it tends to a delta function
in (0
Slzfg() ) —> &(1-nB cos )

For smaller L the peak broadens
Moreover n=n(9), so each wavelength will have a different angle.
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Cherenkov radiation

Integrating over the solid angle and frequencies and dividing by L

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

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

The energy loss increases with 3 —> so we can use it to measure the speed of particles.
Knowing the momentum and the velocity we can get to the mass: PID (as Bethe Bloch)

The typical energy loss is of the order of 10-3 MeV cm?/g, i.e. order of permill compared
to ionization in a solid, but that still corresponds to a huge number of photons emitted

We can compute the number of photons emitted per unit length by integrating
dE/dQdw and dividing by L and hw

U PPPPPRRR PR TEELL

Most of the energy is emitted
. . » inthe UV'!

The typical devices used to detect Cherenkov radiations are photo-multipliers-tube (PMT)
(—> see later in the course) which are sensitive to a range of wave length Ae[350, 550]nm
A’Z
al\/: 27z o sin” O d—’l =
dx Ay A
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Cherenkov ring in neutrino dets

Muon event: Cherenkov light in SuperKamiokande

neutrino

photomultipliers

i
..
1
3
=
=
=
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Cherenkov radiation

Cherenkov light is mostly emitted in the
UV (promptly adsorbed by water).

What we see as blue is partly the “long”
wavelength tail in the visible (UV—>Dblue)
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Transition radiation

E'" Mauro Donega 193



Transition Radiation

When an incident particle of charge ze crosses the boundary between two media with
different refractive index it emits radiation. The energy of the photons emitted by a particle
of charge ze crossing the boundary between vacuum and a medium with plasma
frequency wp is:

I = az’~yhwy/3
where hwp = /47 Nerd m602/oz = \/p (in g/cm?’) (Z]A) x 28.81 eV

Properties:

- energy of the photons is proportional to y of the incident
particle and typically in the X-ray range

- angle of emission is proportional to 1/y

- number of radiated photons is az2. Because number of
photons is so small (i.e. the probability to emit a TR
photon is small), typically several interfaces are build
using foils or fibres s T S e oS

- TR is extremely faint: effectively only relevant for y >1000 polyethylene fibres
particles

E'" Mauro Donega 194



From interactions to detectors

Now that you know how particles interact with matter you can understand how existing
detectors work and invent your own.

The general goal of a detector is to record the passage of (energy deposited by) a
particle by one or more of the previous mechanisms. The data will subsequently be
analysed to gain information about the incident particle.

There is a huge number of different detectors. They can be roughly divided into:
simple counters (no energy (just energy above a threshold), no position)
position sensitive (position no energy)
in a magnetic field we can extract the momentum
calorimeters (energy no position)
segmented calorimeter can arrive up to an “image” of the energy deposited
Combining momentum of a particle and its speed we can get to Particle identification

Detectors can be single units or composed by several sub-detectors. In latter case they
are ordered:
first tracking device which do not affect much the energy momentum of the particle
then calorimeters which will stop the particle starting from the less penetrating
then catch what penetrates the calorimeters

We will study various detector types when we will encounter them in the papers.
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Detectors timeline

11 cloud chambers Wilson

28 Geiger tubes

29 Coincidence Bothe

34 PhotoMultipliers

'37 Nuclear emulsions

52 Bubble chambers

68 Multiwire Proportional chambers
/1 Drift Chambers

74 Time Projection Chambers

'83 Silicon Strips / Pixels

E'H Mauro Donega
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