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. Basic idea

Every effect of particles or ra-

diation can be used as a wor
King principle for a particle de-
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* methods of particle identification
* Measure the bending radiysn a magnetic fieldB
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Measurements

* Measure time of flight:

B %
* Measure the ionisation energy loss:
ol 2
(4 )ion ¢ 52 In(aBy = 1)

(a: material constant;: density parameter).

* Measure the particle’s energy in a calorimeter:
E¥D = (v — 1)mgc?.
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Interaction of Charged Paricles

Kinematics: a particle of mass:y and velocityv = Sc collides with
an electron; maximum transferable energy:

kin 2m602ﬁ2’72 _ 2m€p2
max ~_ 2 2 2 2
with E: total energy of the particle, = m;E@-

If . >> mp and 2y2e <<1 = Ei
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Cross section for scattering into the solid angle:

d) = sin ©dO dp = —d cos O dyp
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E. Rutherford a-particles on gold
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- Multiple Scattering
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(©) =0
pinMeV/c
Xo: radiation length

13.6 MeV T T
NI oS 00381 ( )}
©%) 2l B cp Xo{ - Xo

@space — \/i@plane — \/560

Projected angular distribution:

1 62
P(O) dO = de
(©) V210 — { 2@2 }

+ tail due to single, large angle Coulomb scattering.
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Electrons ofl5.7 MeV
on Au-foils

< 5° dominated by
multiple scattering

> 15° dominated by
single scattering

5 o
Scoftering angle

A.O. Hanson et al., Phys.Rev. 84 (1951) 634
R.O. Birkhoff, Handb.Phys. XXXIV (1958)
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Bethe-Bloch formula: exact treatment

dFE ZN 2r2mec® o [1 2mec?~y2 3% . )
— 27 TeThe® 2 [— ln( meCp’Y g Erlﬁgx) — 3 }

de 7T A 2 2




Bethe-Bloch formula: exact treatment

&, ZN 2r2mec? 21 2mec?y2 6% ghin ) _ g2 _ J
dx A 32 2 12 A

Density correction:

g ln( )—I—ln(ﬂfy)——

4wNer§M (plasma energy).




Bethe-Bloch formula: exact treatment

&, ZN 2r2mec? 21 2mec?y2 6% ghin ) _ g2 _ J
dx A 32 2 12 A

Density correction:

g ln( ) + In(By) — 5
wherefiw, = /47 N,r3 mgf (plasma energy).
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Deuteron Beam Scintillating in Air




a Tracks in a Micro Pattern Chamber
j': V




5 MeV proton 19 MeV o

U. Titt et al. NIM A 416 (1998) 85

Optical avalanche microdosimeter: demonstr@%gs)a >> (%_f)
becausel ~ 22

p

E, =5.0 MeV with é-ray
E, =19 MeV with 5-ray
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lonisation density of re
lativistic heavy ions fro
cosmic radiation in nucledg
emulsions

G. D. Rochester

Advancement of Science .
Dec. 1970, p.183-194
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Heavy lon Collision in STAR




T — u — e decay chain
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Landau Distributions (1)

2 Net g
me? A4
§/a
with z: area density i /cm? (x = density x length).

Forlcm ArandgG =1 = £ =0.123 keV.

A™P-: most probable energy loss of a particle on traversing

A: actual energy loss on traversimg
)\ _ A—AM-P-
» 3

Energy transfer probabilitys(s) = mforz=1




Electrons inAr/CHy

: : g pedestal 3 GeV electrons
(80 : 20), gap:0.5 cm 2 L0
L5,
Affholderbach _§ 350
et al. 1996 S .
Landau distributed energy loss

NIM A 410 (1998) 166

0
0 50 100 150 2
energy loss (in arbitrary units)
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OPAL detector at §
LEP/CERN E
Momentum: P
(p) = 0.465 GeV /c £

CERN-PPE 94-49

40 45 50
dE/dx [ keV/em ]
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Channeling (1)

* The energy loss in crystals depends on the angle of incidence
with respect to the crystal orientation.

* Particles can be channeled along certain crystal dirextion
(with reduced energy loss).

* There is a critical angl& for channeling.
* For protons in silicon = 14, lattice spacing
d=2.35-10"1Y m).

© =13 L4 3long the direction of




\ 15 GeV/cp -> 740u Ge

° Random
* Aligned [110]
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800

ENERGY LOSS (keV)

S. P. Moller CERN 94-05
(1994)
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Cherenkov Radiation

Velocity of the particlew.

Velocity of light in a medium of refractive index
c/n.

threshold condition:

b c/n
v
light

particle

Vthr 1
Uthresh 2 C/n = ﬂthresh — % =

S




Cherenkov Radiation

Velocity of the particlew.

Velocity of light in a medium of refractive index :
c/n.

threshold condition:

particle

Vthr 1
Uthresh 2 C/n =4 ﬁthresh — % =

S

¢ cosOc = %,

— 1. max __ 1 _ o i
B =1: Og* = arccos; = 42° In water,
2 1
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Cherenkov Counters

* Threshold Cherenkov counter
* DIRC: Detection of Internally Reflected Cherenkov light
* RICH - Ring Imaging Cherenkov Counter




Pulse height distribution fc
3.5 GeV/c pions and protons |
an aerogel Cherenkov counter.

BELLE Collaboration 35 GeVic x-
hep-ex/9903045 (1999)

Pulse Height [ arbitrary units

Vthresh = V% — 5.84 for aerogel ofn = 1.015

E, = 3.50GeV; ~, = 25.1

p=35GeV/c=
E, =3.63 GeV; ~, = 3.86

Yr = Ythres; Vp < Vthres-
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Cluartz

DIRC-counter
5.4 GeV/c
|. Adam et al. 1997
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RICH i ——"
Ar + C4F19 = 25/75 |
100 channel PM
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R. Debbe et al. e
hep-ex/9503006 ¥ 7

— n=1.00113

[i] ;]
particle momentum (GeV/c)
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RICH

Ar —+ C4F10 — 25/75
100 channel PM
10 x 10 cm?

3 GeV/c

R. Debbe et al.
hep-ex/9503006

6

r ~ sin © ring radius (cm)
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uper-Kamiokande

Event with a stoppinl |
muon.




SNO -Sudbury Neutrino Observatory (1)

Event with a stoppings

muon. |
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SNO -Sudbury Neutrino Observatory (2)

Projectioen Move View Hits

g t=ja/, 1"
o p=-g1, 9"
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Energy radiated from a single bounde
S = %OéZQIL%UP’}/ X

with hwp: plasma energy, ~ ~

hwp = 20 eV for plastic radiators. e ior dhree

Typical emission angle® = %

energy of radiated photons ~,

~+ number of radiated photonsz? . boundary

Effective threshold?y ~ 1000.

Use stacked assemblies of low -
material with many transitions.

particle

Detector with highz gas.
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L |

5 1o 1% 20
Nuber of clusters N

Li - fibs as vmdialr

Fabjan et al. 1980
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NOMAD TRD

e, 10 GeV
with radiator

2
3
>
i)

S
-
]

O
=
>
c

e, 10 GeV
without radiator

energy deposit [ ADC channels ]

NOMAD TRD, G. Bassompierre et al., NIM A 403 (1998) 363

test beam performance/-separation at0 GeV  pnysics of particie betection - p 4sis?



Bremsstrahlung (1)

dE __ 2 183 charged particle E

* N: Avogadro number, N "

° A, Z:target,z: particle, %
: /0\

® — _¢€ :
Te = T Coulomb field

dEl 1 2N r72 183
— X = radiation lengthX, " = 4ar“ % Z*In i3
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dE __ 2 183 charged particle E

* N: Avogadro number, N "

° A, Z:target,z: particle, %
: /0\

® — _¢€ :
Te = T Coulomb field

dEl 1 2N r72 183
— X = radiation lengthX, " = 4ar“ % Z*In i3

716.4A 2




Bremsstrahlung (1)

& — 4aNZ “22r2E In ;??3 with: Charged/pamdeE
° N: Avogadro number

| N

° A, Z:target,z: particle

Te ~ mgoc2" Coulomb field
¢ — £ = radiation lengthX ' = 4ar?5 2% In 22
. — 716.4A
Fitto data:Xo = — AR — [¢/cm?] for electrons




Bremsstrahlung (2)

material Xylg/cm?] Xglem] E.[MeV]

air 37 30000 84
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also other particles radiate, expecially at high energies:
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= 960 GeV.
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Muon Energy Loss at High Energies

In addition to ionisation and bremsstrahlung energetitigas
undergo

* direct electron pair production (“tridents”),
° nuclear interactions.

~ —SE = o(F) + b(E) - E with
°  a(F):lonisation energy loss,
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3
= % D i1 0
(mass attenuation coefficient).
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i =1: photoelectric effect
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Interactions of Photons (2)

Compton Scattering:

Ine

oCc X e Z
The photon counts the number y
of electrons in the atom: M
By _ 1 Y s
E. 1+e(l—cos©~) " NN~ Y

Maximum energy transfer for
backscattering®., = ): _
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Interactions of Photons (2)

Compton Scattering:

lns

oc X = -4
The photon counts the number y
of electrons in the atom: M
E’/Y _ 1 y o
E. 1+e(l—cos©~) " NN~ Y

Maximum energy transfer for
backscatteringo., = m): _

kin __ 26 2 :
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Pair Production: N
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Threshold energy:
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Interactions of Photons (3)

Pair Production: N
v+ nucleus — nucleus’ +et + e~

Threshold energy:

9 i 2m202 /\e

— Coulomb field

2

E, = 2mec
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Radioactive Source
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76B76 Nal Detector: "Cs Spectrum
662 keV
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High resolution photon detector

CRESST - Cryogenic Rare Event Search with Superconducting
Thermometers

NIM A 354 (1995) 408
avmpOl.mppmu.mpg.de/cresst/

Superconducting phase transition thermometer
Principle:
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Interaction of Neutrons

Indirect detection techniguenduce neutrons to interact and produce
charged particles:

°* n+%Li - a4+3H = Li(Tl) scintillators

* n+B - a+7Li = BF3; gas counters

°* n+3He — p+3H = S3He-filled proportional chambers
°* n+p—n+p = proportional chambers with e.GH4

* n 423U — fission products=- coated proportional counters
° n + nucleus — hadron cascade=- calorimeters
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Ve + N —p+e
v, +p— n-+et (discovery of the neutrino)

Vpytn—p+u, vVr+n—-p+7
Vptp—n+pt; Trtp—ntT1t

Small cross section:
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V. + nucleon — e~ + hadrons
g electromagnetic cascade

H. Wachsmuth, CERN 1998
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Electromagnetic Cascade (2)

The basic features can already be learned from a very simpdiein
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Total track length (sampling stejx
S* — S — 9. Fo 1

t E. t
o(B) _ VS _ _ Vi i
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Energy Resolution of Electromagnetic Calorimeters

Total track length (sampling sten
S* S _ — 9. Eg 1

0 E. t’

()\/_ \/E

Ey \/QEO/EC
Realistic description of the longitudinal shower devel&pn

&8 = const. - %% (a, b: fit parameters).

The lateral spread (caused by multiple scattering) is gmaby the
Moliere radius:
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Multi-Plate Cloud Chamber (1)

p~ +nucleus — p~ +nucleus’ + v —i-.
~ — electromagnetic cascade
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Multi-Plate Cloud Chamber (2)

Multi-plate cloud cham-
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Hadron Cascades

Longitudinal development: interaction length.
Lateral spread: transverse momentpym
since\ > Xy and(p;) >> (p¢)

multiple scattering
* Hadron cascades are wider and longer.

e charged particles.(s are lost)

e ectromagnetic showee (v contained)
© Hadron energ¥ e nuclear binding energy (can be
partially recovered)
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Holder 1978
NIM 151 (1978) 69 pions in iron
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Particle Identification with Time of Flight (TOF)
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Example 1:
e/ /m-separation fol, = 149.5 cm
andp = 107.5 MeV /c using TOF compared to dE/dx.

107.5 MeV/c 107.5 MeV/c

AN

250 300 350 200 400 600 800 1000 1200
TOF-difference [ TDC-channels ] Energy loss [ ADC-channels ]

E. Fragiacomo et al. NIM A 439 (200) 45
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Example 1:
TOF-resolution with a multi-gag
resistive plate chamber (RPC).

Multi - Gap RPC

—
o
]

Events /50 ps

F. Sauli CERN-EP 2000/080

Time Difference [ ns ]
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Example 1: | Multi - Gap RPC
TOF-resolution with a multi-gag |
resistive plate chamber (RPC).

—
o
]

—
o
i

Events /50 ps

=
o

F. Sauli CERN-EP 2000/080

Time Difference [ ns ]

7 /p-separation in a

p = 2 GeV /c scintillator £ o = 66 ps
9.5
A. Sapathy et al., BELLE 1999 Time of Flight [ ns ]
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Abundance of Cosmic Ray Particles
at 1 GeV/nucleon measured with
the ALICE-Experiment

16 = 20

probe of high energy
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Balloon flight40 km,
TOF,dFE /dx,
momentum,
Cherenkov.
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