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« Energy Loss of Heavy Charged Particles

 Electron/Positron Energy Loss

* Photon Energy Loss
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What does a
Particle Detector

DO

exactly?

Basically one thing:
« Generate and then register a pulse of ionization

» Generate a flash of light

» But then that light must be converted to a pulse of ionization before its registered
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Photomultiplier
tube (PMT)

Particle Detector functions ‘Qf St |

= simply detect passage of a particle into a large \ \\
detector volume or array N NN .w e N\

= i.e. neutral particles won't “trigger’ system

Ard scintillator
(PbWO4, 6x6x20 cm?3)

= Measure time-of-flight between two parts of
detector - measure speed

= Can be used to identify particles

= Localize charge to infer passage of particle at a
certain point
= Track trajectory through many layers

= Measure energy loss and total energy deposit
= Can be used for Particle identification

80 100 120 140 160 180 200 220 240 260 280

E, MeV
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Examples of Particle Detectors — “light-based”

Passage of ionizing radiation excites
atoms to release light

= Scintillators (Juan Garza, Ken Clark)
= Light output depends on energy

deposition Y
= No inherent directionality to light
= Solid or liquid material -
= Cherenkov Detectors e
= Light output depends on energy and

speed of charged particle
= Light “cone” highly directional

Ultimately, light must be converted to \ |

Radiator - Quartz Window

[

electrical pulse to be “registered”.
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Examples of Particle Detectors — lonization based

Charged Panticie

Semiconductor-based detectors (Jennifer Ott June 3): =l
= For precise position localization i \
= Good timing accuracy - l"‘
= Expensive R o~

Gas-based detectors (Philippe Gros May 29):
= Position localization
= Energy measurements Lammal™e S .
= Can be deployed over large areas

Crystal-based detectors (partly Katherine Pachal May 30)
= Very dense, can stop particles in short distances
= Generally excellent energy resolution
= Weak position resolution, decent timing
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Energy Loss interactions crucial to detector design choices

Modern detectors, especially in Mon Dt
particle physics, are a complex mix of T i | ——
subdetectors with multiple functions m

= Designing these systems half science, RICH!
half art, half engineering

= The performance of these complex Detemior
systems dictate what can and cannot el
be detected, and what can and cannot

be discovered (or inferred)

ECAL

||
RICH2

i

T9
T10 T11

M1 My W

M3 Mg B
M5
A I O S s S [ N N N (N B—

= They really are foundational to modern o s 10 5 e 20
subatomic physics

-

— A\
~J

x[m] o
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Therefore, important to
understand basics of particles
Interactions with bulk materials,
especially EM energy loss
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Which particles CAN we detect directly?

Table 1.1. Properties of quasistable particles
Major Branching
Mass Spin Magnetic T decay ratio
(MeV/c?) (h) moment (cm) modes (%)
Gauge bosons I
photon 0 1 0 stable — —
Leptons
¢ neutnno ~0) - 0 stable - —
E M neutnno ~0 4 0 stable — —
electron 0.5110 4 1.001uy stable - -
7S muon 105.7 4 1.001 (eh/2m,c) 6.99 X 10* ew 100
Mesons
n° pion 135.0 0 0 25X 10°° 2y 98.8
n pion 139.6 0 0 780.4 uv 100
< kaon 493.7 0 0 ‘3'%9"0.9 v 63.5
— I r=n0 21.2
 &v ofF & 5.6
K? K short 497.7 0 0 2.675 atn- 68.6
2x° 314
K? K long 497.7 0 0 1554 xCV 38.7
xuv 27.1
3x° 21.5
tnn® 124

GRIDS 2025. TRIUMF



Which other particles CAN we detect directly? :
Baryons
p proton 938.3 i 2,793 stable — —
n neutron 939.6 3 = 1.913uy 2.7 x 10" pe v 100
A lambda 11155 % —0.61 34y, 7.89 pr- 64.2
na® 35.8
i sigma 1189.4 i 2.37%u, 2.40 pr® 51.6
, nat 484
X0 sigma 1192.5 i 1.7 % 10* Ay 100
2 sigma 1197.3 3 — 1. 10p 4.44 nm- 100
=7 cascade 1314.9 ' — 1. 250y 8.69 An® 100
1 cascade 1321.3 4 = 0.6%uy 4.92 An~ 100
3 omega 1672.5 3 2.46 AK- 68.6
B0 2314
=-n° 8.0

Source: Particle Data Group, Rev. Mod. Phys. 56: S1, 1984; L. Pondrom, in G. Bunce (ed.), High Energy Spin Physics— 1982, AIP Conf.
Proc. No. 95, 1983, p. 45.

+ charged stable or long-lived nuclei (*He**, 10", etc)
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ALL other particles can be “detected” only indirectly

through the decay products that we can detect.

A

4

> Il 1l b 14

lambda
sigma
sigma
agma
cascade
cascade

OTECga

1115.5
1189.4

1192.5
1197.3
1314.9
1321.3
1672.5

bl BB bl R B B A=

—0.613uy
2.37%u,
= L10uy

— 1. 254y
~0.691

7.89 R
on®
2.40 pr°
n
1.7 1077 Ay
4.44 nm
B.69 Ax®
4.92 An_
2.46 AR~
=0
==

Aside: this is one of THE key challenges for identification of short-lived particles...

64.2
35.8
51.6
48.4
100
100
100
100
68.6
234
8.0
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Particle interactions and Fundamental forces

Particle EM Weak Strong

Charged leptons v oV
(electron, muon, tau)

Neutral leptons v
(neutrinos)

Charged hadrons v Vv v
(protons, T 1T7,...)

Neutral hadrons v v

(neutron, m?9,...)
Photons v

Particle must interact somehow with the detector in order to be “seen”
Gravity will be ignored as irrelevant

Ultimately, either the particle or interaction products must interact
electromagnetically in order to be detected electronically

GRIDS 2025. TRIUMF
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| Basics ) Energyloss)  efet > Photons >  Showers > Cherenkov> Summary
Relativistic Kinematics notation we will need... )

These show up all over the derivation of charged-particle energy loss we
are about to explore.

(e v B 1 B 1
V@IOClty. 3 = Y= 1_E—3 = \/@
Energy: E = mc* = ymoc® E? = p°c* + m%c4
Momentum: p=mi=mpec=pmc*/c=pE/c — =pc/E

Taking c=1, m=my: B=p/E;~y=E/m;[y=p/m
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__ Basics > Energy Loss> _eJet > Photons > Showers ) Cherenkov > Summary
QM reigns: Interactions are probabilistic

The interaction probability p depends on:
« Density of medium p

* Thickness of medium d
« Define “areal density” S=d*p
 Units [mass/area], Usually [g/cm?]

* |[nteraction “cross-section” ¢
* units [area], usually “barn”
e 1 barn =102 m2 = 100 fm?

* Depends on specific interaction (strong,
weak, EM), energy, etc

* S0, the interaction rate R ...
* R=1*0*S, where I=N; 4on/(Unit time)

>
N1 >

Define:
p = medium density
d = medium thickness
S = medium surface area

N, = # particles in medium volume

c = “cross section” probability of
incident particle on medium particle

N, = # incident particles

GRIDS 2025. TRIUMF
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The Mean Free Path: A

The mean distance between successive interactions:

distance travelled

A=
NSEape, Number of collisions

Derivation: Calculate the probability that a particle doesn’t interact
after having traversed a length x in the medium of area density S
* Interaction probability per unit distance
« w=p/d=0(S/d)
* Interaction probability between x et x+dx
« wdx=0(S/d)dx
* Probability to not have an interaction between x and x+dx
« P(x+dx)=P(x) (1- w dx)
« Expanding: P(x) + P’(x)dx = P(x) — P(x) w dx
* Therefore P’(x)=-wP(x)
-2 P(x) = eWx

Radius =r

Electron

I’Ah

O

vAt, vAK

\ W
\
Y -8
® /¥
- ’v
. /

Area = 7rr30

Lattice ion

I xP(x)dx

Define ; _

X
_ 1 thus, P(x) —e 4

1
[Peyax W N,(o/4) p

GRIDS 2025. TRIUMF
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Energy Loss by Heavy Charged Particles

17

“Heavy” means all charged particles heavier than electrons (positrons)

At low energy (keV to MeV)

* Energy loss dominated by EM interactions with atomic electrons
« Size of an atom ~1019m
« Size of a nucleus ~10-*m ~ 10fm
 Interaction transfers part of the energy of the incident particles into
kinetic energy of the atom that will either get excited (electrons
move to higher orbitals) or ionized (electrons break free) - T -
« The physics behind this is the same in both cases, just differences in
the amount of energy transferred

The interaction cross section can be very small (~102" m?)
but the high atomic density (N,= 6 *102°g") of most

materials can result in significant energy loss
« a 10 MeV proton loses all its energy (on average) in 0.25mm of copper
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“Classical” derivation of Energy Loss

Let’s dispense with all the quantum

mechanically mumbo jumbo to gain some
Intuition...

* An incident charged particle with charge z,e g z:e
creates an electric field at the position of

particle 2 in the medium. eb

E|l = z1r% sin f = 21,3
* The incident particle at a transverse distance
b (impact parameter) from the medium particle g = vE |

« By symmetry the net force on 2 is transverse o —p2 A YR
= + (vt')= = \/b* + v ("t
to the trajectory of 1. \/ (vt') \/ (7t)

- ~vz1eb
£l = (b2+~20212)3/2

GRIDS 2025. TRIUMF
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“Classical” calculation of momentum/energy transfer

19

Ay

The force F by the electricfield £ is F=qg&. b N_ _)

So the momentum transfer Ap is: | X

__ _ > (2’26) ’7’Zlebdt 2212262 |

Thus the energy transfer per interaction AE is:

2 2.2 4
AFE — (Ap)” _ 2'221'2228 1/b2v,2 => energy loss is dominated
2m b vim by close collisions and slow particles.

—1
AE(electrons)  Z ( 7 ) ~ 4000  N-b. the energy loss is dominated by
AE(nucleus) Me p the interactions with atomic electrons,

not the nuclei (M, geus =>> M,).
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Energy Los

Now integrate over all atomic electron interactions...

In a vertical slice of the cylinder at right, there are
ne X 2mbdbdzr atomic electrons.

Integrating over all the interactions n,*AE we get
the energy loss per unit length,

ak _ 27N (22%64)_1/6?”” db
— e 2 : b

dx muvy

main

Doing the integral, and using n. = p(NA/A) Z and the vacuum permittivity &g,

we get:
dE Zz%e" b
- = N, /A)ln| —= |
dx 4rnevim, (o N, /4) [b ]

min

GRIDS 2025. TRIUMF

20



Energy Los

“Classical” derivation of Energy Loss, final result

21

The In(b,,../b.,;,) term diverges for either
bpox > orb,,, >0

. Introduce physically realistic limits

* If projectile mass >> m_, then ze
AE haxe = 2MgV? , consequently: min

« Minimum energy transfer must be enough to ionize an atomic electron
So AE,,ne = I (ionization constant), ze*

consequently: bmax=2 \/2 7
TIEy~2m,V
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Energy Los

“Classical” derivation of Energy Loss, final result

Redoing the integration with the new
"realistic” limits b,,., , b,.;, , we get our
final result

1/v2 decrease at low energies

Slower In(v?) at high energies

Depends on (incident charge)?

2

2727z°r m c* 2m v’
=————(N, /A)ln[ ]

Where r, is the “classical electron radius”
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Energy Los

Result of full Quantum Mechanical calculation

Our semi-classical derivation was:

2_,2 4 2
_dE _ 27n/z"r, m,c (p-NA /A)ln[Zmev ]

dx v’ I

Hans Bethe and Felix Bloch did the full QM calculation
(famous Bethe-Bloch formula) and got:

dE  27Zz°r’mc’ | 2my VW, |
_dx= /82 (pNA/A) ln( 72 _2182_5
where ¢ is a charge density correction, and
2meczﬂ272

W, .« = max (AE) for a collision = ~~2m,v’y* forlarge M

1+ 2y

me me
+
M [ M

GRIDS 2025. TRIUMF

23



Energy Loss > _e-/e+ > Photons > Showers > Cherenkov > _ Summary 4

Bethe-Bloch formula: new features

2 ZZZ 2 2 2 2.2
_Zfz z ﬁrezmec (p.NA/A{m[ mey]z Wmﬂ*J—zﬂz—a]

The ionization constant (l) groups together the global properties of atoms
« Measured experimentally for different materials
« Parameterized as a function of the number of electrons (Z)

12+7/Z eV Z<13
I/Z: ~1.19
976 +58.8Z eV Z =13

The charge density (0) correction is due to:

« the electric field of the incident particle polarizing the atoms close to its trajectory
thus reduces the impact of the electric field of the further away electrons (like a
screening effect) which consequently reduces the energy loss i.e. d >0

« The effect becomes larger if the energy of the incident particle increases (longer
range electric field) or the density of material increases
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Energy Loss > _e-e+ > Photons > Showers > Cherenkov > Summary 2

Bethe-Bloch formula in action

dE'_
de

Particles with larger charge
lose energy faster

Energy loss is inversely proportional
to the velocity squared (v?)

- dEAdx (MeV g lem®)

“Minimum ionization”
dE/dx ~ 2 MeV/(g/cm?). at By~3

—

1.k 10 1My 1{Hx
Beluon momenium (Ge )

IR E——— - bobe dodh bl A --I.lI-I-IJ . JJJI.-I-II
1. 10 10 100
Fion momyentunm | GeYi oy

Heavier materials do not e
. 0.1 1.0 10 100 1000 L0y CW0
StOp pal‘tIC/eS aS We”, Proton momeniuim (Ge Y o

BUT density makes it up

Fermi Plateau:
Screening of the
Coulomb field by
atomic electrons
for large b.

Relativistic rise

due to the relativistic
deformation of the
Coulomb field, which
makes b,,., larger)
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Material Properties vis a vis Energy Loss

Table 2.1, Electromagnetic properties of elements®

d n, n, i Density
Material Z (X 10%/cm?®) (X 10%/em?) (eV) (g/cm?)
H, 1 0423 0.423 21.8 0.0708
He 2 0.188 0.376 41.8 0.125
Li 3 0463 1.39 40.0 0.534
Be 4 123 4.94 63.7 1.85
B 5 1.32 6.60 76 2.37
C 6 1.146 6.82 78 2.27
N, 7 0.347 2.43 85.1 0.808
0, 8 0.429 3.43 98.3 .14
Ne 10 0.358 3.58 1378 1.20
Al I3 0.603 7.84 166 2.70
Si 14 0.500 6.99 173 233
Ar 1R 0.211 3.80 188¢® 1.40
Fe 26 0.849 iy 286 7.87
Cu 29 (.845 24.6 322 2.92
Zn 30 0.658 19.6 330 7.14
Kr 36 0.155 5.50 3524 2.16
Ag 47 0.586 27.6 470 10.5
Sn 50 0,371 18.5 488 7.31
W 74 0.632 46.8 727 19.3
Bt 78 0.662 . 790 21.45
Au 79 0.577 45.6 790 18.88
Pb 82 0.330 27.0 823 11,34
U 92 0479 44.1 890 18.95

¢ Values are for solid and liquid states unless noted.

& Gaseous state. .

Source: Particle Data Group, Rev. Mod. Phys, 56: 51, 1984, 8§53, S. Ahlen, Rev.

Mod. Phys. 52: 121, 1980, Table 6; Y. Tsai, Rev. Mod. Phys. 46: 815, 1974, Table

3.6; Handbook of Chemistry and Physics, 64th ed., Boca Raton; CRC Press, 1983,

p. B65; R.M. Sternheimer, M.J. Berger, and S.M. Seltzer, Atomic Data and

Nuclear Data Tables 30: 261, 1984, Table 1. GRIDS 2025. TRIUMF



Energy Loss > _e-e+ > Photons > Showers > Cherenkov > Summary 2

Energy loss in the real world
Different particles traversing gaseous chamber in the ALICE detector at

the CERN LHC

TPC d E/dx signal (arb. unit)_‘
o 33888883888S8

P 'H”l”l'll”’lllllll]lll’l]fl”ll’l”IHI1I|TIII’IHI

-
L u.
"

Y ALICE
1 Wt 0-80% Pb-Pb
LR VS = 2.76 TeV

-
‘#.-:zllltosn

|

02 0304 1 2 3 45

pllzl (GeV/c)

GRIDS 2025. TRIUMF

27



Energy Los

Range of stopped heavy charged particles in thick media

“thick” meaning thick enough to stop all the particles
As particle in a medium loses energy, the amount of

dE/dx changes.

 Starting from above the minimum ionizing energy,
dE/dx first decreases, until fy~3

- Then it increases due to dE/dX « 1/v,? rise.
« Eventually particle loses all of its energy and stops.

Can calculate the average range R from:

0
R(E) = [E —dé/d.rdE

28

100

[MeV/gcm™?]
o
|

1dE
p dx
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Energy Los

Figure 2.3 Mean range and energy loss of charged particles in solids.
Calculations use the Bethe- Bloch equation with density effect correc-

u u . . . ‘ .
Range scaling relations i et e e

PARTICLE DETECTORS, ABSORBERS, AND RANGES

Doing the range integral yields average range R: ™o s oo o i o
W(5)- (2 S
M Zl M "sr.h ARN VA
sSARrEy 4
where h is a universal function P EsCESRT e
o TR TR é/ }1’ Y - il
ol AR RRCN/ ANV AT 1 (oW 5
. . . S ny/aun ! fiil . ‘o
This demonstrates the scaling law, e.g. comparing s, | " 4 ™ / [J I, 3
protons to alpha particles: 8 - -“%..Z ’j}j}f R 2
2 Errni Al T 3
5 (Ea) M, Z, . (Ea) //r S G
“\ M, M, zZ2 ~ "\ M, === Cfrefeie S,
et | v / 1 e pb/Cu
- At a given energy, lighter particles go deeper linearly WF, //T/ 111 I F
I/ CAR 1 N

0.01

 Particles with larger charge go shallower, quadratically °" P (Gev/o)
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Energy Loss > _e-/e+ > Photons > Showers > Cherenkov > _ Summary 4

Fluctuations in Energy Loss

30

The aforementioned discussion was about the Al .o ictionsn  SO% Ar - 10% CH, gty mixture, (AT &

Walenta, J. Fischer, H. Okuno, and C. Wang, Nuc, Instr. Meth.

average energy loss (and range) 16k 45,1909 i |
J

=}
al b o
But, energy loss is a statistical process. The | ﬁ/‘\ : ﬂ
number of ionizations varies depending on / f'\

particle trajectory. AL |
: P X |

* One expects a roughly Gaussian
distribution for large #s of collisions ; Y |

- However, sometimes a “head on” collision | fJ [ Y
with an atomic electron can occur, where e o -

the electron ejects with substantial energy
(maybe even exiting material).

* These electrons are called 6-rays,
resulting in a long Landau fail at large
energy transfer

COUNTS/CHANNEL

CHANNEL
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Energy Loss by Electrons and Positrons

Bethe-Bloch assumes M >> m, e e

 When M= m,, even a single interaction with an v

atomic electron can change the incoming particle 2y
energy substantially §

* Moreover, the positron also can annihilate with an //\\
atomic electron € €

So we get a different dE/dx for e and e*

« Electron Moller scattering

dE  2mn.e* 2mc?
— TeC 2 In me +3Invy—1.95
dCU ch I —m—

» Positron Bhabba scattering

dE  27nce’ 2mc?
_ ZMMeC (2111 me —|—4ln'y—2)

% N mCQ 1 N ——

GRIDS 2025. TRIUMF
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Electron and Positron Bremsstrahlung

Charged particles emit EM radiation when accelerated in an electric field.

33

. . Bremsstrahlung
e.g. a particle slowing down due to dE/dx | e
in the electric field of a nucleus ‘ ‘ Y

For photons of wave-number k, bremsstrahlung cross section is: | " nucieus

Cross-section falls as

Scales as 1/k with increasing y energy

1/(mass of incoming particle)?
[m(u)/m(e)]? > 40,000

do e? me \2 12 | Muviy?
—

Heavy elements are more
efficient at producing brems.

Because of 1/M? dependence, really only matters for electrons/positrons
IN most scenarios
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Bremsstrahlung energy loss, part deux...

Energy loss due to bremsstrahlung is:

1 dE
dFE E dx
A2 | = Nabi0rad 1.0
—~1/3 (Xgh)

where Orad = 400[In(1837, /7)) 4+ 1/18]
and o0 = aZir? 0.5

Energy loss increases with increasing E;,coming 0
« Radiation energy losses dominate above E_;
1600 o
7 mc
« Lower E_; for higher Z media. (e.g. lead, tungsten,..)

Ecr‘it —

34

[
\ Lead (Z=82) —10-2
R‘x [onization
\ _f_,,ff”’ff- Bremsstrahlung
- (cn¥ig)
B —0.1
N\
\
(critical energy) .
| B e
10 100 1000
E (MeV)

GRIDS 2025. TRIUMF



Radiation length: Ly (or X;)

We can rewrite bremsstrahlung energy loss as:
_dE| _E

35

Axlpen X, where, X, '=4ogn,In(183Z7, 13

Solving the simple ODE, one gets: |E(x) = E,exp(—x/X,)

X, IS the radiation length, where on average the incoming particle energy
is reduced by a factor 1/e due to bremsstrahlung
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Energy Loss > _e-e+ > Photons > Showers > Cherenkov > Summary 2

Material Properties vis a vis Energy Loss

Table 2.1. Electromagnetic properties of elements®

°
", n, I La An Density

Material Z (X10%/cm?®) (X10¥/em?) (eV) | (cm) (g/cm?) | (g/cm?)
H, I 0423 0.423 21.8 | 891 63.05 0.0708
He 2 0.188 0.376 41.8 | 755 94.32 0.125
Li 3 0463 1.39 40.0 | 155 82.76 0.534
Be 4 1,23 4.94 63.7 | 353 65.19 1.85
B 5 1.32 6.60 76 222 5269 2.37
g 6 1.146 6.82 78 18.8 42,70 ki
N, 7 0.347 2.43 85.1 470 3799 0.808
0, 8 0429 3.43 98.3 | 300 3424 1.14
Ne 10 0.358 3.58 1378 240 2894 1.20
Al 13 0.603 7.84 166 8.89 24.01 2.70
Si 14 (0.500 £.99 173 9.36 21.82 2.33
Ar 18 0.211 3.80 188% 14.0 19,55 1.40
Fe 26 0.849 22.1 286 1.76  13.84 7.87
Cu 29 (.845 24.6 322 1.43 12.86 8.52
Zn 30 0.658 19.6 330 1.75 12.43 7.14
Kr 36 0.155 5.59 3526 526 11.37 2.16
Ag 47 0,586 27.6 470 0.85 897 10.5
Sn 50 0371 18.5 488 1.21 8.82 7.31
W 74 0.632 46.8 127 035 6.76 19.3
Pi 78 0.662 51.5 790 0.31 6,54 2145
Au 79 0.577 43.6 790 0.34 646 18.88
Pb 82 0.330 27.0 823 0.56 6.37 11.34
U 92 0479 44,1 800 0.32 6.00 18.95

¢ Values are for solid and liquid states unless noted.

& Gaseous state. .
Source: Particle Data Group, Rev, Mod. Phys. 56: S1, 1984, 8§53, S. Ahlen, Rev.
Mod. Phys. 52: 121, 1980, Table 6; Y. Tsai, Rev. Mod. Phys. 46: 815, 1974, Table
3.6; Handbook of Chemistry and Physics, 64th ed., Boca Raton; CRC Press, 1983,
p. B65; R.M. Sternheimer, M.J. Berger, and S.M. Seltzer, Atomic Data and
Nuclear Data Tables 30: 261, 1984, Table 1.
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Photon Interactions N

B (b) Lead (Z = 82) -

Photons interact with matter in 4 basic ways % %, o - experimental Oy
. . IMb[— ,-g,._
(here ordered by increasing photon energy):

* Photoelectric effect: photon absorbed by atomic
electron, which is then ejected

* Rayleigh scattering: photon scatters coherently
off all the electrons in an atom

« Compton Scattering: photon scatters incoherently
off a single atomic electron

* Pair production: For E >2m,, photon converts into 0¥ AmV TNV TGV 100 Gev
[ 1 oton Ener
an electron-positron pair &y

1 kb

Cross section (barns/atom)

b

n.b. Photon interactions are important as eventually even high-energy particles end up producing photons.
(foreshadowing...)

Also, photons are either absorbed (disappear) or scattered by a large angle, largely keeping its energy
So one usually refers to photon attenuation rather than energy loss

GRIDS 2025. TRIUMF
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Rayleigh and Photo-electric effects po .
/”,’ & ﬁs\\\ Y
Rayleigh dominated by low wavelengths: o ~ 1/A% f?@’
why the sky is blue &é‘?’
In the Photoelectric effect, an atomic electron is eastc Rayligh sattering
freed after absorbing a photon T,=k-E,;.4
where E, ., is the binding energy of the electron ol
(which depends on the orbital layer: k,I,m) o ) o 0
¢ nuld.eus |:> d ° A
This process (y+e = e) is not possible for a free ] - Vacaney
electron since it violates momentum conservation ﬁﬂrﬂw/. o imw
from K-shell {used for m easurement)
hvi = AE K she

incident :
photon hvl

If E, > By_snenr the cross section is dominated (80%)
absorption in the innermost layer k as the proximity to the
nucleus allows easier absorption of the recoil energy
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Atomic relaxation after P.E. effect —————+——

\gq,n
: : T ey (b) Lead (Z=82) .
General trend of p.e. cross section is P
T Shell edges
~ 75|F -7/2 5
Cpe ~ £L2E, : :
i.e. dominates at low energies in heavy materials, like lead g
3
Low energy cross sections complicated by electron b
shell structure | LN
Cross section jumps way up at each shell omplt Lt 1 L
Photon Energy
After the electron is ejected, another atomic electron from a . )
higher orbital (say L) can “drop down” into the hole (say K), o )i
resulting in either: ey
* anew emitted X-ray photon with energy Bx — B, K;im
« or asecond “kicked out” (Auger) electron when B, — B, > B, (used for measuremen

hvt = AE K| shel

GRIDS 2025. TRIUMF



Compton Scattering

Photon scatters off a (quasi-)free electron
E >>B;, i=KL,M, etc

40

phaton incident

Angular distribution (Klein-Nishima)

2 S,
gz(l—cosﬁ) j| ™ % 6o (b) Lead (Z = 82) -1

d_o- — 1’02 1

dQ 2 ° [1+&(1-cos)’
« At low energy, angular distribution is symmetric
do/dQ <1+ cos® 0

o - experimental o,

{1+ cos’ 0+
1+£(1-cosb)

=

o
o

of

1 kb

Cross section (barns/atom)

- At high energies, it peaks near 0° do/dQ « 1
£(1-cos6)
The total cross section is: b
o‘f(&‘):Zﬂ'i’: 1+28|:2(1+8)—lln(1+25)i|+llll(1+2€)_ 1+382 ey ' ]Le\-’ — ]I\flle\-"f:l; s ]G|‘eV‘\4 100 GeV
E 1+2¢ g g (1 + 28) Photon Energy
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Pair Production

For E, > 2m, ~ 1.2 MeV, photon can convert into a e*/e’

pair in the field of a nucleus (or an electron)

* The nucleus supplies the other photon to conserve momentum
» Recoll energy of nucleus is very low <1 MeV

Dominates photon interactions at high energies

At low energies, cross section rises with E,

o)

paire

7

=4a r:Zz{—ln
9

2E, 109

m,c® 54

|

But above ~ 1GeV, it becomes ~constant due to a
screening effect and only depends on the medium

(o)

Dpaire

=4 erz(

7. 183
—In —

1

Zl/3

54

)

photon that
materialises

nucleus

et

pair produced

2
=

I kb

Cross section (barns/atom)

b

(b) Lead (Z = 82)

o -experimental O,

P
1 MeW

Photon Energy
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Electromagnetic Showers

So we've seen that:

« electrons can interact to produce photons
(bremsstrahulung), and

« photons can interact to produce electrons (pair
production, Compton, etc)

-> these interactions happening in combination
result in an electromagnetic shower
 Particularly important at high energies
» Rigorous calculation only by Monte Carlo simulation

Starting with a photon E,, after a distance:
« X,: create e*/e pair each with E,/2
« 2 X,: Bremsstrahlung yields 4 particles (e*,e, v, v)

ABSORBER

« N X,: after each step X, get twice as many particles, each with 'z the energy E(N)=E,/2N

« Shower development stops when E(N)=E_;, or N, = In(E/E,)/In(2)
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Energy Loss

Hadronic Showers

Strong interactions between hadrons
(pions, protons, neutrons) and nuclei in
medium also can lead to showers.

« Strong interaction cross sections MUCH less
than EM, but at high energies in dense media,
it becomes important

Gamma shower Hadronic shower

Shower initiated by the secondary hadrons
produced by the primary incident hadron

» Longitudinal development characterized by nuclear absorption length A,
Aouet =>> X, SO detectors have to be much thicker than for EM showers

« Secondary hadrons have high transverse momentum, so shower width is wider

Fluctuations are large (due to lower interaction probability), so energy measurements
using hadronic showers are less precise than for electrons and s
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Basics
Shower Calorimeters at CMS and ATLAS (CERN) .

Muon
Spectrometer

Ly

Muon

s on
ha~yed e
Meutral Madeon .5 Neutn

'.n.r;."-v

Neutrind
J

""" L ¥

g
’
0

. :
« Hadronic
- Calorimeter
i
K,
'F“ | Proton ' i
Slllcon T Neutron % The dashed tracks
= '. 0 are invisible to
traCker 4 the detector
Electromagnetic ' \ ‘ ‘
EM .. Calorimeter — +ElgCtron#’
Calorlmeter Solenoid magnet
. ; Transition
hadronlc or — Radiation
- Tracking { Tracker .
" Pixel/SCT S I
aado- ‘ detector g Lo,
. http://atlas.ch

calorimeter
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Energy Loss

N 15

Cherenkov Radiation

Emitted when a charged particle passes
through a dielectric (polarizable) medium with
Vparticle > Ciight/N, where n=refractive index

» Particle polarizes the molecules in the medium
* Molecules de-exciting emit EM radiation isotropically in the rest frame
» Locus of each outgoing wavefront outruns the previous wavefront

» This results in a “shock front” at an angle 6, to the trajectory

=

Exact form of emission angle: | cosé, =@+5 I-= || Erect

n

1 hk[ 1 ) Cherenkov

+ Atthreshold 6, =0, which implies my, =p-v/n? —1

* i.e. particles heavier than my, will not emit light

» - particle discriminator C1 C2 C3 c v 1 1 o
53 > > TC Pov— = =g :>IB>_ ~
=K n c n n

7€

<

aerogel neopentane  Ar-Ne
n=1.025 n=1.0017 n= 1000135 GRIDS 2025. TRIUMF



Energy Loss

Differential Cherenkov detector

Bmin determined by threshold 1/n

Bmax determined by:

* Physical aperture
 Total internal reflection angle in light guide

e.g using diamond (n=2.42) as radiator, we have
Bmin =0.413 and B, ~ 0.454

2> AP/ ~ 0.10 resolution

Best differential counters can achieve
AB/B ~ 107 resolution for particle discrimination

radiator

6

46
Al-mirror
: o

-

@

-~

-~

-~

NI

air light guide

~— photomultiplier
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Energy Loss

RICH imaging Cherenkov detector

Ring Imaging Cherenkov uses position sensitive
light detectors to image the Cherenkov light cone

patterns
 use to determine type of particle, its speed, and its

47

direction
* e.g. basis of the huge underground neutrino B T
detectors at Kamiokande, Japan T R |

s Of,

e/ve agearass?
%o, o
(4

Oo,h9

Container

Qiaits Window Drift Electrode

Radiator
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Basics

Energy Loss

Still Awake?
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Energy Loss

Summary

Reviewed the fundamental electromagnetic interactions at the basis of all
particle detectors

* lonization by charged particles (heavy, and electrons)

« Radiation by accelerating charged particles

The physical dependencies of these interactions are essential for detector
design and performance

The “art” and “engineering” comes in the clever use of these mechanisms and
In their optimization to achieve a specific goal.

I.e. it is worth your while to internalize these principles and mechanisms
as you pursue experimental subatomic physics
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Thank you for your attention

Merci

www.triumf.ca
Follow us @TRIUMFLab
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