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DETECTOR TECHNOLOGIES

Lecture 1: Principles of detection

- Generalities about detectors
- Interaction of particles with matter
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Goal :
Observation and identification of final states
(whatever the processus)

A particle:  Mass
Electrical Charge
Moment
Energy
Lifetime

A Detector : does not give any measurement.
Gives an information coming after an interaction
with the particle
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Energy deposition
- Limited (the particle goes almost undisturbed)
Momentum
Electrical charge (if magnet)
- Trajectography
- Total (the particle stops)
Energy

Various processes

But first : some important notions
(supposed to be known ?)
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Types of detectors :
Trackers (position and momentum measurement)
Calorimeters (energy measurement)
|dentifiers (identification of various types of particles)
Trigger counters (decision)

Tracker Calorimeter Coil Muon Detector and iron return yoke
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CROSS SECTION :

Probability of a phenomenon (interaction with the detector) to occur.

do 1 dN; F = incident flux of particles

aEY =7 Ns = emitted number of particl

dQ F dO s = emitted number of particles
Q = Solid angle

o (E)=[dQ =2

MEAN FREE PATH :

Average distance travelled by a particle between 2 consecutive interactions
in matter (detector) :

| Material Budget Tracker |

1 D6
A= X [
o.Nn o

o = total interaction cross section
n = number of interactive centers per unit volume

0.4?
0.32
Example : 0'2:
The CMS tracker 0.1f
material budget in unit

of interaction length
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TIME OF FLIGHT :

For particles with a timelife of 1, :

N(t) = Noe~ TL

o

Of course, in the laboratory, for a particle with a speed v,

T=77, Y=
and then,

DISTANCE OF FLIGHT :

Mean distance in the detector for a particle with a lifetime 7,
measured in the laboratory (without interactions....)

pcT,

L=vt=Bct=Byc 1, =

m

Jean-Marie Brom (IPHC) — brom@in2p3.fr



High energetic particle (particles at speed = ¢ )

quasi-transparent detector
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Particle cT (cm)
Y oo (stable)
et /e oo (stable)
vl 6.6 104
neutrino oo (stable)
n© 2.510°
nt/ 780
K* /K 371
KO, 2.7
KO, 1554
P oo (stable)
271018
H 10 12




INTERACTION OF PARTICLE WITH MATTER :

Depends on the type of interactions
ELECTROMAGNETIC : A= um
ionization
pairs creation (e* e, electrons — holes...)
photon emission (Bremstrahlung, Cerenkov effect)
STRONG :A=cm
hadronic showers of neutrons
(but the observed signal will be due to EM interaction)
WEAK : A = 10'> m (neutrinos)
GRAVITY : ??

Depends on the type of particle
CHARGED
NEUTRAL

And of course, ENERGY, MEAN FREE PATH, LIFETIME
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DETECTOR and PARTICLES and INTERACTIONS ...

In order to detect a particle, it must
- interact with the material of the detector
- transfer some energy in a recognizable way (signal to be processed)

4 CLASSES OF PARTICLES 3 POSSIBILITIES
Heavy (m > m, ) charged particles lonization (EM)
Light (m = m_) charged particles Radiation (EM)
Photons Nuclear Interaction (Strong)
Hadrons
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1. HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

Energy loss (energy transferred to the medium ) by ionization in MeV g1 cm?

dE. _ . »,Z 1 [1, 2mec? 324 Tmax | 2 _ ()
—— =Az"—— |=In : — % —
dr Ap2|2 12 | 2 |
Bethe-Bloch, 1932
Where: K=4mnN,r.2m, =0.3071 (relative to the electron)

A, Z : atomic mass and number relative to the medium
N, :Avogadro’s number
T .ax - Maximum possible energy transferred to an electron in the medium

~2m B2 y?
z : charge of the incoming particle
B, v : relatives to the particle
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(see J. Collot’s lecture)

- dE/dX in MeV.gt'cm?
— valid only for M>mpu
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1. HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

Energy loss (energy transferred to the medium ) by ionization in MeV g1 cm?

dE 57 1 [1, 2mec® 324 ?Tmax
——— = Kz*—— |=In .
dr Ap2|2 12 | 2 |

Bethe-Bloch, 1932

Where: K=4mnN,r.2m, =0.3071 (relative to the electron)
A, Z : atomic mass and number relative to the medium
N, :Avogadro’s number
T .ax - Maximum possible energy transferred to an electron in the medium
~2m B2 y? (see J. Collot’s lecture)
z : charge of the incoming particle
B, v : relatives to the particle

- dE/dX in MeV.gt'cm?

— valid only for M>mp

- dE/dX depends on f3,

- dE/dX does not depend on M
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HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

| |

LR
111

-

-dEfdx [MeV g ' cm®]
| o] T o
| |
| |

|
>
\
|

A
0 I t |
0.1 1|0 10 plm 1000 10000
Non-relativistic i
By=p/m<1 — -dE/dx a B5/3 Relativistic increase
By >4 — -dE/dx a 2 In(y)

By =4 — Minimum lonizing Particle (MIP)
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HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

lﬂ ;_ ||:I|I||.|.|I||||I:||| T T ||||||| T T T |||||| T T ||||||| T T IIE
s Wil \ :
1\
._.;g 6 - II'1-,';"'.|"" H'n_\ Hy liquid 3
Eosp W\ il E
| g WW L N T i
"] 4 - I:I'|I'l|:|:||;:._ -+ TTd
= bWl Ho g || F 1 o
= 3 i Relativistic rise :
e - I||l|'. I'.\_‘ = ail i . « .
< 1-1'&;\ T T e AT s - more distant collisions,
T 2 v”“ Nl _,f;-f:”; I f_'_"'rﬁ“;_-;- sssSey increasing the transverse
et I \ -\-+_ e H-F.-o-' il ._P =T ] . . .
[ A NIRRT I electric field with y
_ \NSEe | - Typical for
| | | 15
I | 1 L L1l | [ | [ | | aS : .
(.1 1.0 10 100 1000 10 000 g .
By = p'Mc liquid : 1.1
| - ||||||| 1 | ||||||| | | ||||||| | | ||||||| 1 1 |||||||
0.1 1.0 10 100 1000
Muon momentum (GeV/e)
1 |||||||| I I||||II| 1 ||||I||| I I|||||I| 1 |||I||||
0.1 1.0 10 100 1000
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0.1 1.0 10 100 1000 10000
Proton momentum {Ef*":.-".f::j‘]
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TPC ionization signal (arbitrary units)

O

HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

1000 71—
900 —
800
700 — ‘1‘ .

e
- X (£
Coal
‘.h.
@

e

negative particles,
PbPb, 2011 run,

600 - Vs =2.76TeV

500
400
300
200

100 ¢

Direct identification by energy loss
in Ar-CH, 80-20 %
(DELPHI
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Energy deposit pet onil length (ke iom)

Direct identification by energy loss
in Ne-CO2 90-10 %
(ALICE TPC)

I.'_.I--j. T .I:-:' I. Il_._llll N T T T T T TTT
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HEAVY (m > m_ ) CHARGED PARTICLES : IONIZATION

Corrections to the Bethe-Bloch formula :

Density effect : the density of the medium will have a
screening effect on the relativistic rise (important for solids
and liquids)
Figure 2.5 Density effect correction parameter J for several materials.
(The parameter was calculated using the formulas and coefficients given

in R.M. Sternheimer, M.J. Berger, and S.M, Seltzer, Atomic Data and
Nuclear Data Tables 30: 261, 1984.)

e
z"J”QH .
/0 o Solids
Liquids
&
8
6'..
4
2t (STP) . Gaz
/ i I ;'IO I I I)’OO 6 h .f£3‘3
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2. LIGHT (m=me) CHARGED PARTICLES : IONIZATION

Corresponds to an energy loss by charged particle : Bethe-Bloch

But : small mass : electrons may be deflected
interaction electron — electron : collisions between identical particles

dx m A B*|2 |

e

Bethe-Bloch : _(dEj _[4RNA OLZ(hC) ]ZZ pZ 1 |:£|n(2(BY)2 mesmaxj_BZ _%:|

Bethe-Bloch _(d_Ej _[ 2N’ (re) \pz 1| () mT (2 1) 1
For electrons dX J\on m, A p? 21° y y?) P
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3. CHARGED PARTICLES : RADIATION (Bremsstrahlung)

For any charged particle :
When accelerated (or deccelerated), in the nucleus electrical field,

any charged particle emits photons

§ 6. Energy Loss of Fast Electrons by Radiation.

For very high energies (case 2) the integration gives

_ (a@) _NZrlg, (4 log 183%% %) (for By > 13Tme?Z—4),

da /rad 137
From :Bethe, H.A., Heitler, W., 1934. On the stopping of fast particles and on the creation of positive electrons
d i . 7 .
dE™ ( MeV = 0.3071 ¢ 72,2 @lnf 133.] Z : médium
B 2/ bl ey 13 z, m, E : particl
dx glem*” Alg) m\ 7 , m, E : particle

(%)2 =1 foret, e
=1.3 10" for u

=2.310>form

=2.7107 for p

Up to 100 GeV, on can neglect the
Bremssttrahlung if particle #e*ore
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CHARGED PARTICLES : RADIATION (Bremsstrahlung)

2

rad
dE ( MeV )= 0.3071 QZEEE{ m__,} E l (183]

For electrons, — : n :
dx “glecm* Alg) ™ m' m, zV¥
- rad - .
Can be rewritten as —i—b [:e‘}:f X, (g/cm?®)= 7164 A[fm
) 0 Z(z+1)n (22
V4
Xo : radiation length (characteristic of the medium,
| Material Budget Tracker |
L Medium Xo (g.cm?)
% 2
1.8} Hydrogen | 63.1
Example : ok Helium 94.3
The CMS tracker 4
1.2
material budget in unit "/ Carbon 42.7
of rad. length 0.8t Aluminium | 24.0
0'6; Iron 13.8
0.4f
o.2f
q:
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CONSEQUENCE : CRITICAL ENERGY

The energy loss has 2 components :
- ionization (for heavy and energetic particles, it is = constant
- radiation ( for heavy particles, it is almost negligible) proportional to E

dE (d E ) (d E )
= +
dx dx ) ion \dXx /J 4

The critical energy (Ec) is defined as the energy at which the two mechanisms are equal

g 510 MeV g 710 MeV
¢ Z+1.24 ¢ Z+0.92
For liquids and solids For gas
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medium Xo (g/cm’) I?_W'
hydrogen 1 1.01 &]I 700000 350
helium 2 4 ‘Jdl 530000 250
lithium 3 6.94 EHI 156 180
carbon b 12.01 43 18.8 90
nitrogen 7 14.01 35 30500 85
OXygen 8 16 3-‘1' 24000 75
aluminium 13 26.98 2-‘1| 5.9 40
silicon 14 28.09 2] 9.4 39
ron 26 55.85 13.9
copper 29 63.55 12.9
silver 47 109.9 Q.
tungsten 74 183.9 6.
lead 82 207.2 6.
air 7.3 14.4 37
gilica { 5#0:) 11.2 217 27
water 7.5 14.2 ki

Note : table for electrons only (the most sensitive)
for other particles, it would scale to the square of the particle mass
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INTERACTION OF CHARGED PARTICLES

100

or ;
%[ 1" on Cu /T
100 & /=
% - Bethe Radiative K.ﬁ'j -
= - Anderson- s -
- nl Ziegler £ 5
z == Radiative , / -
=z £ 3 effects Ene
2 10 23 o readdm /¢ Radiative 3
= - Minimum / losses a
a - ionization (e
= - Nuclear ] ;:;;%:‘: RNTETE TR 3
5] l lasses e ' Without &
1 | | | | | | - | |
0.001  0.01 0.1 1 10 100 1000 10 10°
By
| | | | | | | | | |
0.1 | 10 100 I 10 100 | 10
[MeV/c] [GeV/(] [TeV/d]
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Muon momentum
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4. CHARGED PARTICLES (Hadrons) : Coulomb scattering and interactions

Hadrons are interacting mainly with the nucleus by (strong interaction)
- collisions (coulomb))
- interaction (strong force)

g = 2y1/2 = EES .
Prms = (P7) - o X,

X

Phenomenon governed by the interaction lengths A; (collisions) and A, (interactions)

—2
g cm

b=

N,or

= A gem
s
N A [jj'nefuslr'c
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MEAN RANGE AND EMERGY LOSS
Mean Range and Energy Loss in Lead, Copper, Aluminum, and Carban

-dE/dx (MeV g’ ecm?)

1000 T THE——F FTF 1000
o 4 F‘:.i"H J';_
Range : measured of the stopping power
for various material
. . Kp|d
for different energies (momentum) 100 [l -
T, L P il
R(T,)=[ —4T Tl
(To)= E %3}
, dE (T) G L
o 0
dx ® 5
o
=
o "
=
AN 1
[ Material Budget Tracker | . . I J | ot o :
fi‘m.ﬁ__ | =:u':?-l.;::‘ —] 'I ] ? Flh Cu
y N Ex Iy Amar 4
04 ARG ! L K.‘l v Pb j"'
g pj}w df| « e
Example : & 04 W7 AR ~Joy
The CMS tracker 02| i A o i ! 0
material budget in unit ot (GeV/c)

of interaction length
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Hadronic shower : A instead of X
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CONSEQUENCE : RANGE IN MATTER

In a medium a particle will loose its energy by any means
(ionization radiation, scattering) until it stops in the medium

Of course, it depens on the MASS and ENERGY of the incoming particle
Of course, it depens on the DENSITY and the THICKNESS of the medium

Almost negligible for High Energy Physics

Stopping Power [Me\/cm]

%]
1

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.43 MeV)

Path Length [em]
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Dose (%)

10k

nall

modified PROTON baam
250MeaV

native PROTON beam
250MeV

B

0 10
Dreplh in Tissue (cm)

da] =0
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ENERGY LOSS DISTRIBUTION

The Bethe-Bloch formula describes the average energy loss of charged particles.
But there can be large fluctuations which have an effect on larger energy losses
The fluctuation around the mean is described by an assymetric distribution

3 GeV electroas

whe

Landau distribution :

oo F B Londau datrivuted erergy loss

QA=

—e \p{——{ﬁk +e” ‘}}

\,a....T

In fact, for thin absorbers, the reality is more a convolution
of a Landau and a Gaussian distribution...

Energy deposited by 736 MeV/c proton in Silicon
(Xo=9.4 cm, Ec = 39 MeV for electrons)
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AE, =

& E Berhe

% o %0 M0 ¥ we W

_ AE — AEMP
B E
e=0. 3071;:% MeV
2.A(g)p°
€ (B°+In(=5—)+0.194) MeV
§

J siio 580
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5. INTERACTION OF PHOTONS

Photons are interacting with matter through 3 types of processes:
- Photoelectric emission —s Absorption
o~1/E3
- Compton scattering __, Deflection
o~1/E
- Pair production — Absorption
o ~ constant (above threshold)

tem?g™!

a1

Absorption coafficien

001

Note : Main effect : electron production. )
Attenuation

0.001 ——

I(x) =Ioe ™™
U : realtive to the medium and the absorption cross section

c)-ABS = ophot + c)-Compton + c)-pairs.

Jean-Marie Brom (IPHC) — brom@in2p3.fr 27



INTERACTION OF PHOTONS : PHOTOELECTRIC EMISSION A. Einstein, 1905

Yy+A— A" +e 2

Again : Energy transfert to an electron :

Ee = Ey - Ebinding

~ 5 7/2
For Ey > Ebinding o-phot VA /E Y /
~ 5 3
For Ey >> Ebinding 0-phot z / E Y "
0%k
l'"é'il
f‘mz-
;Q_, 3
Dominant process for E, < 100 keV .
8100!'
10'2: N M S SO
10'2 100 ‘02

Energy [MeV]
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H(r\.
A

INTERACTION OF PHOTONS : COMPTON SCATTERING

Ey' 1

E, 1+e(l-coso )

¥

cotg 6, = (1+¢) tg[—}

O, can not be > /2

= with € =

E

¥
m

€

Cross section : calculated using QED :

Klein — Nishima formula

e Z
dGL‘ rl'.‘

1+c05"ﬂy

‘(1—-‘:058 )

Integrating over Q:

l+e  2(1+€)

= 271r
e( 2 142€

0-Com pton

OLZ/Ey

c)-Compton

f A Jean-Marie Brom (IPHC) — brom@in2p3.fr

— lln(_l+.2cej] - iln(l+2‘ej

€

— —(1
d() 2(_1+E[1—CDSGT_JJ‘ +(l+cns ]{1+E[l cosf, )

2€

| ( per electron )

1+3€
(1+ZE)

) ( per electron )
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INTERACTION OF PHOTONS : PAIRS PRODUCTION

y—>e +e’

Needs a nucleus

or another electron... (e e
E >2m, E z4m,
Threshold :
m2
E, >2m +2—= N
=Mt — And because m s >> M |E, 22M, 1,022MeV

: 2 E,
Cross section : 0, =27 In| ——
m,C

.
For higher energies (> 10 MeV) : o =§4oz.re.Z2 In

pair

183

1/3
Z

Note : If enough energy, the positron will annihilate with another electron,
producing another photon, which will annihilate in a pair ...
> Electromagnetic shower
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100

O~
o

[

N
o

Z of absorber material
=

SIPAP - Jean-Marie Br

T 11 g 8 W 3
photoelectric

] effect dominates

pair
production
dominates

Compton effect
dominates

Ut R SRt B

0.01 0.1 1 10 100

photon energy [MeV]
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Photomultiplier

Vv

INTERACTION OF PHOTONS : shower AP [51 AT
AT

A =

Note : brems P ["'f £ 5
e L

tglell |l e

Electromagnetic shower ‘ N _\‘ st

Lﬂ_% L dNEI
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6. CERENKOV EMISSION

When a particle is moving faster than the velocity of ligth in a given medium
— 5 production of photons

< /// Cos Bet Bn
>

Treshold : B}% (n is the refractive index of the medium)

dN 1
=2ma—I|1— -
dxd ;. };"’( E{l n

Photon production is rather small :

2
Energy loss is very small (can be neglected): d—f = (— hc dE)/((hC) J = K.dE
103 MeV.cm?.g! for solids A
0.01-0.2 MeV.cm?.g! for He, H2

Typical :  0.35um < A enioy < 0.55 um
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Q7|

Q.85

MMomentnm  (rehch

Identification of particles by measurement of © (Experience Babar)
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7. TRANSITION RADIATION

Transition radiation is a photon emission (X) occuring when a charged particle
passes through inhomogeneous media, such as a boundary between two
different media with different dielectric properties

.. 1
Emission at an angle  cosb=+

One of 20 Layers

Very low rate ~ [/2 o (fine structure constant)

4 AMS TRD Prototype O e X7 20GeV
In the momentum range 1 — 10 GeV, only Tube Spectra — eMC
electrons produce transition radiation with a j A [PLXz160GeV
relatively low probablity (1%) per boundary 2 103}
crossing. E’
Thus, a TRD is mostly used for electron |
identification.

10 4 10 20 30
Erysc/keV
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